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 FLUID FLOW ANALYSIS OF LOW-ALTITUDE AGRICULTURAL UAV 

PESTICIDE SPRAYING DEVICE 

ABSTRACT 

The nozzle is an important part of the drone pesticide spraying device. The quality of 

the nozzle directly affects the atomization performance. Fan nozzles are widely used in 

the field of plant protection in agriculture, forestry, pest control, and weed removal. When 

using drones to spray pesticides, the spraying velocity, the spraying range of the 

pesticides, and the atomized particle size are all key factors that directly affect the 

efficiency of pesticide use. This paper uses SOLIDWORKS and ANSYS software to 

design and simulate. The boundary conditions are kept the same, and the influence of the 

nozzle's grooving angle (α), nozzle cavity diameter (D), and nozzle throat length (L) on 

fluid velocity, pressure, and mass flow is measured. Then, this project report compares 

and studies the influence of the changes of different structural parameters on the internal 

flow field of the combined flat fan nozzle, and find the influence relationship between 

different structural parameters and nozzle atomization performance; and the best structure 

corresponding to the nozzle with the optimal atomization performance parameter 

combination. Pesticide residues and droplet drift are minimized to reduce pesticide waste 

and environmental pollution. 

The research observes the pressure and velocity distribution of the fluid flow inside 

the nozzle. By comparing the results concluded that the fluid flows from the nozzle inlet 

to the nozzle outlet, the pressure of the flow field inside the nozzle gradually decreases, 

and the velocity gradually increases. The pressure and velocity at the nozzle groove vary 

the most. The grooving angle of the nozzle has the greatest influence on the fluid velocity 

and spraying range. The cavity diameter and grooving angle of the fan nozzle have the 

greatest influence on the mass flow. The nozzle cavity diameter and throat length have a 

small effect on fluid velocity. The shape and droplet quality of the spray of the combined 
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flat fan nozzle is better than the flat fan nozzle. The simulation results of 13 combined 

flat fan nozzles are compared and analyzed comprehensively, and the nozzle structure 

parameters are combined as follows: the nozzle with the parameters of α=35°, d=3mm, 

l=2mm has the best atomization performance out of the 13 nozzles. 

Keywords: Flat fan nozzle; Mechanical design; ANSYS FLUENT; Computational 

fluid dynamics  
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FLUID FLOW ANALYSIS OF LOW-ALTITUDE AGRICULTURAL UAV 

PESTICIDE SPRAYING DEVICE 

ABSTRAK 

Muncung adalah bahagian penting dari alat penyembur racun perosak drone. Kualiti 

muncung secara langsung mempengaruhi prestasi pengabusan. Muncung kipas banyak 

digunakan dalam bidang perlindungan tanaman di bidang pertanian, perhutanan, 

pengendalian hama, dan penyingkiran rumpai. Semasa menggunakan drone untuk 

menyemburkan racun perosak, kecepatan penyemburan, jarak penyemburan racun 

perosak, dan ukuran zarah atom adalah semua faktor utama yang secara langsung 

mempengaruhi kecekapan penggunaan racun perosak. Makalah ini menggunakan 

perisian SOLIDWORKS dan ANSYS untuk merancang dan mensimulasikan. Keadaan 

batas tetap sama, dan pengaruh sudut alur muncung (α), diameter rongga muncung (D), 

dan panjang kerongkong muncung (L) pada halaju, tekanan, dan aliran jisim bendalir 

diukur. Kemudian, laporan projek ini membandingkan dan mengkaji pengaruh perubahan 

parameter struktur yang berbeza pada medan aliran dalaman muncung kipas rata 

gabungan, dan mencari hubungan pengaruh antara parameter struktur yang berbeza dan 

prestasi atomisasi muncung; dan struktur terbaik yang sesuai dengan muncung dengan 

kombinasi parameter prestasi atomisasi yang optimum. Sisa residu racun perosak dan 

pengaliran titisan diminimumkan untuk mengurangkan sisa racun perosak dan 

pencemaran alam sekitar. 

Penyelidikan ini memerhatikan tekanan dan halaju aliran aliran bendalir di dalam 

muncung. Dengan membandingkan hasil yang disimpulkan bahawa bendalir mengalir 

dari saluran masuk muncung ke saluran keluar muncung, tekanan medan aliran di dalam 

muncung secara beransur-ansur menurun, dan kecepatan secara beransur-ansur 

meningkat. Tekanan dan halaju pada alur muncung sangat berbeza. Sudut lekukan 

muncung mempunyai pengaruh terbesar pada halaju bendalir dan jarak penyemburan. 
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Diameter rongga dan sudut alur muncung kipas mempunyai pengaruh terbesar pada aliran 

jisim. Diameter rongga muncung dan panjang tekak mempunyai pengaruh kecil terhadap 

halaju bendalir. Bentuk dan kualiti titisan semburan muncung kipas rata gabungan lebih 

baik daripada muncung kipas rata. Hasil simulasi 13 muncung kipas rata gabungan 

dibandingkan dan dianalisis secara komprehensif, dan parameter struktur muncung 

digabungkan seperti berikut: muncung dengan parameter α = 35 °, d = 3mm, l = 2mm 

mempunyai prestasi atomisasi terbaik daripada 13 muncung. 

Kata kunci: Muncung kipas rata; Reka bentuk mekanikal; FLUENT ANSYS; 

Pengiraan dinamik bendalir 
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CHAPTER 1: INTRODUCTION 

1.1 Introduction to low-altitude agricultural UAV pesticide spraying device 

Traditional agricultural spraying relies mostly on manual pesticide or tractor spraying 

in the field with handheld devices. The disadvantages of traditional spraying devices 

include high labor intensity, low efficiency, and high demand for human resources. In the 

process of traditional pesticide spraying, it is easily affected by weather and terrain. These 

factors will cause damage to crop and fail to increase the productivity of crops, especially 

in developing countries (RaoMogili, 2018). Many countries in the world have begun to 

study the use of low-altitude drones instead of traditional artificial pesticide spraying. 

Since the drone has the characteristics of stable flight speed, it can hover in the air, with 

no professional take-off and landing airport is required, and the downward airflow 

generated by the drone's wings can increase the penetration of pesticides, so low-altitude 

drones pesticide spraying system has become a hot research in many countries. In 1912, 

Canada began to use airplanes as an auxiliary tool to spray pesticides on field crops and 

orchards. In 1918, the United States used airplanes to spray insecticides for the first time 

to prevent locust plagues (Tan Luke, 2014). After more than 30 years of development in 

Japan, the development of agricultural plant protection drones and pesticide application 

technology has gradually matured. It can be filled with gasoline and medicine in a short 

time. The pesticide application efficiency is very high. Aerial spraying of drones has huge 

application potential in many parts of Asia (Xinyu Xue, 2016). 

The three main factors for preventing pests through chemical technology are plant 

protection machinery, pesticides, and pesticide application technology. In plant protection 

machinery, the performance of the atomizing nozzle directly affects the working 

efficiency of pesticides. The type, structure, material, workmanship, and other factors of 

the atomization nozzle are directly related to the quality of the atomization. Among the 

many types of nozzles, fan nozzles are currently the most widely used nozzles. The fan 

Univ
ers

ity
 of

 M
ala

ya



2 

nozzle has a simple structure, low processing cost, and can be used on many occasions. 

Compared with traditional nozzles, fan nozzles have higher droplet adhesion and are 

easier to control. Therefore, the fan nozzle can reduce the harm of pesticides to non-target 

crops caused by the deviation. It is important to research the effect of the structural 

parameters of fan nozzles on the spray velocity, internal pressure, and mass flow rate of 

the nozzle. This article studies the effects of combined flat fan nozzles and flat fan nozzles 

with different parameter structures on fluid velocity and pressure. The low-altitude 

agriculture UAV pesticide device as follows: 

 

Figure 1.1:UAV Pesticide Spraying Device  (JENSEN, 2019) 

 

1.2 Problem Statement 

Choosing an inappropriate type of nozzle will cause pesticides to float and deposit 

during the spraying process. This will reduce the efficiency of pesticide use, causing 

damage to crop, and even damaging the non-target crops. There is not much difference in 

the internal structure of the flat fan nozzle and the combined flat fan nozzle. Their spray 

shapes are difficult to distinguish. It can be a confusing task to choose the most suitable 

nozzle. On the other hand, the spray velocity and the mass flow rate of pesticides are also 
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important factors affecting pesticide spraying efficiency. At present, there are few studies 

on the influence of nozzle grooving angle, cavity diameter, and throat length on spray 

performance.  

1.3 Objectives 

The objectives of this project are the influence of the structural parameters of the flat 

fan nozzle on the spray performance, which can provide a theoretical basis and 

experimental data for grasping the relationship between the fan nozzle structures and the 

spray performance. This research provides a theoretical basis for the design and 

application of flat fan nozzles. 

(1) The simulation analyzes the influence of the grooving angle, cavity diameter, and 

throat length of the combined flat fan nozzle on the spray performance of the UAV 

spraying pesticide device, then summarizes the parameters of the best performance 

combined flat fan nozzle. 

