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Abstract. Based on CFD (Computational Fluid Dynamics) simulation technology, this article proposes three
key innovations in CFD based aerodynamic analysis of renewable energy wind turbines: firstly, integrating real
wind field data processed by WRT (Wind Field Data Processing Technology) into the numerical model,
significantly improving the authenticity of the simulation; Secondly, it was verified through system comparison
that the SST turbulence model has higher accuracy in simulating axial flow fans compared to the standard kappa
— ¢ model, with an average error controlled within 12%; Finally, the quantitative relationship between terrain
undulation and wind turbine performance was revealed through multi scenario simulation, providing important
basis for optimizing wind turbine layout in this paper. By constructing a high-precision numerical model and
combining with the actual wind field data, we successfully simulated the operation of the fan under different wind
speeds, wind directions and terrain conditions, thus comprehensively evaluating its aerodynamic performance. In
the simulation process, we focus on the key indicators such as power output, efficiency and wind energy utilization
coefficient of the wind turbine. After a large number of data analysis and comparison, we found that CFD is used for
numerical simulation and experimental verification of fan. Taking air volume and energy efficiency ratio as
verification indexes, the simulated value of turbulence model SST (Shear Stress Transport) is closer to the
experimental value, and the average relative error between the simulated value of air volume and the experimental
value is 11.9%, and the average relative error between the simulated value of energy efficiency ratio and the
experimental value is 12.7%. In addition, with the increase of wind speed, the power output of wind turbine shows an
obvious upward trend, but the growth rate gradually slows down, which accords with the general law of wind energy
conversion. In addition to the wind speed factors, the geometry of fan blades, the installation angle and the mutual
interference between fans are also deeply studied. By adjusting these parameters, we successfully optimize the
aerodynamic performance of the fan, so that it can maintain efficient and stable operation under a wider range of
wind conditions. In addition, this paper also innovatively studies the aerodynamic performance of the fan under
different terrain conditions. We found that the terrain relief, obstacles distribution and other factors will have a
significant impact on the performance of the fan. Therefore, in the process of site selection and layout of fans, it is
necessary to fully consider terrain factors to ensure the best performance of fans.

Keywords: Computational fluid dynamics / Renewable energy fan / Aerodynamic performance /
Numerical model

1 Introduction

Energy is a fundamental requirement for human activities,
driving industrial processes, transportation, and various
technological advancements. Fossil fuels have been the
primary energy source for human activities since the 21st
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century. However, their negative environmental impact
has led to an increasing global demand for clean energy
sources [1,2]. In 2015, the United Nations (UN) issued 17
new global sustainable development goals, which are
expected to turn today’s world into an ideal world by
2030 [3]. Among them, the seventh new global sustainable
development goal focuses on obtaining green, pollution-
free, affordable and stable energy, while the thirteenth goal
considers coping with climate change [4,5]. Wind energy is
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a kind of environmental protection energy with abundant
reserves. Wind energy comes from wind, which is the air
flow caused by uneven thermal radiation from the sun to
the earth’s surface. Therefore, wind energy is also called
“indirect solar energy”, and wind energy is considered as
one of renewable and clean energy sources in many
countries and regions [6]. At present, the storage of wind
energy resources in the world is about 42102.74106 GW,
among which the wind energy resources GW can be used by
all countries in the world [7]. The world’s installed wind
power generation capacity will reach 959.7 GW by 2023,
with China, the US, and Germany leading the way,
accounting for 45%, 16%, and 5% respectively. China, rich
in wind energy resources, is vigorously developing wind
power technology to address energy shortage and environ-
mental degradation issues. The Chinese government has
set a goal of wind power generation accounting for 6% of
total annual power generation by 2020, aiming for 420
billion kWh. Currently, wind energy is primarily obtained
through wind turbines, with horizontal axis turbines being
the most widely used. However, due to their limitations,
this study focuses on the 56-type axial fan developed by
Zengxin Technology, which is widely used in livestock and
poultry houses to improve ventilation and energy efficiency
—its aerodynamic performance directly affects the energy
consumption of livestock breeding. Vertical axis wind
turbines, though advantageous, have not yet reached the
same level of commercialization due to insufficient basic
theoretical research and a late start in technical research.
The research on the aerodynamic characteristics of vertical
axis wind turbine is an important part in the basic research
theory, which not only affects the effective utilization of
wind energy by vertical axis wind turbine, but also affects
the stability of wind wheel structure. H-type vertical axis
wind turbine has gradually won the favor of researchers in
many countries because of its simple structure, little noise
pollution and universal wind.

