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Abstract

:

An air-assisted electrostatic nozzle uses a combination of air-assisted atomization and electrostatic spray technology. This article optimizes the existing air-assisted electrostatic nozzles in terms of structural design to obtain a higher charge-to-mass ratio and a smaller droplet size. The optimized air-assisted electrostatic nozzle was studied experimentally, and the effects of liquid pressure, air pressure and applied voltage on the droplet size and charge-to-mass ratio were investigated. Comparing the effects of air pressure, liquid pressure and applied voltage on the charge-to-mass ratio and droplet size, the relationship curves of the droplet size and charge-to-mass ratio under each voltage were fitted using the Rayleigh charge limit theory. For a higher CMR during the spray operation, applied voltages between 2.5 kV and 3 kV, an air pressure between 0.4 bar and 0.6 bar, and a liquid pressure of less than 0.9 bar could be chosen. The optimized air-assisted electrostatic nozzles not only have small droplets but also have high charge-to-mass ratios, reducing the need for pesticide use and thus protecting human health and the environment.
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1. Introduction


Chemical intervention is still the most effective, convenient and economical method of crop protection [1,2]. Because of the imperfection of pesticide spraying equipment and technology, pesticide utilization rate is low. The heavy use of pesticides results in too much pesticide residue on crops, causing damage to operators. Additionally, loss of pesticides in the environment causes environmental pollution, endangering the ecological environment and human health [3,4]. Electrostatic application technology is widely used in the field of crop protection as a new technology that can effectively increase droplet deposition, reduce drift and increase pesticide utilization [5].



The induced electric field is generated by the electrode charged spray droplets which the nozzle sprays. The charged droplets are deposited on the surface of the blade under the force of the electric field, reducing loss and thus increasing pesticide utilization [6,7]. However, electrostatic spraying lacks the ability to improve the canopy penetration of droplets and reduce the drift susceptibility of airborne charged droplets, and auxiliary air supply technology can effectively solve this problem [8]. The air-assisted electrostatic nozzle is a combination of an air-assisted nozzle and electrostatic spray technology. Air-assisted electrostatic nozzles can reduce the number of pesticides used while achieving the same or even better protection [9]. In the design of an air-assisted electrostatic nozzle, the material, geometry and position of the electrode play a crucial role. Electrode materials used are mainly brass, stainless steel and gold-plated, and electrode shapes are mainly circular and flat [10,11,12].



Droplet size and charge-to-mass ratio are two important indicators used to evaluate air-assisted electrostatic nozzles. The main factors affecting the droplet size and charge-to-mass ratio are liquid pressure, air pressure, applied voltage, etc. [13,14]. During the operation of an air-assisted electrostatic nozzle, a high charge-to-mass ratio is required to optimize the trajectory of the droplets during transport, which can increase the underside leaf deposition [15]. In order to maximize the droplets’ charge-to-mass ratio, the effect of applied voltages, liquid pressures and distances on the droplets’ charge-to-mass ratio and ultimate Rayleigh charge-to-mass ratio is investigated in previous papers [16,17,18]. However, there is less research on whether there is a link between droplet size and charge-to-mass ratio.



In the present studies, the atomization process of the air-assisted electrostatic nozzle is such that the liquid column is broken up in parallel air flow [19,20]. In this paper, the structure of the air-assisted electrostatic nozzle is further optimized, changing the airflow of the broken liquid column from a parallel to a cross flow, in order to obtain a smaller droplet size and larger charge-to-mass ratio. The performance of the optimized air-assisted electrostatic nozzle is also studied, and the relationship between the charge-to-mass ratio and droplet size is further investigated in conjunction with the Rayleigh limit.




2. Materials and Methods


2.1. Air-Assisted Electrostatic Nozzle Design


The main form of air-assisted electrostatic nozzle is a nozzle that uses an air-liquid concentric atomization method: This is a twin fluid, internal mixing, air-induced and concentric method [20]. Moreover, the air-assisted electrostatic nozzle charges liquid and droplets based on the induction principle through annular ring concentric electrodes [21]. The hydrodynamics of the liquid flow, the atomization of the liquid and the charging of the liquid sprays are factors that must be considered when designing an air-assisted electrostatic nozzle, and these factors are directly related to the droplet size and charge-to-mass ratio of the droplets [22]. The charge-to-mass ratio varies with changes in charge voltage, hydraulic pressure, air pressure and other factors, as does the droplet size [7]. Therefore, in the design of the air-assisted electrostatic nozzle, the nozzle’s structure is optimized to obtain a higher charge-to-mass ratio and a smaller droplet size.