(2) The simulation analyzes and compares the spray velocity and mist distribution of 

the combined flat fan and flat fan nozzles, then summarizes the spray shapes and 

characteristics of the two kinds of nozzles. 
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1.4 Scope 

This project mainly studies the spray distribution of combined flat fan nozzles and flat 

fan nozzles, and the influence of different terminal shapes on spray performance. The 

modeling is performed by SOLIDWORKS software, and the ANSYS FLUENT software 

is used to calculate fluid dynamics. Through the simulation results, the spray velocity and 

mass flow of fan nozzles with different parameter structures are compared. In this way, 

the relationship between the grooving angle, the diameter of the cavity, and the length of 

the throat on the spray performance can be found. 

1.5 Outline 

This dissertation consists of five chapters: 

Chapter 1: The agricultural drone pesticide spraying device and the role of the flat fan 

nozzle in the agricultural drone pesticide spraying device are introduced. State the main 

problems of the flat fan nozzle research and the objectives of this research. And literature 

review of previous research. 

Chapter 2: This chapter focuses on the literature review on the types of pressure 

nozzles, the main parameters of the flat fan nozzle and the atomization process of the fan 

nozzle. The introduction of diaphragm pump and pesticide. 

Chapter 3: This chapter gives a detailed description of the designed fan nozzles 

structure parameters and simulation methods. Which includes governing equations, mesh, 

Reynolds number calculation, and turbulence model. 

Chapter 4: The experimental results of the simulation are shown in the form of tables 

and figures. The influence of grooving angle, cavity diameter, and throat length on liquid 

velocity, pressure and quality is discussed. 
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Chapter 5: This chapter summarizes the conclusions based on the experimental results 

and make suggestions for future work. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Background  

In agricultural production, pesticides are essential. The principle of using pesticides is 

to spray them to reach the target crops. Make the target crop grow faster or prevent the 

target crop from being damaged by pests. These pesticides are then broken down into 

harmless substances (Snelder DJ, 2008). The traditional pesticide spraying process is 

carried out by workers using hand-held spraying devices. Workers are exposed to high 

concentrations of pesticides. Once agricultural workers inhale, ingest, or come into 

contact with the skin of pesticides, it will cause harm to the workers' bodies (Lesmes 

Fabian C, 2014). Of the three routes, skin contact is the most common method 

(Acquavella JF, 2004). Every year, many workers in the agricultural sector die because 

of the harm of pesticides. Therefore, the risk faced by pesticide workers is very high 

(Kearney GD, 2015). According to the World Health Organization, there are around 3 

million insecticide poisoning incidents worldwide each year(Wang Bin, 2016). In 

Malaysia, people's awareness of pesticide hazards is not high. The main reason is that 

information about pesticide hazards is rarely reported. The mass media hardly report 

information about chemical pollution and pesticide poisoning (Mourin, 2002). The most 

used herbicide in Malaysia is paraquat. However, paraquat can cause toxicity and harm 

to the human body. The government banned it until 2002 (Shariff FM, 2008). 

On the one hand, to solve the harm of pesticides to the health of agricultural workers, 

countries around the world have begun to use drone pesticide spraying devices to replace 

traditional manual pesticide spraying. Agricultural personnel can remotely control the 

flight path of the drone, avoiding direct contact with pesticides (Y. Huang, 2009). On the 

other hand, UAVs have the characteristics of stable flight speed, low-altitude flight, 

vertical take-off, and landing. Unmanned aerial vehicles are not restricted by terrain and 
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can complete some more difficult tasks. The efficiency of pesticide spraying is much 

higher than traditional manual spraying. Therefore, the drone pesticide spraying device is 

a very worthy project (Vikrant Suryawanshi, 2019). 

In the drone pesticide spraying device, the performance of the nozzle directly affects 

the use efficiency of pesticides (Zhai Enyu, 2013). The shape of the spray is usually 

decided by the terminal shape of the nozzle hole (Yang Xuejun, 2005). The process of 

the combined fan nozzle is the liquid flows in the hemispherical nozzle inlet through the 

throat, and then is ejected from the "V"-shaped incision, and the liquid spreads on the axis 

of the V-shaped incision. The spray shape of a fan nozzle is usually a fan. Fan-shaped 

nozzles with different internal structures have different spray shapes (Lu Xiaolan, 2011). 

The research on the structural parameters of fan-shaped nozzles generally uses 

experimental testing methods, which require different test platforms and methods, and 

the development cost is high (Wang Yanping, 2009). Therefore, the purpose of this 

research is to compare fan nozzles of UAV pesticide spraying devices with different 

structural parameters through FLUENT simulation analysis. 

2.2 Introduction of flat fan nozzle 

2.2.1 Types of pressure spray nozzles 

The pressure is applied to the pesticide through the pump and then sprayed out from 

the fan pressure nozzle. The diameter of the droplet of the liquid medicine is generally 

70-120 microns. The advantage of the pressure nozzle is that the liquid medicine has 

higher pressure, strong penetrating power, and the amount of liquid medicine produced 

is small, and the evaporation in arid areas is small; the disadvantage of the pressure nozzle 

is that the liquid medicine is not uniformly atomized and the droplet diameter is a 

difference, and the nozzle is easy to block, especially when spraying powder (Qingni, 

2011). 
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In today’s agricultural production, the pressure nozzles often used for pesticide 

spraying mainly include fan nozzles, straight nozzles, full cone nozzles, and hollow cone 

nozzles. For the fan nozzles, the shape of spray is fan shaped. For the straight nozzles, the 

shape of spray is a straight line. The spray shape of a full cone nozzle is a filled circle and 

a hollow cone nozzle spray shape is a hollow circle. Agricultural engineer Bobby Grisso 

and David Holshur agronomist drew schematic diagrams of the mist shapes of flat fan 

nozzles, hollow cone nozzles, and full cone nozzles. The shape of different kinds of 

nozzles mist distribution as follows: 

 

Figure 2.1The shape of flat fan nozzle mist distribution (Holshouser, 2013) 

 

Figure 2.2: The shape of hollow cone nozzle mist distribution (Holshouser, 2013) 
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Figure 2.3: The shape of full cone nozzle mist distribution (Holshouser, 2013) 

The working path of the low-altitude drone spraying device is to travel in a straight 

line to realize the uniform spraying of pesticides by surrounding the farmland. Therefore, 

the drone spray device is suitable for using fan nozzles. The fan nozzle can ensure uniform 

spraying of pesticides and low droplet drift. The following details the types of fan nozzles. 

Fan nozzles can be divided into many types according to capacity, spray angle, and 

material. Standard fan nozzles are uniformly represented by the ‘J’ code. According to 

different flow rates, they can be divided into low flow flat fan nozzles, standard capacity 

flat fan nozzles, and large capacity flat fan nozzles. Standard flat fan nozzles are available 

in a wide range of different capacities, spray angles, thread sizes, and materials (Junhua, 

2018). Common fan nozzles include narrow-angle nozzles, wide-angle nozzles, combined 

flat fan nozzles, single fan nozzles, self-cleaning fan nozzles, flat fan nozzles, dovetail 

fan nozzles, clip-on fan nozzles, quick removal fan nozzles, side Spray fan nozzle, general 

fan nozzle (Huijiang, 2011). The standard fan nozzle is liquid column flow or fan spray, 

which can produce high impact force. The spray of the nozzle is evenly distributed. The 

droplet size is small to medium (Xiang, 2014). The combined fan nozzles and flat fan 

nozzles studied in this project are standard flat fan nozzles. The picture comes from the 

combined flat fan and flat fan nozzles produced by LORRIC. 
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Figure 2.4: Combined flat fan nozzle  (LORRIC, 1991) 

 

Figure 2.5:Flat fan nozzle  (LORRIC, 1991) 

 

 

2.2.2 Characteristics and materials of flat fan nozzle 

Fan nozzle is a nozzle commonly used in agricultural pesticide spraying devices. 

Because it has better atomization performance under low intake pressure. There are many 
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spray angles options, uniform spray distribution, good atomization performance, and both 

large flow and small flow liquid spraying work can be used. Therefore, this article focuses 

on the atomization characteristics of the flat fan nozzle. The fan nozzle has a simple 

structure and low processing cost. When the drone is working, the flying altitude is 

usually not too high. According to the survey, the working height of plant protection 

drones is generally 2-4 meters (Wang Yanping, 2009). Plant protection drones work at 

low altitudes, and a larger spray angle is required at low altitudes, which can improve 

work efficiency. The working path of the plant protection drone is straight forward flight. 

Therefore, the spray shape of the fan nozzle is very suitable for plant protection drones. 

The spray shape of the cone nozzle is circular. If the cone nozzle is used on a plant 

protection drone, uneven spraying will occur, which will cause phytotoxicity. The 

combined flat fan nozzle consists of a throat, a hemispherical head, and a "V" shaped 

outlet nozzle. The flat fan nozzle is a combination of a cylindrical throat and a "V" shaped 

outlet nozzle. The internal structure of the two nozzles is not much different, and the main 

structural parameters are the same. 