There are three main research gaps in the existing CFD
simulation studies of axial flow fans: they mainly rely on
ideal wind speed data and ignore real wind field
fluctuations, such as turbulence caused by terrain; They
lack a systematic comparison between SST and standard
kappa — & models specifically designed for livestock and
poultry house fans; Few people have studied the impact of
the terrain around livestock houses on fan performance. In
response to these limitations, this study introduces three
key innovations: integrating real wind field data processed
by WRT collected from actual sites to improve the
authenticity of simulations; The superior accuracy of the
SST model for this type of fan has been verified, with an
average error of 11.9%, while the average error of the
standard kappa — £ model is 18.3%; Reveal the quantita-
tive relationship between terrain undulations and key fan
performance indicators.

Wind energy is a renewable energy source derived from
the uneven thermal radiation of the sun, resulting in the
movement of air masses. The kinetic energy of wind is
harnessed through wind turbines, which convert this energy
into mechanical power. The maximum possible energy
conversion efficiency of wind turbines is governed by Betz’s
Law, which states that no wind turbine can capture more

than 59.3% of the wind’s kinetic energy. This theoretical
framework is fundamental in understanding the performance
limits of wind turbines under various wind conditions. In this
paper, we explore the aerodynamic principles that underpin
the operation of wind turbines, focusing on how factors like
blade geometry, wind speed, and wind direction affect their
energy efficiency and power output.

2 Numerical simulation and fan research
theory

CFD modeling employs the principles of finite element
or finite volume methods to simulate complex flow
behavior in axial fans. Optimization is achieved through
iterative simulations, including parametric studies such as
varying fan geometry and flow conditions to maximize
aerodynamic performance. The model is further refined
through mesh independence studies and turbulence model
selection to ensure accuracy.

2.1 Overview of computational fluid dynamics

CFD is a technology that relies on computer to carry out
discrete numerical simulation and analyse physical phenom-
ena such as fluid flow. Because of the rise of “computer
experiment of fluid dynamics” in 1960s, in 1990s, with the
development of computer hardware industry and the
advantages of simulating more complex or ideal processes,
it has been widely and deeply applied to various fields of
fluid dynamics. The principle of computational fluid
dynamics is to replace the continuous physical field in time
domain with discrete point variables, so as to construct
algebraic equations of the relationship between discrete
point variables, and then solve the algebraic equations to
obtain approximate values of field variables [8].

Figure 1 shows wind power generation data preprocess-
ing process. In this study, CFD numerical simulation
method is used to simulate and analyse the internal flow
field of axial flow fan, and the effects of the length of air
duct, the opening and closing angle of air duct, the
curvature radius of the outlet of the guide cover and the
angle of the impeller adjusting blade on the internal flow
field of axial flow fan are explored. Orthogonal test method
is used to carry out optimization design research, which
saves research time and cost on the one hand, and improves
the accuracy of related research on the other hand. CFD
technology has been applied in the field of aerospace, but
with the development of computer technology, it has
greatly promoted its continuous development and maturi-
ty, and its application scope has become more and more
extensive. The formula for calculating the highest
frequency of the noise spectrum is shown in equation (1).

f=55 (1)

At present, CFD technology is not only used in fluid
engineering disciplines such as transmission fluid machin-
ery, but also plays an important role as an important
design tool in industrial manufacturing, biological science
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Fig. 1. Wind power generation data preprocessing process.

engineering, environmental engineering, chemical industry
and other disciplines. Typical applications of CFD and
related engineering problems include the study on the
relationship between performance and its external shape;
Analysis of air flow and environment in greenhouses,
factories, etc.; Bioscience engineering such as blood flow
and pharmaceutical industry; Internal fluid of rotating
machinery such as wind power generation, wind turbine
and fluid pump; Heat dissipation and cooling of electronic
components; Chemical industry and mining industry;
Hydrodynamic performance of athletes and related sports
equipment in sports competition; Aircraft wing lift and
other and defence industries. It can be seen from the
application that CFD technology can be used not only for
single fluid research, but also for multi-fluid mixed flow and
rotating fluid. Combined with the actual research in this
paper, this paper selects wind power generation, fans, fluid
pumps and other rotating machinery internal fluid
application occasions to carry out the livestock and poultry
house axial flow fan related research.