The air-liquid non-concentric atomization method was adopted to replace the concentric atomization method by changing the liquid channel in the middle of the cylindrical nozzle tip to be evenly distributed around the nozzle tip, as shown in the schematic diagram of Figure 1. Figure 1 A–A depicts a scale enlargement of the nozzle tip’s cross-section and four small circles that indicate the optimized liquid channel. va indicates the velocity of the airflow at the nozzle tip position; vl denotes the velocity of the liquid as it is ejected from the optimized channel; and ð is the angle between the airflow and liquid when they meet in the nozzle tip. In this paper, ð is 20°. The airflow acts as a crossflow to impact the ejected liquid column to make it initially atomized into droplets.



The annular ring electrode is coaxially located at the front of the nozzle. The electric field intensity E is closely related to the characteristics of the annular ring electrode and the applied voltage. The outside diameter, hole diameter and thickness of the annual ring electrodes are 30, 4 and 1 mm, respectively. The electric module of ANSYS is used to study the variation in the electric field intensity at the center axis of the annular ring electrode [23]. The distribution map of the electric field intensity is obtained by numerical simulation when the applied voltage is 3 kV, as shown in Figure 2. D indicates the distance between each point and the central point of the annular ring electrode on the central axis. As D increases, the trend of electric field intensity shows a sharp increase followed by a sharp decrease. The electric field intensity reaches its extreme values, which are 162.66 and 165.27 kV/m at 3.767 mm and −3.767 mm from the center point. In order to make the droplets fully charged, the distance D between the liquid channel outlet and the annular ring electrode should be greater than 3.767 mm, considering the process required to choose a distance D of 4 mm. In order to improve the electric field intensity of the induced electric field, the annular ring electrode material is usually made of nickel, copper, stainless steel and gold-plated materials [10,11,12]. The Fermi level and work function of brass are 7.1 eV and 4.5 eV [24], respectively. Brass is a better induction electrode material. In our experiment, brass was used as an electrode material for spray charging.



Another important parameter of air-assisted electrostatic spray nozzles is the flow rate. For the optimized air-assisted electrostatic nozzle, the diameter of all four liquid channels is 0.5 mm. When the liquid pressure changes from 0.5 bar to 1.3 bar and the air pressure changes from 0.2 bar to 0.6 bar, the liquid flow rate of the air-assisted electrostatic nozzle ranges from 110 to 450 mL/min, and the air flow rate ranges from 39.3 to 68.1 L/min.




2.2. Electrostatic Spray System Design


As shown in Figure 3, the electrostatic spray system mainly includes an air-assisted electrostatic nozzle, water pump, water tank, high-voltage electrostatic generator and air compressor, etc. The water pump (model no: SFDP1-013-100-22; flow variation range: 0–5 L/min; pressure variation range: 0–6.9 bar) supplies liquid for the air-assisted electrostatic nozzle, powered by a 12 V lead battery. The high-voltage electrostatic generator (model no:GF-2A; input voltage: 220 V; output voltage variation range: 0–20 kV) provides the high-voltage static electricity required by the air-assisted electrostatic nozzle. The high-voltage electrostatic generator needs to be grounded at the same time as the high-voltage output. The air compressor (flow rate 300 L/min; rated pressure: 7 bar) supplies the airflow required by the air-assisted electrostatic nozzle.