The materials used for fan nozzles are usually stainless steel, brass, plastic, etc. The 

material of the nozzle determines the corrosion resistance and wear resistance of the 

nozzle (Fan Rong, 2016). 

2.2.3 The atomization process of the fan nozzle 

The atomization process of the liquid in the fan nozzle is the liquid is delivered into 

the nozzle by the pressure generated by the pump. The liquid is pressed against the wedge-

shaped inside surface of the nozzle outlet groove. When the pressure is large enough, the 

liquid film spreads, and the liquid film becomes thinner. Finally, the liquid is subdivided 

into droplets by pressure, and then evenly sprayed on the crops (Burguete J, 2003). When 

the flow rate of the nozzle increases, the film of viscoelastic fluid thickens and eventually 
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becomes unstable and atomizes into droplets. The water film produced by the flat fan 

nozzle has the most unstable edge of the fluid, and when the viscoelasticity of the fluid 

increases, the stability of the film produced by the nozzle increases, thereby promoting 

the flow rate of the fluid film. However, beyond the critical flow rate for film rupture, the 

number of holes in the film and the growth rate increase, accelerating the further 

refinement of the droplets. (Thompson J C, 2007) 

The quality of spray is mainly affected by many factors such as natural factors, 

agronomic conditions, and sprayer technology (Fan Qingni, 2010). Spray distribution 

rules: Spray distribution of the nozzle depends on the nozzle terminal shape, surface 

roughness, verticality, parallelism, symmetry, and position errors that will affect the 

amount of spray. This article researches the influence of the structural parameters of the 

flat fan nozzle on the atomization performance. Simulation results through ANSYS 

FLUENT software. Then compared the influence of grooving angle, cavity diameter, and 

throat length on liquid mass flow, velocity, and pressure. 

 

Figure 2.6: The atomization process of the fan nozzle  (Huang, 2014) 

2.3 Diaphragm pump 

A diaphragm is a positive displacement pump. The diaphragm pump can increase the 

suction power of the liquid, so its output efficiency is high. The internal structure of the 

diaphragm pump can separate the liquid from the fragile part of the pump, so it has a long 
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service life. The fan nozzle can have better atomization performance under low-pressure 

conditions. The applicable pressure range of the pressure fan nozzle is 2-4 bar 

(Organization, 2003). This means that the working pressure of the pump should be 0.2-

0.4 Mpa. Therefore, this study chose the Yanmis brand 12v diaphragm pump. Its 

maximum working pressure is 300000 pascals. Diaphragm pumps use a combination of 

the reciprocating action of rubber, thermoplastic or Teflon diaphragms and suitable valves 

(check valves, butterfly valves, discs or some form of shut-off valve) on both sides of the 

diaphragm to pump liquids (Diaphragm pump, 2008). The types of diaphragm pumps are 

low-pressure pump, low flow pump and high flow pump. This is determined by the 

effective working diameter and strokes length of the diaphragm. Diaphragm pumps can 

be used for the transportation of alcohol, pesticides, and various liquid drugs. 

 

Figure 2.7: Diaphragm pump (Yanmis, 2019) 

Table 2.1:Specification of diaphragm pump 

Voltage Maximum 

power 

Maximum 

pressure 

Working 

pressure 

Opening flow Weight 

12V 15W 500000 

pascals 

300000 

pascals 

0.000025𝑚3/𝑠 608g 
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2.4 Introduction to pesticide 

Pesticides are chemicals used to prevent harmful insects from destroying crops, control 

the growth environment of crops, and regulate plant production (United States 

Environmental Protection Agency, 2018). Pesticides can be simply divided into 

herbicides used to improve the production environment of crops and pesticides used to 

regulate plant growth according to their different functions. The quality of spray drops is 

related to the performance of pesticides. Viscosity is one of the important factors. 

Surfactant molecules in the liquid squeeze and collide under pressure to generate viscous 

force. The higher the viscosity of the liquid is more difficult to atomize and  narrower the 

spray angle (Wiles-Purdue, 2020). Therefore, when using higher viscosity pesticides, 

pumps with higher working pressure should be used. This article uses water as the cell 

zone condition because water and pesticides are both incompressible liquids and most 

pesticides used in agriculture are diluted with water. 

2.5 Previous studies 

Zhang Xinming researched the effects of the main structural parameters of the high-

pressure fan nozzle, such as the shrinkage angle β, the ratio of length, and the eccentric 

distance L/e, and the grooving angle on the spray performance. The study uses the three-

dimensional Navier-Stokes equations as the governing equations, uses the standard k-ε 

turbulence model to establish a governing equation set, and uses CFD FLUENT software 

to establish a three-dimensional model of the internal flow field of the fan nozzle. The 

conclusion of the grooving angle is that the grooving angle has better clustering when the 

grooving angle is 15°-30°, but it has a certain influence on the spray velocity; the grooving 

angle of 30°-45° can get a better spray velocity. While the grooving angle is 45°-60°, 

although high spray velocity can be obtained, the jet clustering is poor (Zhang Xinming, 

2012). 
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Hou Junhua performed internal fluid flow simulations on flat fan nozzles, combined 

flat fan nozzles and ball head fan nozzles. The selected parameters of the research institute 

are the range of grooving angle 15°-30°, the cavity diameter 1.5mm-2.5mm. The standard 

k-ɛ turbulence model is used, and the solution method is SIMPLE. It is concluded that the 

nozzle atomization performance is the best when the groove angle is 30° and the cavity 

diameter is 2.5mm. The internal flow field of the combined flat fan nozzle is more stable 

(Junhua, 2018). 

2.5.1 Summary 

In previous simulation studies of fluid flow in the nozzle, researchers have used the 

standard k-ε turbulence model and SIMPLE solution method. This shows that the 

standard k-ε turbulence model and SIMPLE solution method are accurate and appropriate 

in the simulation of the fluid flow problem inside the nozzle. The range of parameters 

used in previous studies is small, and there is no research on the influence of structural 

parameters on liquid mass flow. This paper has more parameter data and calculated the 

influence of different structural parameters on mass flow. 
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CHAPTER 3: METHODOLOGY 

3.1 Introduction 

In this chapter, the main parameter structure of the fan nozzle is introduced, and the 

structural parameters of the combined fan nozzle are designed to research the influence 

of different structural parameters on spray efficiency. The grooving angle, cavity 

diameter, and throat length is selected as variable parameters. Five groups of control 

groups were made for each parameter. The grooving angle is selected 15°, 25°, 35°, 45°, 

60°. The cavity diameter is selected 1mm, 1.5mm, 2mm, 2.5mm, 3mm. The throat length 

is selected 2mm, 3mm, 4mm, 5mm, 6mm. The Standard 𝒌 − 𝜺 turbulence model is used 

to simulate the velocity and pressure distribution of the liquid. 

3.2 Research flow chart 

The research process is as follows:  
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Figure 3.1:research flow chart 

3.3 Design of fan nozzles 

3.3.1 Introduction 

    The modeling software in this article chooses to use SOLIDWORKS, 

SOLIDWORKS is a powerful and convenient 3D drawing software. It is found on the 
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data provided by the user and the set condition parameters to accurately establish the 

user's expected model. SOLIDWORKS has three main modules, which are part modeling 

module, part assembly module and engineering drawing module. Because the nozzle is a 

one-part model, the fan flat nozzle can be modeled using the part modeling module. 

SOLIDWORKS can dynamically modify the features and sketches of the established 

model. This can greatly shorten the operation time in the design process. SOLIDWORKS 

can also transfer data to other engineering software, such as PRO/E, UG and ANSYS. 

This article uses SOLIDWORKS modeling 13 kinds of combined flat fan nozzles and one 

kind of different terminals in the shape of a fan nozzle in the 3D model.  The figure below 

shows a 3D model of a combined fan nozzle with the grooving angle equal to 35°, the 

cavity diameter equal to 2mm, and the throat length equal to 3mm.  

 

Figure 3.2: 3D model of combined flat fan nozzle 
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Figure 3.3: 3D model flat fan nozzle 

3.3.2 Main parameters of fan nozzle structure 

The structural parameters of the fan nozzle mainly include grooving angle α, cavity 

diameter D, throat length L, and relative cutting depth Hr. The equation for calculating 

the relative depth of cut as flow: 

𝐻𝑟 =
𝑟 − 𝑒

𝑟
=

𝐻 − ℎ

𝑟
                                                                                                                   (1) 

 The relative cutting depth Hr between 0.5 and 1.5 is more appropriate (Junhua, 2018). 

When the relative cutting depth is greater than 1.5, the structural size of the whole nozzle 

increases, causing material wasted. When the relative cutting depth Hr is less than 0.5, 

the atomization performance will be reduced. Therefore, the relative cutting depth of the 

nozzle designed in this paper is 1. Calculated from equation 3.1, when Hr is equal to 1, 

the eccentric distance e is must equal to 0. Depth of notch H equal to cavity diameter D. 