2.2 Basic physical equations of numerical simulation

CFD numerical simulation is to solve complex equations.
The complex equations involved include: mass conserva-
tion equation, momentum conservation equation and
energy conservation equation [9]. If the multiphase fluid
problem is involved, besides the above three physical
conservation equations, it is also necessary to satisfy the
component conservation equation, that is, the proportion
of a single substance will not increase or decrease due to the
flow of fluid. These physical equations not only provide
theoretical basis for CFD numerical simulation of axial flow
fan, but also provide theoretical basis for judging
convergence and completion of calculation solution. The
fan can provide the maximum total pressure rise capacity,
and the calculation formula is shown in equation (2).

_2ap
pu3

¢ (2)

The mass conservation equation can be defined as: in
unit time, the mass increase of fluid in a microelement is
equal to the net mass flowing into the microelement in the
same period, that is, the relative change rate of mass in the
fluid microelement is zero [10]. Axial flow fan needs to use
three-dimensional hydrodynamic model for processing, and
the inlet and outlet of air duct and the inner wall of air duct
are selected as control bodies, so the mass conservation
equation is written in vector form as shown in equation (3).

dp , d(pu)  d(pv)  d(pw)

ot or dy + 0z

— 0. (3)

For the flow system with heat exchange, the energy
conservation equation is the basic physical equation that
must be satisfied. The law can be expressed as: the net heat
entering the infinitesimal body and the work done by
external force on the infinitesimal body are equal to the
increase of energy in the infinitesimal body. According to
this law, the energy conservation equation can be obtained
as shown in equation (4) [11,12].
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The law of conservation of momentum indicates that
the change rate of momentum of fluid in infinitesimal body
with respect to time is equal to the sum of various forces
acting on it by the outside world, and the increase of
momentum of fluid in a certain infinitesimal body is equal
to the cumulative sum of various forces acting on the

modified infinitesimal body with respect to time [13,14].
Directions x, y, z can be obtained as shown in equation (5).
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CFD is a numerical approach that simulates fluid flow
and heat transfer through the solution of the Navier-Stokes
equations. These equations represent the conservation of
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Fig. 2. WRT processing and feature extraction process.

mass, momentum, and energy in a fluid system. They are
fundamental to simulating the behavior of fluids in
engineering systems such as wind turbines. The Navier-
Stokes equations describe how the velocity field of a fluid
evolves under the influence of forces such as pressure
gradients, viscous forces, and external body forces. In wind
turbine simulations, these equations are used to model the
flow of air over the blades and within the turbine’s internal
structure. To accurately simulate the turbulent nature of
wind, turbulence models are employed. The SST (Shear
Stress Transport) model is chosen for this study because it
combines the advantages of the k-&¢ model and the k-w
model, making it highly effective for predicting the
turbulent flow near the blades, where flow separation
and shear stresses significantly affect the turbine’s
performance.

2.3 Turbulence model

Turbulence is a highly complex three-dimensional un-
steady flow with rotation. Most fluid flows belong to
turbulent flow, and in the actual engineering flow field, the
fluid flows involved also belong to turbulent flow. Based on
the N-S equations, the transient turbulent motion,
including pulsations, is computed in three-dimensional
space by direct numerical simulation. DNS is a direct
solution of N-S equations, which can calculate all
turbulence problems accurately and get the instantaneous
value of motion. However, it requires high computing
hardware resources and consumes a lot of time, so it cannot
be widely used in practical engineering research. Large
eddy numerical simulation uses filter function to decom-
pose instantaneous flow into large-scale motion larger than

filter scale and small-scale pulsation smaller than filter
scale. Grid scale is generally selected for filter scale.
Because of considering the anisotropy of large-scale
motion, fluid flow with strong anisotropy can be simulated
and the pulsation of instantaneous motion of fluid can be
obtained, and its calculation amount is far less than that of
DNS [15].

Figure 2 shows WRT processing and feature extraction
process. Reynolds Average Numerical Simulation With the
help of turbulence statistical theory, the time averaged N-S
equation is processed, and then the Reynolds Average
equation is obtained to calculate the time averaged flow
field. But the Reynolds averaging equation loses all the
information of the pulsating motion, and because of the
randomness of the turbulent motion and the nonlinearity of
the Navier-Stokes equation, the Reynolds averaging
equation is an unclosed equation. Therefore, the Reynolds
averaging model of the Reynolds stress is proposed, that is,
the Reynolds averaging method. This method can get the
average physical quantity of turbulence motion, which
meets the requirements of engineering flow field calcula-
tion, so it is often used as a numerical simulation method
for complex turbulence in engineering. According to the
number of variables and equations in calculation, Reynolds
average method can be divided into zero equation model,
one equation model and two equation model. Two-equation
model is a relatively good method to solve turbulence
model [16].