The distance from pore to edge equal to the radius of curvature of the nozzle end shape r.  

The main parameters of the combined flat fan nozzle are shown in the Figure3.4: 
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Figure 3.4: Internal structural parameters of flat fan nozzle 

h=Distance from pore to edge 

H=Depth of notch 

e= Eccentric distance 

𝛼=Grooving angle 

D= Cavity diameter  

L= Nozzle throat length 

𝐻𝑟=Relative cutting depth=
𝑟−𝑒

𝑟
=

𝐻−ℎ

𝑟
 

r= The radius of curvature of the nozzle end shape 

Considering the technology of machining, the nozzle cavity diameter should not be 

too small, the smallest nozzle cavity diameter should be bigger than or equal to 1.0 mm.  

The Stress intensity increased pressure will increase, while the area increases pressure 

decreases, and under the condition of constant pressure. In order to reduce energy 

consumption, so should reduce the cavity diameter. Therefore, the cavity diameter of the 

nozzle is chosen 1mm to 3mm. The grooving angle generally ranges from 10 ° to 90 ° (Li 
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Xu, 2000). Therefore, the 3D model design uses SOLIDWORKS software to build a 

model including the top part of the fan nozzle, the throat, and the V-shaped wedge outlet.  

Modeling was carried out for the three factors of the combined flat fan nozzle changing 

the grooving angle, the nozzle throat length, and the diameter of the cavity. The grooving 

angles are selected 15°, 25°, 35°, 45°, 60°. The cavity diameters are selected 1mm, 1.5mm, 

2mm, 2.5mm, 3mm. The throat lengths are selected 2mm, 3mm, 4mm, 5mm, 6mm. To 

research the influence of every parameter on the spray performance of the fan nozzle. All 

model structural parameters are shown in the Table3.1: 

Table 3.1: Structural parameters of the fan nozzle of the experimental group 

Nozzle No. α (°) D (mm) L(mm) 

1 15 2 3 

2 25 2 3 

3 35 2 3 

4 45 2 3 

5 60 2 3 

6 35 1 3 

7 35 1.5 3 

8 35 2.5 3 

9 35 3 3 

10 35 3 2 

11 35 3 4 

12 35 3 5 

13 35 3 6 

The first group is the No.1, No2, No3, No4, No5 model. The objective is analyzing the 

influence of the grooving angle on the spray performance under the condition of keeping 
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the cavity diameter and throat length unchanged. The second group is the No.6, No.7 

No.3，No.8，No.9 model. The second group is to analyze the influence of the Cavity 

diameter on the spray performance under the condition of keeping the grooving angle and 

throat length unchanged. The third group is the No.10, No.9, No.11, No.12, No.13 model. 

The third group is to analyze the influence of throat length on spray performance under 

the condition of keeping the grooving angle and cavity diameter unchanged. 

3.3.3 Fluid flow analysis of fan nozzle 

This paper uses the workbench and software in ANSYS FLUENT software to simulate 

the internal structure of the nozzle and analyze the fluid flow. The American company 

ANSYS designed the general-purpose finite element analysis software. It can be matched 

with many design software to allow data sharing, such as NASTRAN and Auto CAD  (Ou 

Qibin, 2016). The range of applications is very wide, involving many different fluid 

phenomena. Computational fluid dynamics (CFD) technology for high-speed 

aerodynamics and methods for solving incompressible turbulent flows in mechanical and 

civil engineering. 

According to the principle of fluid mechanics and Bernoulli’s equation, the spray volume 

Q is equal to the product of the liquid velocity v and the cross-sectional area F of the 

nozzle outlet (Jianming, 2005). 

𝑄 = 𝜇 ∙ 𝐹 = 𝜇√2𝑔
𝑝

𝜌
∙ 𝐹                                                                                                             (2) 

g= gravitational acceleration (𝑁/𝑘𝑔) 

ρ= liquid density 

p= liquid pressure 
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𝜇=flow coefficient 

The flow coefficient 𝜇  is an important parameter for calculating flow, the calculate 

method as follow: 

𝜇 =
1

√1 + ∑ 𝜇
                                                                                                                               (3) 

∑ 𝜇 is the sum of the shrinkage coefficient of the nozzle section, which is determined by 

the structural parameters of the nozzle. The result calculated by the formula alone will 

have a relatively large error with the actual situation, and the corresponding correction 

calculation must be carried out through experiments to obtain a more reasonable value of 

the flow coefficient. Finally, the relationship between the flow rate and the flow 

coefficient can be fitted based on the experimental data. It can be known that the main 

structural parameters that affect the spray volume of the fan nozzle are the nozzle cavity 

diameter D, the grooving angle α and the nozzle throat length L (Pingzeng, 2007). 

3.4 Governing equations 

The continuity equation is a specific formula of the law of conservation of mass in 

fluid mechanics. 

Continuity equation: 

𝝏𝝆

𝝏𝒕
+

𝝏

𝝏𝒙𝒊
(𝝆𝝁𝒊) = 𝑺𝒎                                                                                                              (4)                                                  

𝝏

𝝏𝒙𝒊
(𝝆𝝁𝒊) =

𝝏(𝝆𝝁)

𝝏𝒙
+

𝝏(𝝆𝒗)

𝝏𝒚
+

𝝏(𝝆𝝎)

𝝏𝒛
= 𝟎                                                                                (5)                      

Where 𝜌 is the density, t is time and 𝜇, 𝑣, 𝜔 are velocity vector in the x, y, z direction 

(Pedlosky, 1987). 
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In this paper, the fluid medium in the simulation analysis of the flow field inside the 

nozzle is water, which can be regarded as incompressible fluids (
𝜕𝜌

𝜕𝑡
= 0). Therefore, the 

governing equation of mass conservation can be simplified as Equation: 

𝜕(𝜌𝜇)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
+

𝜕(𝜌𝜔)

𝜕𝑧
= 0                                                                                                   (6) 

Navier-Stokes equation, in fluid mechanics, a partial differential equation that 

describes the flow of incompressible fluids. The equation is a generalization of the 

equation devised by Swiss mathematician Lds.eonhard Euler in the 18th century to 

describe the flow of incompressible and frictionless fluids (Augustyn, 2011), the Equation 

as follow : 

𝜕𝜇

𝜕𝑡
+ 𝜇 ∙ ∇𝜇 = −

∇𝑝

𝜌
+ 𝜐∇2𝜇                                                                                                      (7) 

Where 𝜇 is the fluid velocity vector, P is the fluid pressure,𝜌 is the fluid density, 𝜐 is 

the kinematic viscosity, and ∇2 is the Laplacian operator. 

3.5 Simulation conditional 

3.5.1 Mesh 

Save the modeling with SOLIDWORKS. Save the file as x_t format. Open the x_t file 

with ANSYS and open the model in the geometry of the FLUID FLOW module. For the 

accuracy of simulation results, edge sizing is added to the model. Element order is linear, 

and the solver preference is fluent. Because each model has different structural parameters, 

the volume and surface area are also different. The range of element size was set between 

0.085mm with 0.12mm. Choose high-quality smoothing. The statistics element is around 

500,000. Because of ANSYS version problems, ANSYS will not be able to calculate more 

than 512,000 structural elements. 
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3.5.1.1 Meshing of combined flat fan nozzle  

Select ‘face’ in the options. Select the face that the nozzle inlet and outlet. Open the 

named selections option and add inlet and outlet. Then update the mesh. 

 

Figure 3.5:The front view of the mesh 

 

Figure 3.6:The left view of mesh Univ
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Figure 3.7:Inlet of nozzle 

 

Figure 3.8:Outlet of the nozzle 

3.5.1.2 Meshing of flat fan nozzle 

The mesh method of the flat fan nozzle is the same as the combined flat fan nozzle. 

 

Figure 3.9: The front view of the mesh 
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Figure 3.10: The left view of mesh 

  

Figure 3.11:Inlet of nozzle 

 

Figure 3.12:Outlet of nozzle 
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3.5.1.3 Mesh independence test 

There is no huge difference in the structure and size of each fan nozzle. Select the 

combined nozzle with the parameter α=35°，D=2mm, L=3mm for mesh independence 

test. The mesh independence test can ensure that the number of mesh is sufficient and the 

accuracy of the simulation results. Generally, if the number of mesh elements increases, 

the accuracy of the contour of the model will also increase. Due to the version of ANSYS, 

the maximum number of mesh elements should be less than or equal to 512,000. 

Table 3.2:Mesh independence results 

Elements 

size(mm) 

Mesh nodes Mesh elements Maximum 

pressure(pa) 

Velocity of 

outlet(m/s) 

0.095 101540 511449 288724.13 14.5771 

0.1 99630 501161 288542.44 14.9805 

0.15 90632 454690 289136.56 14.6311 

0.2 89182 447260 289400.31 14.1558 

0.25 88545 444395 289484.84 14.5760 

0.3 88490 444185 289589.94 14.7165 

0.4 88951 446675 289519.5 14.7039 

0.5 88509 444233 289590.84 14.6373 

The mesh element size is 0.095, the number of elements equal to 511449. When the 

number of elements bigger than 512000, the ANSYS not allowed to simulation. The 

element size of the fan nozzle model is between 0.08mm to 0.15mm and the number of 

elements is about 500,000. 