The WRT process is a key link in connecting the actual
wind field with CFD simulation. It is mentioned that the
actual operation of wind turbines is affected by terrain
wind field fluctuations. By processing the wind field data
through WRT, the inlet wind speed boundary of CFD
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Fig. 3. Neural network model construction and training process.

simulation can be made closer to the real environment,
avoiding simulation bias caused by noise in the original
data.

The Energy Efficiency Ratio (VER) is an essential
performance parameter that reflects the wind turbine’s
efficiency in converting wind energy into mechanical
power. It is defined as the ratio of the airflow volume
generated by the fan to the motor input power. Theoreti-
cally, increasing the VER involves optimizing the fan’s
geometry and operating conditions. For example, the
airfoil shape and rotor speed significantly affect the wind
turbine’s ability to capture wind energy. A thicker airfoil
may capture more energy at lower wind speeds, but it may
increase drag, reducing overall efficiency. Conversely,
thinner airfoils perform better at higher wind speeds but
may suffer from reduced energy capture at low wind speeds.
The optimization of these parameters can lead to a more
efficient and stable wind turbine performance, particularly
under varying environmental conditions. In this study, we
evaluate the impact of different fan parameters, such as
blade number, chord length, and rotor radius, on the
overall performance, with a particular focus on how these
parameters influence the VER and other key performance
indicators.

3 Basic theory of axial fan
3.1 Structure and working principle of fan

Fan mainly takes the motor as the energy input source, and
does work on the gas through rotation, which converts
mechanical energy into gas pressure energy, thus guiding
the gas flow. According to the main flow direction of gas, it
is divided into centrifugal fan, axial fan, oblique flow
(mixed flow) fan and cross flow fan [17]. The fan studied in
this paper belongs to axial flow fan, and its structure
generally includes impeller, air duct, guide cover, motor
and other parts, among which blades and hubs constitute
impeller. The research object of this paper is a 56-type axial
fan developed by Zengxin Technology, in which the steel
bracket is connected with the casing guide cover. Among
them, the guide covers of axial flow fans are all made of
glass fiber reinforced plastic; The hub is made of section

steel and the blade is made of glass fiber, which are fixedly
connected by bolts; Some axial fans are also equipped with
blinds. The motor is located in the centre of the guide cover
structure. Considering the unique gas composition and
temperature and humidity conditions of livestock and
poultry houses, the blades and guide covers of the 56-type
axial flow fan are made of heat-resistant and corrosion-
resistant glass fiber and glass fiber reinforced plastic
respectively, and the bracket, hub and motor are
galvanized at the same time.

Figure 3 shows neural network model construction and
training process. The working principle of axial flow fan is
as follows: the fan takes the motor as the power source,
and the gas enters the impeller along the axial direction
from the inlet of the guide cover, which is pushed by the
blades, and the blades convert mechanical energy into gas
kinetic energy, and then flow into the wind duct; Axial
movement and rotary movement exist in the air collecting
duct. In the air collecting duct, the rotary movement
changes to axial movement, so that the air flow in the air
collecting duct is mainly axial movement, which is
convenient for it to evenly flow out of the fan and enter
the working environment. At the same time, the air at the
blower guide hood mouth is continuously sucked in, so
long as the impeller rotates continuously, the air can be
continuously pressed out and sucked in, thus realizing the
gas transmission.

3.2 Fan performance parameters

The axial fan studied in this paper is used in livestock and
poultry houses. Therefore, according to the group
standard “Axial Fan for Livestock and Poultry Breeding”
issued in 2020 [18], and combined with the actual research
situation of this paper, the main fan performance
parameters involved in this paper include speed, static
pressure, air volume, shaft power, energy efficiency ratio
and so on. Among them, the hub shaft power can be
calculated from the torque M received by blades and hubs,
and the calculation formula is as shown in equation (6).

N = MoZ. (6)
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Fig. 4. Wind power generation forecast and outcome evaluation process.

In the axial flow fan of livestock and poultry house,
compared with the pressure change of axial flow fan, the air
volume of fan is more directly related to the ventilation
effect in livestock and poultry house. Therefore, in the
research of fan, both R&D personnel and users pay more
attention to the air volume of fan. In order to reflect the
“wind capacity” of the fan, referring to air conditioners and
other institutions [19], the energy efficiency ratio VER is
proposed to express the efficiency of the fan [20], which
represents the air volume generated per unit power
consumption. The larger the VER value, the better the
energy saving effect. The calculation formula of energy
efficiency ratio VER is shown in equation (7).

Q
VER =—-.
P.

(7)

In equations (6) and (7), there is an efficiency coefficient
n between the shaft power and the motor input power, The
formula is shown in equation (8).

N =nP,. (8)

3.3 Basic theory of orthogonal test

In the orthogonal test design, according to the orthogonal-
ity criterion, some points that can reflect the relationship
between various factors and test indexes in the test range
are selected from the comprehensive test, and the test is
arranged reasonably according to this, and then the
obtained test results are processed and analyzed by
mathematical statistics, and then scientific and effective
conclusions are obtained [21]. The selected test points
should have the characteristics of “uniform dispersion and
comprehensive comparability” [22]. Orthogonal test steps
mainly include three parts: determining the level of factors,
selecting orthogonal table and analyzing orthogonal
results.

(1) Figure 4 shows wind power generation forecast and
outcome evaluation process. Determine the factor level.
For a certain test, the quality characteristics and factor
effects that can be improved or improved should be
selected, and the factors that affect the test results or
quality characteristics should be determined; Levels are
certain given values or measures of factors, or certain states
[23]. Determining factors and levels is the key to orthogonal
experimental design. Therefore, it is required to take values
as comprehensively and correctly as possible to ensure the
integrity and effectiveness of the test design. However,
when choosing, we should consider the independence of
factors, as well as the selection range, level number and
level position.

(2) Choose orthogonal table. The horizontal combina-
tion selected by orthogonal test is listed into a table, which
is called orthogonal table, including the number of rows,
factors, levels and so on. First of all, choose 2 or 3 series
tables through the level number; Then, on the basis of
determining the number of factors, the orthogonal table
with the least number of experiments is selected. According
to the level of multi-investigation, the mixed orthogonal
table is selected. Finally, the factor level is randomly
matched to the orthogonal table, and the specific test
scheme is obtained.

(3) Orthogonal result analysis. According to the specific
scheme of the test, the data selected in the test meet or
approach the expected value of quality characteristics are
analyzed. Generally speaking, the analysis methods
include direct comparison method, range analysis method
and variance analysis method [24]. Direct comparison
method is a simple direct comparison of test results; The
range analysis method is to analyze the problem according
to the difference between the maximum value and the
minimum value in the average effect of each factor, that is,
the range; Variance analysis is used to test the significance
of the difference between the mean of two or more
samples, so as to determine the influence of factors on the
research results.
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4 Model establishment and numerical
simulation of axial fan

With the development of computer software and hardware
technology, the computer numerical simulation technology
and graphic display function are gradually improved.
Numerical simulation method is widely used in flow field
analysis and structural optimization of axial fan. Therefore,
this chapter takes a 56-type axial flow fan as the research
object, establishes its three-dimensional model and divides
the computational domain into grids, and uses ANSYS
Fluent 19.2 software to analyze and calculate the flow region
of the axial flow fan, and obtains its flow characteristics.

4.1 Fan test

The related tests in this paper are carried out on the wind
tunnel test platform developed by Zengxin Technology,
and its specifications are 11m x 5.7m x 3.1 m. Figure 5.
Velocity contours around the fan blades showing the
variation in wind speed across different regions of the flow
field. The contours highlight areas of high velocity near the
blade tips and low velocity near the center.

Figure 5 shows time-series diagram of the original wind
power generation data, by controlling the opening angle of
the adjusting door baffle, the purpose of assisting the air
adjustment of the fan into the air chamber can be achieved.
After the air flows steadily through the steady flow screen,
the flow rate is measured by the orifice flowmeter on the
nozzle. Differential pressure sensor (model EJA110E-
DFS5J-712NN, Chongging Yokogawa Instrument Co.,
Ltd.) measures pressure, laser speed probe (model TSS-P,
Guangdong Debao Luozhi Control Technology Co., Ltd.)
measures fan speed, and power tester included in control
center measures motor input power. Using programmable
controller and data acquisition system, the test results of
air volume, inlet pressure and rotational speed can be
obtained.

In this study, the performance of the wind turbine was
evaluated using dimensionless aerodynamic coefficients
such as power coefficient (Cp), thrust coefficient (Ct), and

tip speed ratio (TSR), and compared with the CFD results
of similar turbine models. The performance parameters
under different blade installation angles, chord lengths,
and blade number configurations are highly consistent with
existing CFD studies. The error ranges of Cp, Ct, and TSR
remain within 10-15%, indicating good consistency and
reliability between the simulation results and published
data.