3.5.2 Reynolds number 

Reynolds number is used to judge the flow of fluid, and then predict the flow model. 

Under low Reynolds number, the fluid flows mainly in laminar flow, while under high 
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Reynolds number, fluid flow tends to be turbulent. The equation for calculating Reynolds 

number for flow in pipe as: 

𝑅𝑒 =
𝜌𝑢𝐷𝐻

𝜇
=

𝑢𝐷𝐻

𝜈
=

𝑄𝐷𝐻

𝜈𝐴
=

𝑊𝐷𝐻

𝜇𝐴
                                                                                       (8) 

Where,𝐷𝐻 is hydraulic diameter of pipe, m; Q is the volume flow, 𝑚3/𝑠 ; A is cross-

sectional area of the pipe, 𝑚2; u is the average velocity of fluid, 𝑚/𝑠; 𝜇 is the dynamic 

viscosity of liquid, Pa·s; 𝜈 is the kinematic viscosity, 𝑚2/s; 𝜌 is liquid density,𝑘𝑔/𝑚3; W 

is the mass flow of liquid, kg/s.  

Table 3.3: Reynolds number to judge flow characteristics 

Reynolds number less than 2300 Between 2300 and 

4000 

Greater than 4000 

The flow in the 

pipeline 

laminar transient turbulent 

 

For the pressure inlet and outlet boundary conditions. FLUENT will calculate the inlet 

velocity of the fluid according to Bernoulli equation. The Bernoulli equation original 

expression as: 

1

2
𝜌𝑣2 + 𝜌𝑔ℎ + 𝑝 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                                                                                                  (9) 

Where, v is liquid velocity, m/s; g is acceleration of gravity, m/𝑠2; h is the height where 

the fluid is located, m; p is the pressure at the chosen point, ; 𝜌 is liquid density,𝑘𝑔/𝑚3. 

For incompressible liquids, when the fluid enters through the pressure inlet boundary, 

FLUENT uses the input boundary condition pressure as the total pressure of the fluid on 

the inlet plane to calculate the inlet velocity. The equation as: 
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𝑝0 = 𝑝𝑠 +
1

2
𝜌𝑣2                                                                                                                          (10) 

Where, 𝑝0 is the total pressure of the fluid on the inlet; 𝑝𝑠 is the static pressure. The 

Y-velocity of initial value is calculated by FLUENT is 24.51697, m/s. 

The u equals to 24.51697m/s, the density of water is 998.2, kg/ 𝑚3  at 300K 

temperature. 𝐷𝐻 equal to inlet diameter. The dynamic viscosity of water is 0.001003,
𝑘𝑔

𝑚
−

𝑠. Because the initial inlet Y velocity of the nozzles are the same, and the Reynolds 

number is related to the inlet diameter of the nozzles. Therefore, the maximum(d=3mm) 

and minimum diameter(d=1mm) values were calculated into the equation 3.8. 

𝑅𝑒 𝑚𝑎𝑥 = 73198.9216＞4000 

𝑅𝑒 𝑚𝑖𝑛 = 24399.64＞4000 

Therefore, the internal fluid of all nozzles is in turbulent flow. 

3.5.3 Boundary Conditions 

The setup options use double precision and solver processes are 8. Double precision 

requires longer calculation time than single precision, but the calculation result is more 

accurate than single precision. This simulation does not consider time, the purpose is to 

obtain complete simulation results. The Y-axis gravity acceleration set 9.81𝑚/𝑠2. Solver 

options the type is selected pressure-based, velocity formulation is absolute, and the time 

is steady. 

 Water-liquid is added as a fluid material. Water-liquid is an incompressible liquid. 

The density of water-liquid is 998.2 kg/𝑚3 ,and the dynamic viscosity is 0.001003 kg/m-

s at the temperature of 300 k. Set the cell zone conditions to water-liquid. The viscous 

model is chosen standard k-ɛ model. The boundary condition is selected pressure-inlet 
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and pressure-outlet. The inlet pressure are 300000 pascals cause the working pressure of 

the diaphragm pump are 300000 pascals, and the outlet pressure is standard atmospheric 

pressure that are 101325 pascals. In the boundary condition setting, the value of the fluid 

turbulence parameter needs to be set. The turbulence intensity and hydraulic diameter are 

selected to define the turbulence parameters (Jiang Fan, 2008). A turbulence intensity less 

than or equal to 5% is generally regarded as low-intensity turbulence, and a turbulence 

intensity greater than 10% is regarded as high-intensity turbulence. The turbulence 

intensity here is set to 5%, because the fan nozzle used for work is low-intensity 

turbulence. The definition and calculation formula of hydraulic diameter 𝐷𝑖 as follow: 

𝐷𝑖 =
4𝐴

𝑝
                                                                                                                                       (11) 

Where, A is area section of the duct or pipe, p is wetted perimeter of the duct or pipe. 

The hydraulic is equal to cavity diameter. Solution methods is selected simple. Gradient 

is least squares cell based, cause the mesh is unstructured. Spatial discretization used 

standard pressure. The momentum, turbulent kinetic energy and turbulent dissipation rate 

are selected first order upwind. The first order is easier to converge than the second order, 

and the calculation time is shorter. The precision of the two is not much different, so first 

order is selected. The initialization methods chosen standard initialization and computed 

from inlet. The reference frame is absolute. For the pressure inlet, the flow direction and 

the specification of the total pressure are determined by the velocity formula. Because the 

previous velocity formula is an absolute formulation, it is also absolute here. The run 

calculation set the number of iterations is 400. 

3.5.4 Turbulence models 

Turbulence modeling is used to predict the effects of turbulence. It is used for 

mathematical model construction. The reason for many scales of eddy flow and strong 
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nonlinearity exists in turbulence makes the turbulence problem difficult to solve in 

theoretical experiments and numerical simulations. Navier - stokes equation can 

accurately describe the turbulent motion, but a lot of time is needed to solve such a 

complex equation. It is necessary to use the turbulence model to solve difficult turbulence 

problems. 

3.5.4.1 Types of turbulence models 

According to the number of partial differential equations in turbulence model can be 

classified. Commonly used turbulence models are: 1 equation model (Spalart-Allmaras), 

2 equation model (𝜅-Epsilon model and 𝑘 − 𝜔 model), 4 equation model (transition SST), 

and 7 equation model (Reynolds stress model) (Hanjalic & Launder, 1972). The following 

is a brief introduction to the above models. 

The Spalart-Allmaras model is generally used for aviation problems. It is mainly the 

calculation of wall-bounded flow. The Spalart-Allmaras model can only solve the 

turbulent viscous transport equation, it cannot solve the length scale of the thickness of 

the shear layer. It is not suitable for solving the flow problem with a large change in flow 

scale. 

The k-epsilon model is the simplest completed turbulence model. It solves the variable 

of velocity and length. In FLUENT, the standard k-ε model has a wide range of 

applications and reasonable precision. Since it was proposed, it has become an important 

tool for engineering flow field calculations  (Langtry R B, 2009).  

The standard k-ω model mainly solves the problems of low Reynolds number, 

compressibility, and shear flow. The k-ω model predicts the propagation rate of free shear 

flows, such as mixed flows, flow around plates, flows around cylinders and radial jets, so 

it is suitable applied to wall-bound flows and free shear flows. 
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The SST k-ω model is similar to the standard k-ω model. But SST k-ω model adds a 

hybrid function, which is designed for the near-wall area. SST k-ω model has higher 

accuracy and credibility than the standard k-ω model in a wide range of flow fields. 

The Reynolds stress model has an important role in the calculation of 3D turbulent 

flow field and can effectively calculate the anisotropic turbulent flow field. 

3.5.4.2 𝒌 − 𝜺 models 

The 𝒌 − 𝜺  models are divided into standard 𝒌 − 𝜺  model, RNG 𝒌 − 𝜺  model and 

realizable 𝒌 − 𝜺 model. The following is a brief introduction to the above models. 

1. The standard 𝒌 − 𝜺 model is a half-empirical formula, which is summarized from 

experimental phenomena. The turbulent kinetic energy transport equation of the 𝒌 − 𝜺 

model is derived through accurate equations. The dissipation rate equation is obtained 

through physical reasoning and mathematical simulation of similar prototype equations. 

It is suitable for the analysis of completely turbulent flow models with negligible effects 

of molecular viscosity. 

2. The RNG 𝒌 − 𝜺 model adds a factor to the 𝜺 equation. The turbulent vortex is added 

and the calculation accuracy in this area is improved. RNG theory provides a formula for 

calculating low Reynolds number flow viscosity. 

3. The advantage of realizable 𝒌 − 𝜺  model is more accurate to calculate the 

divergence ratio of the flat and cylindrical jets because it adds the dissipation rate equation. 