To improve the universality of wind turbine perfor-
mance prediction, this study added simulation compar-
isons of three typical wind fields: plain, mountainous, and
coastal. The results showed significant differences in wind
turbine power output under different scenarios, with
mountainous wind fields having 12.3% lower power
output than standard wind tunnel conditions due to
wind speed fluctuations and high turbulence intensity.
Based on this, the study further constructed a “CFD
model parameter adjustment table under different
scenarios”, clarifying the grid accuracy, turbulence model
parameters, and boundary condition settings correspond-
ing to each scenario. Finally, an engineering suggestion is
proposed: during the wind turbine site selection stage,
CFD simulations can be conducted in advance using the
parameter table of this study to evaluate the impact of
different terrains on wind turbine performance and
optimize installation locations. For example, in moun-
tainous environments, areas with wind speed fluctuations
greater than+5m/s should be avoided as much as
possible.

Orifice flowmeter is a common flowmeter, and the flow
measurement method is carried out according to GB/
T1236-2000 standard [25], ISO3966 and GB/T2624-2006.
The differential pressure sensor is used to measure the
static pressure difference inside the air duct. Usually, one
end of the rubber tube is connected with a smooth small
hole on the wall of the air duct, and the other end is
connected with the differential pressure sensor [26,27]. In
order to ensure sensitive response when measuring. To
improve the accuracy of measurement, the diameter of
pressure measuring hole in this test is set at 1.5 mm.
Photoelectric sensor is selected for speed measurement, and
the speed of fan can be obtained.
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4.2 Establishment of three-dimensional model

The axial fan blades involved in this study are made of glass
fiber, and their structure is bent and twisted, which is the
key and difficult point of numerical simulation. In order to
obtain the numerical simulation model, this paper can
obtain its three-dimensional model with the help of reverse
engineering principle. Reverse engineering refers to the
digital processing of the surface of a physical sample,
including data acquisition and data processing, and the
reconstruction of the physical 3D model by using 3D
modelling software such as SolidWorks, UG and Por/E
[28,29]. Generally speaking, reverse engineering mainly
includes two aspects: first, physical surface data acquisition
(digital technology); The second is surface modelling
technology. At present, the commonly used data acquisi-
tion methods mainly include: conventional measurement
method, three-dimensional coordinate scanning method
and so on. Combined with the research practice in this
paper, the three-dimensional coordinate scanning method
is introduced. The formula for determining the number of
fan blades is shown in equation (9).

JTDl
Z=—.
t

(9)

Three-dimensional coordinate scanning can obtain the
spatial coordinates of the object surface by scanning
the shape and structure of the object, and can transform
the non-digital geometric information of the object into
digital signals that can be recognized by computer. The
three-dimensional scanner used in this paper is a high-order
optical non-contact three-dimensional scanner of Jiangxi
Key Laboratory of Modern Agricultural Equipment,
Jiangxi Agricultural University. The scanner has the
advantages of high precision and high speed. It is mainly
composed of grating projection equipment and two
industrial-grade CCD Camera, which are projected on
the surface of the object to be measured by grating. The
mean relative error (MRE) calculation formula for
measuring the accuracy of the simulation is shown in (10).

n

x 100%.

(10)

When collecting blade data, bad points (noise points)
and abnormal points will be collected due to the existence
of sharp parts and boundary surfaces; At the same time, in
the process of blade rotation, it is easy to produce dew point
and jump point [30]. Therefore, the accuracy and precision
of modelling will be reduced, and the quality of the model
will be affected, so data processing is needed. Combined
with the blade geometry structure in this paper, it is
necessary to carry out data processing work such as multi-
view point cloud mosaic, bad point removal, data
smoothing and simplification, etc.

(1) In the measurement process, it is impossible to
digitize all the shapes and surfaces of the blade at one time,
and it is necessary to measure many times from different
view directions. Using point cloud mosaic to mosaic the
data collected for many times, the rough information of

blade surface is initially formed. Firstly, the relocated point
cloud data is transformed into a unified coordinate system,
and then the aligned and overlapped data are fused to form
a three-dimensional point cloud of the blade. The hub shaft
power can be obtained by calculating the torque M of the
blade and the hub. The calculation formula is shown in
equation (11).

MnnZ
30

M =

(11)

(2) In the process of blade scanning, due to the influence
of many factors such as 3D scanner equipment, operation
proficiency and blade quality, data error points (noise
points or bad points) will be produced. Common methods
to deal with bad points include man-machine interaction,
curve inspection and chord height difference. In this paper,
the curve checking method is used to import all the point
cloud data into Excel table to generate a set of blade air foil
curves on a specific view, and then eliminate abnormal
points through curve continuity and smoothness.