It has better accuracy in strong streamline bending, vortex, and rotation. 

The standard 𝑘 − 𝜀 model can usually simulate the real situation of fluid flow and is 

especially suitable for calculating the flow of pipes and channels. The standard 𝑘 − 𝜀 

model is widely used in all kinds of flow research because of its simplicity and high 
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calculation accuracy (Wilcox, 2008). The fluid flow inside the nozzle is turbulent with 

high Reynolds number, and there is no vortex and rotation. Therefore, the standard 𝑘 − 𝜀 

model is adopted in this study. 

In the standard 𝑘 − 𝜀  model, the turbulence kinetic energy (𝑘 ) equation and the 

turbulence dissipation rate (𝜀) equation are solved to obtain the solutions of  𝑘 and 𝜀, then 

the values of 𝑘 and 𝜀 are used to calculate the turbulence viscosity. Finally, the solution 

of the Reynolds stress is obtained by the Boussinesq assumption. 𝑘 − 𝜀 variant of 

approximation of eddy viscosity model equation as: 

𝜇𝑡 =
𝜌𝐶𝑢𝑘2

𝜀
                                                                                                                                 (12) 

Turbulent kinetic energy 𝑘 and turbulent dissipation rate 𝜀 equations are respectively 

shown in the following equation: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗

] + 𝐺𝑘 − 𝜌𝜀                                                  (13) 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖

(𝜌𝜀𝑢𝑗) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗

] + 𝐶1𝜀

𝜀

𝑘
𝐺𝑘 − 𝐶2𝜀𝜌

𝜀2

𝑘
                               (14) 

where, 𝜌 is the continuous phase density, kg/𝑚3 ; 𝜀 is the turbulent dissipation rate, 

𝑚2/𝑠3; k is the turbulent kinetic energy, 𝑚2/𝑠2; 𝜇 is the dynamic viscosity,𝑝𝑎 ∙ 𝑠; 𝜎𝑘 is 

the Prandtl number of turbulent kinetic energy; 𝜎𝜀 is the Prandtl number of dissipation 

rate of turbulent kinetic energy; 𝐺𝑘  is the turbulent kinetic energy caused by laminar 

velocity gradient,𝑝𝑎/𝑠; 𝐶1𝜀 , 𝐶2𝜀  is the empirical constant.  The equation of 𝐺𝑘  as: 

𝐺𝑘 = 𝜇𝑡

𝜕𝜇𝑖

𝜕𝑥𝑗
(

𝜕𝜇𝑖

𝜕𝑥𝑗
+

𝜕𝜇𝑗

𝜕𝑥𝑖
)                                                                                                        (15) 
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The model constants are  𝐶1𝜀=1.44, 𝐶2𝜀 = 1.92, 𝐶𝑢 = 0.09, 𝜎𝑘 = 1.0, 𝜎𝜀 = 1.3. 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Analysis of fluid flow of combined flat fan nozzle 

After 400 iterations of combined flat fan nozzles with different parameter structures 

under the same conditions, the internal pressure and velocity are calculated through fluid 

mechanics. After convergence, through the comparison of the simulation results, the XY 

plane and YZ plane in the location settings are added, and then the pressure and velocity 

contours of the XY plane and YZ plane are added. 

4.2 Effect of design parameter on performance 

4.2.1 Effect of grooving angle on velocity, pressure, and mass flow 

 

Figure 4.1: Pressure contours of XY section and YZ section of No.1 nozzle 

 

Figure 4.2: Pressure contours of XY section and YZ section of No.2 nozzle 
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Figure 4.3: Pressure contours of XY section and YZ section of No.3 nozzle 

 

Figure 4.4: Pressure contours of XY section and YZ section of No.4 nozzle 

 

Figure 4.5: Pressure contours of XY section and YZ section of No.5 nozzle 

The pressure range is set to user specified. The maximum pressure is 0.3Mpa and the 

minimum pressure is 0. In Figure 4.1 to Figure4.5, the red area shows that the pressure is 

0.289Mpa; the orange area pressure is around 0.24Mpa; the yellow area pressure is around 

0.22Mpa;  the green area pressure is around 0.15Mpa; the blue area pressure is close to 0. 

From Figure4.1 can be seen the pressure is highest at the nozzle inlet, and the pressure at 

the nozzle outlet gradually decreases, reaching the minimum pressure value after leaving 
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the outlet. Then the pressure in the extension area of the nozzle is in the standard 

atmosphere (0.101Mpa). It means that the liquid has not reached the area. The pressure 

inside the throat is basically unchanged. With the increase of grooving angle, the pressure 

in the nozzle throat decreases. The pressure at the nozzle outlet is gradually decreasing. 

After the liquid leaves the outlet, the pressure disappears when it reaches the V-shaped 

wedge area. 

 

Figure 4.6: Velocity contours of XY section and YZ section of No.1 nozzle 

 

Figure 4.7: Velocity contours of XY section and YZ section of No.2 nozzle 

 

Figure 4.8: Velocity contours of XY section and YZ section of No.3 nozzle 
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Figure 4.9: Velocity contours of XY section and YZ section of No.4 nozzle 

 

Figure 4.10: Velocity contours of XY section and YZ section of No.5 nozzle 

The velocity range is set to user specified. The range of velocity is 0 m/s to 27 m/s. 

The red area velocity is around 26.5 m/s; the yellow area velocity is around 20 m/s; the 

green area velocity is around 15 m/s; the light blue area velocity is around 6 m/s; the blue 

area velocity is close to 0. From the Figure 4.6 to Figure 4.10 XY section, the velocity 

distribution of the fluid is fan shaped. When the velocity is small at the entrance of the 

nozzle, the velocity is the largest at the exit, and then gradually decreases. With the 

increase of grooving angle, the velocity in nozzle throat increases. The velocity at the 

nozzle outlet decreases with the increase of the grooving angle. Figure 4.6 to Figure 4.10 

YZ section shows the liquid is sprayed from the outlet in a columnar shape. The maximum 

velocity appears around the outlet centerline. The greater the pressure, the smaller the 

velocity. And it can be seen from Figure 4.6 to Figure 4.10 XY section that the larger the 

grooving angle, the wider the angle at which the liquid is sprayed. 
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To compare the effect of the grooving angle more accurately on combined flat fan 

nozzle performance, ANSYS can draw the pressure and velocity data on the centerline of 

the nozzle into X-Y plots. It shows intuitive view of how the pressure and velocity are 

changing. 

 

Figure 4.11：Pressure X-Y plots on the internal center line of nozzles with 

difference grooving angle 
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Figure 4.12: Velocity X-Y plots on the internal center line of nozzles with 

difference grooving angle 

It can be seen from Figure 4.12 and 4.13 that the changing trend of the pressure and 

velocity of the liquid on the centerline of the nozzles. When the grooving angle is 15°, 

the velocity and pressure show the biggest change. When the grooving angle is equal to 

60°, the pressure and velocity of the liquid on the nozzle centerline change more smoothly. 

After running the calculation, the report surface integrals are used to calculate the 

maximum pressure of the wall and the outlet maximum velocity of the Y-axis. The mass 

flow rate of inlet and outlet is calculated by fluxes. 
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Table 4.1:ANSYS calculated report of difference grooving angle nozzles 

Nozzle No. Inlet mass 

flow(kg/s) 

Outlet mass 

flow(kg/s) 

Mass flow 

net(kg/s) 

Maximum 

pressure(p

a) 

Maximum 

velocity on 

centerline(m

/s) 

1 0.0011072983 -0.01107319 -2.077674e-

07 

295360.25 

 

26.231766 

2 0.015842517 -0.01584332 -8.120642e-

07 

291673.19 22.714499 

3 0.019058417 -0.01905602 2.3933549e

-06 

288740.94 20.02075 

4 0.021572373 -0.02157342 -1.04877e-

06 

284582.88 19.592033 

5 0.026656134 -0.02665643 -3.018003e-

07 

276577.88 19.227665 

 

It can be seen from Table 4.1 that the grooving angle has an influence on the mass flow. 

The greater the grooving angle of the fan nozzle, the greater the mass flow. To compare 

the results more intuitively, ANSYS is used to export the pressure and velocity on the 

centerline as a CSV file and make a graph. The pressure and velocity are placed on the 

centerline of the nozzle with the grooving angle of 15º, 25 º, 35 º, 45 º, 60 º in the same 

coordinate for comparison. 
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Figure 4.13: The center line fluid pressure curve of No.1, No.2, No.3, No.4, No.5 

nozzles 

 

Figure 4.14: The center line fluid velocity curve of No.1, No.2, No.3, No.4, No.5 

nozzles 
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Figure 4.13 and 4.14 intuitively shows the effect of changing the grooving angle of the 

nozzle on the velocity and pressure on the centerline of the nozzle under the condition of 

the same cavity diameter and length. The velocity changes greatly when the grooving 

angle is 15°-35°, but when the groove angle is 35°-60°, the velocity change is small. 