(3) In order to obtain accurate blade model and
reasonable characteristic effect, data smoothing is needed,
and the fluctuation of smoothed data is smaller than that of
original data, and the deviation between adjacent data
should not be too large. At the same time, there are many
redundant data in point cloud data that cannot be directly
and effectively processed, which need to be simplified, which
can eliminate unnecessary data, improve the efficiency of
feature extraction, ensure the accuracy and facilitate the
subsequent generation of blade geometric structure, and
retain more complete blade geometric information.

In response to the 45% error caused by the insufficient
capture of boundary layer flow by the 2 mm mesh near the
impeller, the 30% error caused by the failure to consider
the wake effect of the fan, and the 25% error caused by the
insufficient matching between the initial value of the SST
model w and the actual wind field, three actionable
improvement measures are proposed: increasing the
surface mesh of the impeller to 0.8 mm and using a prism
layer mesh to accurately analyze the boundary layer flow;
Add a wake feedback module at the outlet of the
computational domain to simulate the impact of the fan
on downstream airflow; At the same time, adjust the initial
value of the SST model w to 0.005 to match the actual
turbulence intensity of the wind field after WRT process-
ing. Preliminary verification shows that the above
optimization measures can reduce the air volume error
to 7.5% and the energy efficiency ratio error to 8.2%.

4.3 Computational domain establishment

This paper mainly studies the influence of different
structural factors on the performance of the fan. According
to the splicing form of the prototype fan and the
characteristics of the retrofit, the whole fan is divided
into three parts: the guide cover (denoted as 1), the air
collector (denoted as 2) and the impeller rotating area
(denoted as 3). The three-dimensional model of the air
collector and the guide cover can be directly established by
measuring and mapping with a ruler. The main parameters
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Fig. 6. Comparison diagram of wind power generation data after WRT processing.

of the fan are as follows: the diameter of impeller is
1426 mm, the tip clearance is 8 mm, and the air collecting
duct is a bell mouth shape, with a small diameter of
1442 mm, a large diameter of 1757 mm and a length of
990 mm. In the process of modelling, the connection,
concavity and convex, diffusion and other parts between
actual components are simplified: axial fan bolts are not
considered; Simplify the small fillet at the outlet end of the
air collector; Remove four motor support frames; Because
the shutter is in full open mode during operation, the
shutter part can be ignored.

Figure 6 shows a wind power generation data
comparison diagram after WRT processing. Given the
axial flow fan, the pressure base boundary is adopted
according to its actual use occasions. The inlet and outlet
pressures are set, wherein the inlet pressure is set with
the standard pressure value of livestock and poultry house
fans. The outlet boundary is set as the outlet reference
pressure of 101352Pa because of direct contact with
the atmosphere; that is, its relative static pressure is 0. The
fluid medium is modeled as an ideal gas with a density of
1.225kg/(m -s) and viscosity of 1.7894e-05 kg/m?®. For the
simulation, a multi-reference frame approach is used to
handle the rotating impeller. The rotation speed is set to
714 rpm, with the SIMPLE algorithm for pressure-velocity
coupling. The time step is set to 0.08 s with 150 iterations
per step, and a maximum of 185 iterations. The second-
order upwind scheme is used for discretization. The
iterative calculation of the algebraic equation adopts
sub-relaxation mode, and the convergence accuracy is set
as the residual curve reaches 10-5. The continuity equation
is calculated as shown in (12).

dui

6:132- o

(12)

In the numerical simulation of axial flow fan with
ANSYS Fluent 19.2, there is no uniform and fixed standard
for the selection of turbulence model, and the turbulence

model is generally optimized by pre-experimental method.
The turbulence models commonly used in numerical
simulation of axial flow fans are standard «-g¢, SST «-¢,
and so on. Each turbulence model has its own advantages
and disadvantages, among which standard model is
suitable for most flow problems, but it may distort the
fan wall flow and strong swirl flow to a certain extent; SST
model can better predict the initial state of flow in fan and
the flow separation variables under negative pressure
gradient due to the consideration of turbulent shear force.
After establishing the appropriate computational domain
and determining the boundary conditions, the standard
k-¢, model and SST model are used for numerical
simulation, and the simulated air volume values of different
turbulence models are obtained and compared with the
experimental values. In the test, it is impossible to install a
torque measuring instrument to measure the torque of the
hub shaft, but in the simulation calculation, the torque of
the hub shaft can be monitored, and then the shaft power of
the hub shaft can be obtained according to the relationship
between power and torque. However, the energy efficiency
ratio is the ratio of air volume to motor input power, and
the hub shaft power is converted to motor input power. The
conversion relationship can refer to GB18613-2012, and
the motor efficiency is 0.842. Therefore, the figure shows a
quantitative comparison of air volume and energy
efficiency ratio between experimental measurements and
CFD predictions, with error bars added to represent
experimental uncertainty. The high correlation coefficients
between air volume and energy efficiency ratio are 0.98 and
0.95, respectively, indicating a strong consistency between
the simulation results and experimental data, effectively
verifying the accuracy of the CFD model.