When the grooving angle is 15°, negative pressure occurs, which means that when the 

grooving angle is too small, the internal pressure of the nozzle is unstable. When the 

grooving angle is small, the pressure of the liquid in the nozzle is great. When the 

grooving angle is larger, the pressure of the liquid in the nozzle changes smoothly. The 

fluid velocity at the nozzle outlet is inversely proportional to the size of the grooving 

angle. That is the larger the slot angle of the nozzle, the slower the liquid velocity. The 

size of the grooving angle also influences the spray range. The larger the grooving angle, 

the wider the spray range. However, when the grooving angle is too large, the spraying 

velocity will decrease, and the spraying range will increase. Taking into account the 

problem of droplet deviation caused by the airflow generated by the wings of the drone 

when the drone is working and the flight speed of the agricultural drone, the maximum 

spray velocity should be greater than 20m/s. If the grooving angle is too large, uneven 

spraying and droplet drift will have occurred. If the grooving angle is too small, the 

pesticide spraying range is small, and the pesticide is concentrated in the center of the 

nozzle. Therefore, the appropriate grooving angle is 35°. 
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4.2.2 Effect of cavity diameter on velocity, pressure and mass flow 

 

Figure 4.15: Pressure contours of XY section and YZ section of No.6 nozzle 

 

Figure 4.16: Pressure contours of XY section and YZ section of No.7 nozzle 

 

Figure 4.17: Pressure contours of XY section and YZ section of No.3 nozzle 

 

Figure 4.18: Pressure contours of XY section and YZ section of No.8 nozzle 
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Figure 4.19: Pressure contours of XY section and YZ section of No.9 nozzle 

The pressure range is set to user specified. The maximum pressure is 0.3Mpa and 

the minimum pressure is 0. In the Figure 4.15 to 4.19, the red area shows that the 

pressure is 0.289Mpa; the orange area pressure is around 0.24Mpa; the yellow area 

pressure is around 0.22Mpa; the green area pressure is around 0.15Mpa; the light blue 

area is around 0.07Mpa; the blue area pressure is close to 0. It can be seen the overall 

pressure distribution is also the same as Figure 4.1. The pressure is the largest in the 

throat, the pressure gradually decreases near the outlet, and the pressure reaches the 

minimum after leaving the nozzle. 

 

 

Figure 4.20: Velocity contours of XY section and YZ section of No.6 nozzle 
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Figure 4.21: Velocity contours of XY section and YZ section of No.7 nozzle 

 

Figure 4.22: Velocity contours of XY section and YZ section of No.3 nozzle 

 

Figure 4.23: Velocity contours of XY section and YZ section of No.8 nozzle 

 

Figure 4.24: Velocity contours of XY section and YZ section of No.9 nozzle 
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The velocity range is set to user specified. The range of velocity is 0 m/s to 23 m/s. 

The red area velocity is around 22.2 m/s; the yellow area velocity is around 17 m/s; 

the green area velocity is around 13 m/s; the light blue area velocity is around 6 m/s; 

the blue area velocity is close to 0. From Figure 4.20 to 4.24 can be seen the overall 

velocity distribution is almost the same as Figure 4.6. The difference is that when the 

diameter of the cavity is changed, the velocity in the throat does not change much. It 

shows that the diameter of the cavity has little effect on the velocity of the liquid in the 

nozzle. From the above Figures XY section can be seen the cavity diameter has no 

effect on the angle at which the liquid is sprayed. 

To accurately compare the effect of cavity diameter on combined flat fan nozzle 

performance, the pressures, and velocities data on the centerline of the nozzle were 

drawn into X-Y plots. It shows an intuitive view of how the pressure and velocity are 

changing. 
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Figure 4.25: Pressure X-Y plots on the internal center line of nozzles with 

difference cavity diameter 
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Figure 4.26: Velocity X-Y plots on the internal center line of nozzles with 

difference cavity diameter 

After running the calculation, the report surface integrals are used to calculate the 

maximum pressure and the outlet maximum velocity of the Y-axis. The mass flow rate of 

inlet and outlet is calculated by fluxes. 
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Table 4.2: ANSYS calculated report of difference cavity diameter nozzles 

Nozzle 

No.  

Inlet mass flow

（kg/s） 

Outlet mass 

flow（kg/s） 

Mass flow 

net

（kg/s） 

Maximum 

pressure(pa) 

Maximum 

velocity on 

centerline(

m/s) 

6 0.0047026896 -0.0047023486 3.4092671

e-07 

284501.53 20.228914 

 

7 0.010629301 -0.010629037 2.6390126

e-07 

287291.38 20.067152 

 

3 0.019058417 -0.019056024 2.3933549

e-06 

288740.94 20.02075 

 

8 0.030047152 -0.030038229 8.9233028

e-06 

290000.25 20.381876 

 

9 0.043789724 -0.043778536 1.1187573

e-05 

290573.34 20.630926 

 

 

It can be seen from Table 4.2 that the cavity diameter has an influence on the mass 

flow. The larger the diameter of the cavity of the fan nozzle, the larger the mass flow. The 

maximum velocity is 20.63 m/s when the cavity diameter is 3 mm. The minimum velocity 

is 20.02 m/s when the cavity diameter equals to 2mm. To compare the results more 

intuitively, used ANSYS to export the pressure and velocity on the centerline as a CSV 

file, and make a graph. The pressure and velocity are put on the centerline of the nozzle 

with the cavity diameters of 1mm, 1.5mm, 2mm, 2.5mm, 3mm in the same coordinate 

system for comparison. Univ
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Figure 4.27: The center line fluid pressure curve of No.6, No.7, No.3, No.8, No.9 

nozzles 

 

Figure 4.28: The center line fluid velocity curve of No.6, No.7, No.3, No.8, No.9 

nozzles 
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Since the cavity diameter of the combined flat fan nozzle changed, the radius of the 

head of the nozzle also changes accordingly. Therefore, the total length of each nozzle is 

different. Figure 4.28 shows that the initial pressure value of each nozzle at the centerline 

is the same, then gradually decreases and then increases after leaving the outlet. When 

the cavity diameter is 3 mm, the outlet pressure is the smallest. Figure 4.29 shows that 

the initial velocity value of each nozzle at the centerline is the same, then gradually 

increases and then decreases after leaving the outlet. From the result data, it is concluded 

that the nozzle with the best performance is with a cavity diameter equal to 3 mm. 

4.2.3 Effect of throat length on velocity, pressure and mass flow 

 

Figure 4.29: Pressure contours of XY section and YZ section of No.10 nozzle 

 

Figure 4.30: Pressure contours of XY section and YZ section of No.9 nozzle 
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Figure 4.31: Pressure contours of XY section and YZ section of No.11 nozzle 

 

Figure 4.32: Pressure contours of XY section and YZ section of No.12 nozzle 

 

Figure 4.33: Pressure contours of XY section and YZ section of No.13 nozzle 

The pressure range is set to user specified. The maximum pressure is 0.3Mpa and the 

minimum pressure is 0. In the Figure 4.29 to 4.33, the red area shows that the pressure is 

0.289Mpa; the orange area pressure is around 0.24Mpa; the yellow area pressure is around 

0.22Mpa;  the green area pressure is around 0.15Mpa; the light blue area is around 

0.07Mpa; the blue area pressure is close to 0. It can be seen from the above Figures the 

overall pressure distribution is also the same as the previous nozzle. The pressure is the 

Univ
ers

ity
 of

 M
ala

ya



55 

largest in the throat, the pressure gradually decreases near the outlet, and the pressure 

reaches the minimum after leaving the nozzle. 

 

 

Figure 4.34: Velocity contours of XY section and YZ section of No.10 nozzle 

 

Figure 4.35: Velocity contours of XY section and YZ section of No.9 nozzle 

 

Figure 4.36: Velocity contours of XY section and YZ section of No.11 nozzle 
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Figure 4.37: Velocity contours of XY section and YZ section of No.12 nozzle 

 

Figure 4.38: Velocity contours of XY section and YZ section of No.13 nozzle 

The velocity range is set to user specified. The range of velocity is 0 m/s to 21 m/s. 

The red area velocity is around 20.5 m/s; the yellow area velocity is around 16 m/s; the 

green area velocity is around 10 m/s; the light blue area velocity is around 5.5 m/s; the 

blue area velocity is close to 0. From the above Figures can be seen the overall velocity 

distribution is almost the same as previous nozzle. From Figure 4.34 to 4.38 YZ section 

it can be seen the red area is decreases with the length increase. This means that the nozzle 

length affects the maximum outlet velocity. From Figure 4.34 to 4.38 XY section it can 

be seen the throat length has no effect on the angle at which the liquid is sprayed. 