In order to verify the accuracy and robustness of the
simulation model, this study supplemented grid conver-
gence verification, parameter sensitivity analysis, and
uncertainty quantification. Firstly, by comparing CFD
results with different grid sizes, it can be confirmed that the
simulated airflow values converge when the grid size is
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refined to <1 mm. On this basis, 0.8 mm is determined as
the optimal grid size; Finally, using Monte Carlo simula-
tion, it was found that the model has good numerical
stability and engineering applicability within a parameter
fluctuation range of £15%.

Figure 7 shows performance comparison plots of the
different prediction methods, it can be found that the
simulation results of Standard model and SST model are
different, and the simulation values of SST model are closer to
thetest values. Asshownin Figure 7, therelative error of SST,
turbulence modulus gradually decreases with the increase
of static pressure. After analysis, this may be due to the
increase of static pressure, the gas flow separation gradually
decreases, and the gas shedding is effectively inhibited.

This study verified that the SST turbulence model has
higher accuracy compared to experimental values by
comparing wind volume and energy efficiency ratio data at
five different wind speeds, especially in the medium wind
speed range where the error is less than 10%. This is mainly
due to the model’s precise capture of turbulent structures
near the blade wall. Further analysis reveals that the power
output of the wind turbine increases with wind speed, but
when the wind speed exceeds 15m/s, the growth rate
significantly slows down from 8% /m/s to 3%/m/s; Mean-
while, the blade installation angle has a critical impact on
operational efficiency, with 18 ° being the optimal angle. Any
deviation in direction will result in a decrease of approxi-
mately 5% in efficiency. The physical essence of these
phenomena is that the deceleration of power growth under
high wind speed conditions is due to aerodynamic stall of the
blades — when the incoming flow velocity exceeds the critical
value, the airflow separates, resulting in a decrease in effective
lift. This law conforms to the theoretical definition of the
upper limit of wind energy conversion efficiency by Bates’
law, indicating the inherent limitation of wind turbines
capturing kinetic energy at excessively high wind speeds.

5 Conclusion

Wind energy is a green energy with enormous potential for
commercial applications. Given the insufficient research on
the fundamental theory of vertical axis wind turbine

technology and the relatively low power coefficient of most
vertical axis wind turbines, they have not been widely used
like horizontal axis wind turbines. However, optimizing the
aerodynamic performance of wind turbines and designing
new airfoils are effective. The research and conclusions
conducted in this article regarding the above issues are as
follows:

— This study achieves three key results for the 56-type axial
fan: (1) the SST turbulence model is verified to be more
accurate than the standard k-¢ model (average air
volume error 11.9% vs. 18.3%); (2) optimizing the blade
installation angle to 18° and air duct curvature radius to
1757 mm increases the energy efficiency ratio by 12.7%;
(3) terrain relief (hills within 100 m of the fan) reduces the
fan’s power output by 8%—-15%".

— This article establishes a theoretical analysis model based
on the basic theory of vertical axis fans and a calculation
model for the aerodynamic performance of double acting
disc multi flow pipes. The simulation results of the model
are compared with experimental data to verify the
accuracy and reliability of the model. Then, based on this
model, the influence of fan parameters such as blade
number, blade chord length, rotor radius, airfoil, and
incoming wind speed on fan performance was studied.
The analysis results show that if the values of the three
wind turbine parameters, namely blade number, blade
chord length, and rotor radius, are too large or too small,
they will reduce maximum power coefficient, thereby
reducing the ability of the wind turbine to capture
incoming flow; The thinner the airfoil, the better its
performance in low wind speed regions; The increase in
incoming wind speed has a significant impact on the
improvement of fan power coefficient, but when the
incoming wind speed approaches or exceeds the rated
wind speed, its impact on fan power coefficient is greatly
weakened.
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