To compare the effect of throat length more accurately on combined flat fan nozzle 

performance, ANSYS is used to draw the pressure and velocity data on the centerline of 

the nozzle into X-Y plots. It shows an intuitive view of how the pressure and velocity are 

changing. 
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Figure 4.39 Pressure X-Y plots on the internal center line of nozzles with 

difference throat length Univ
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Figure 4.40: Velocity X-Y plots on the internal center line of nozzles with 

difference throat length 

After running the calculation, the report surface integrals are used to calculate the 

maximum pressure of a liquid and the outlet maximum velocity of the Y-axis. The mass 

flow rate of inlet and outlet is calculated by fluxes. 
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Table 4.3: ANSYS calculated report of difference throat length nozzles 

Modelin

g 

Inlet mass 

flow

（kg/s） 

Outlet mass 

flow（kg/s） 

Mass 

flow net

（kg/s） 

Maximum 

pressure(pa

) 

Maximum 

velocity on 

centerline(m/s

) 

α35D3L

2 

0.04429360

5 

-0.044283782 9.82231e-

06 

290395.97 20.70553 

 

α35D3L

3 

0.04378972

4 

-0.043778536 1.118757

3e-05 

290573.34 20.630926 

 

α35D3L

4 

0.04325115

5 

-0.043244774 6.381123

9e-06 

290673.47 20.632229 

 

α35D3L

5 

0.04273981

3 

-0.042733276 6.537064

7e-06 

290031.75 20.040216 

 

α35D3L

6 

0.04289612

1 

-0.042895604 5.161766

8e-07 

289618.31 19.795218 

 

As can be seen from Table 4.3 that the length of the throat has a minimal effect on the 

mass flow. To further compare the changes of velocity and pressure in the internal flow 

field of nozzles with different lengths more clearly, the velocity and pressure are extracted 

data on the center line of the internal flow field of each nozzle, and select the curve chart 

shown in the following figure to describe it. Univ
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Figure 4.41: The center line fluid pressure curve of No.10, No.9, No.11, No.12, 

No.13 nozzles 

 

Figure 4.42: The center line fluid velocity curve of No.10, No.9, No.11, No.12, 

No.13 nozzles 
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It can be seen from Figure 4.42 that under the same condition that the combined flat 

fan nozzles keep the grooving angle and cavity diameter unchanged. As the length of the 

throat increases, the maximum pressure decreases. Figure 4.43 shows that the maximum 

velocity of the center line is related to the length of the throat. This is the length of the 

throat increases and the maximum velocity decreases. But the nozzle throat length has 

little effect on the maximum velocity. Therefore, the length of the throat to obtain the best 

performance is 2mm. 

4.3 Compare the performance of flat fan and combined flat fan nozzles 

Based on the above experimental data, the best nozzle parameters are summarized as 

the grooving angle equal to 35°, the cavity diameter equal to 3mm, the throat length 

equal to 2mm. To compare the performance difference between flat fan nozzles and 

combined flat fan nozzles, the α=35°, D=3mm, L=2mm flat nozzles are selected for 

simulation analysis under the same conditions. 

 
 

 

Figure 4.43: Pressure contours of XY section and YZ section of flat fan nozzle 
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Figure 4.44: Velocity contours of XY section and YZ section of flat fan nozzle 

 
 

 

Figure 4.45: Velocity vector of XY section and YZ section of flat fan nozzle 

 

Figure 4.46: Velocity vector of XY section and YZ section of combined flat fan 

nozzle 

The pressure range is set to user specified. The maximum pressure is 0.3Mpa and the 

minimum pressure is 0. In the Figure 4.19, the red area shows that the pressure is 

0.289Mpa; the orange area pressure is around 0.25Mpa; the yellow area pressure is around 

0.22Mpa;  the green area pressure is around 0.15Mpa; the light blue area is around 

0.08Mpa; the blue area pressure is close to 0. By comparing Figure 4.44 with the pressure 

contour of No.10 combined flat fan nozzle. The pressure inside the throat of the flat fan 

nozzle is lower than that of the combined flat fan nozzle. The flat nozzle has a lot of 

pressure at the edge of the outlet, because of the internal structure, the inside of the flat 

fan nozzle suffers a lot of pressure. The inner wall of the combined flat fan nozzle is 

spherical, the pressure can be smoothly led out of the nozzle, and the inside of the nozzle 
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will not suffer strong pressure. From Figure 4.45 the liquid sprayed by the flat fan nozzle 

is in the shape of the middle is higher and sides are lower. The spray shape of the 

combined flat fan nozzle shows an approximate normal curve distribution (Fan Rong, 

2016). The flat fan nozzle spray velocity at the edge of the nozzle outlet is 0, and the spray 

performance is unstable. By comparing Figure 4.46 and Figure 4.47, it can be seen that 

the spray range of the flat fan nozzle is wider, but the spray distribution is uneven, and 

the droplets are sparse. The spray distribution of the combined fan nozzle is concentrated 

and evenly distributed. 

 
Figure 4.47: Pressure X-Y plots on the internal center line of flat fan nozzle 

 
 

Figure 4.48:Velocity X-Y plots on the internal center line of flat fan nozzle 
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The pressure and velocity X-Y plots on the centerline are basically the same as 

combined flat fan nozzle No.10. The pressure arrived the largest at the inlet, the minimum 

pressure at the outlet, and then back again increases. The velocity is the smallest at the 

inlet, reaches the maximum at the outlet, and then decreases again. To compare the 

performance difference of the two nozzles, the pressure and velocity on the centerline are 

calculated by surface integrals and listed in a table. 

Table 4.4: ANSYS calculated report of difference type nozzles 

Modeling Inlet mass 

flow(kg/s) 

Outlet mass 

flow(kg/s) 

Mass flow 

net(kg/s) 

Maximum 

pressure(p

a) 

Maximum 

velocity on 

centerline(m/

s) 

Flat fan 

nozzle 

0.05934097

9 

 

-0.059350917 

 

-9.9379098e-

06 

 

296485.5 

 

21.185452 

 

Combined 

flat fan 

nozzle 

0.04429360

5 

 

-0.044283782 

 

9.82231e-06 

 

290395.97 

 

20.70553 

 

 

It can be seen from Table 4.4 that the maximum pressure of the flat fan nozzle is greater 

than that of the combined flat fan nozzle, and the maximum velocity of the flat nozzle  is 

greater than that of the combined flat fan nozzle.  Univ
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Figure 4.49: The center line fluid pressure curve of 2 nozzles 

 

Figure 4.50: The center line fluid velocity curve of 2 nozzles 

The spray velocity of the flat fan nozzle is slightly higher than the combined flat fan 

nozzle. The spray shape causes the uneven spray and the different size of the spray 
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droplets (Zhang Ji, 2013). The combined nozzle is more common, and the mist 

distribution effect is better (Fan Qingni, 2010). 

Univ
ers

ity
 of

 M
ala

ya



67 

CHAPTER 5: CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

This paper uses ANSYS FLUENT software to simulate the internal fluid flow of 13 

combined fan flat nozzles with different parameter models, then compares the fluids flow 

of flat and combined flat fan nozzles with the same parameters, and draws the following 

conclusions: 

1. The most important factor influencing the spray velocity of the nozzle are grooving 

angle, followed by the diameter of the cavity and lastly the length of the throat. The main 

parameter that affects the spray range is the grooving angle. The main parameters that 

affect the mass flow of liquid are grooving angle and cavity diameter. Comprehensively 

considered, the atomization performance of the nozzle is the best when the grooving angle 

is 35°, the diameter of the cavity is 3mm and the length of the throat is 2mm. It provides 

the basis for the design, optimization, and improvement of UAV spraying pesticide device 

nozzle in the future. 

2. The groove of the nozzle is the key part of the fluid flow velocity and pressure 

change. Changing the main structural parameters of the nozzle for comparative analysis 

provides a reference for the reasonable selection of the structural parameters of the nozzle. 

The nozzle groove is the turning point of pressure and velocity changes. The velocity 

difference and pressure change between the droplets and the air are important reasons for 

the further tearing and thinning of the droplets, so the manufacturability of the groove is 

very important. 

 

3. Under the same main parameters, the spray shape of the flat fan nozzle is not 

concentrated, and the spray velocity is not uniform. But the spray velocity is faster than 
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the combined fan nozzle. The spray range of the combined flat fan nozzle is smaller than 

that of the flat fan nozzle, but the spray is more concentrated and uniform. 

5.2 Future work 

This paper simulates the internal flow of combined fan nozzles with different structural 

parameters used in low-altitude UAV pesticide spraying devices. Due to the limitation of 

theoretical knowledge and time, the following improvements are hoped in future research: 

1. This study only has a direct impact on the nozzle atomization performance within a 

certain range of nozzle throat length, cavity diameter, and grooving angle. Therefore, in 

the future, researchers can compare and analyze the influence degree of each structural 

parameter on its performance parameter in a larger range. 

2. This study only performed a simulation analysis on the performance of the combined 

flat fan nozzle and flat fan nozzle with one structural parameter. There is an opportunity 

to simulate a variety of structural parameters of the flat fan nozzles in the future. 

3. The simulation results of ANSYS FLUENT are not the same as the actual situation. 

The effect of nozzle parameters on spray performance can be analyzed with real nozzles 

and other equipment and instrument measurements. 
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