2.3. Experimental Set-Up to Measure the Droplet Size


The experimental set-up to measure the droplet size includes the electrostatic spray system and laser particle size analyzer (model no: OMEC DP-02; measurement range: 0.5–1500 μm), as shown in Figure 3a. The laser particle size analyzer works on the theory of electromagnetic waves and measures the distribution of tiny particles based on the distribution of scattered light. The laser particle size analyzer consists of a collimated laser generator, signal acquisition device and data processing system. The collimated laser generator consists of a fixed wavelength (λ = 0.6328 μm) He-Ne gas laser source, which could offer good stability and a better signal-to-noise ratio [25,26], as well as a collimating and beam expanding system and collimating lens. The signal acquisition device mainly consists of a Fourier lens, main detector, auxiliary detector, regulated power supply and a data acquisition circuit. The data processing system consists of a computer and a program.



In this experiment, the air-assisted electrostatic nozzle is fixed between the collimated laser generator and signal acquisition device by an insulated rod. As shown in Figure 3b, the air-assisted electrostatic nozzle is 0.8 m away from the laser beam which is generated by the collimated laser generator. Additionally, they are in the same horizontal plane to ensure that the air-assisted electrostatic nozzle ejects a cloud of droplets that pass through the laser beam generated by the laser particle size analyzer [27,28]. Figure 3 B–B is a cross-section of the solid cone jet, sprayed by the air-assisted electrostatic nozzle at 0.8 m. The laser beam of the laser particle size analyzer passes through the center of the cross-section. Due to the presence of the extremely strong adsorption of charged droplets, the Fourier lens and collimating lens of the laser particle size analyzer need to be frequently wiped with wiping paper to prevent the attached droplets from affecting the test data.



The laser particle size analyzer can measure the air-assisted spray nozzle’s droplet size and droplet distribution parameters, such as DV10, DV50, DV90, etc. DVn indicates that the diameter, which is n% of the total spray volume, is made up of droplets of an equal or lesser diameter. The diameter that is 50% of the total spray volume is the volume median diameter (VMD) [29]. In this paper, the VMD is chosen as the mean diameter to describe the droplet particle size.


  VMD =       ∑  d i 3   N i    ∑  N i         1 3     



(1)








2.4. Experimental Set-Up to Measure the Charge-to-Mass Ratio


The experimental set-up to measure the droplet size includes the electrostatic spray system and Faraday cylinder [30], as shown in Figure 4. The Faraday cylinder is a homemade device that includes a cylinder for capturing charged droplets, a digital multimeter, a beaker for collecting the droplets, and an electronic balance for weighing the droplets. The Faraday cylinder is insulated from the ground. The input of the digital multimeter (model no: Fluke 8808A) is connected to the cylinder collecting the charged droplets and the output is grounded to measure the current of the charged droplets.



To measure the charge-to-mass ratio, the air-assisted electrostatic nozzle is on the centerline of the Faraday cylinder so that the sprayed droplet clouds could be collected as much as possible. The charge-to-mass ratio (CMR) is the number of droplets charged per unit mass, calculated by the ratio of the spray current to the mass flow rate [31,32], as shown in Equation (2).


  CMR =  Q m  =  i   Q m     



(2)




where i is the spray current, Qm is the mass flow rate, m is the droplet mass, and Q is the droplet charge.




2.5. Laboratory Test


The size test and the charge-to-mass ratio test were performed in the laboratory. Tap water was used for spraying in the tests and the physical properties of the tap water included a conductivity of 0.206 mS/cm, a density of 0.998 g/mL and a surface tension of 0.073 N/m. Experiments were carried out to measure the droplet size and the charge-to-mass ratio with respect to various parameters, such as air pressure, liquid pressure and applied voltage. The number of air pressure and liquid pressure levels were 5 in both tests. The number of applied voltage levels was 5 in the size test. In order to study the effect of the applied voltage on the charge-to-mass ratio in more detail, the number of applied voltage levels was 8 in the charge-to-mass ratio test. The levels of the three parameters were shown in Table 1. During the tests, the temperature of the laboratory was 296 ± 2 K and the relative humidity was 60 ± 4%.





3. Results and Discussion


3.1. VMD Variation with Air Pressure and Liquid Pressure


In order to explore the influence of air pressure and liquid pressure on the VMD, Figure 5 shows the droplet size test data with the applied voltage of 0 kV and 3 kV. Regardless of whether the applied voltage is 0 kV or 3 kV, the VMD decreases with the increase in air pressure, whereas the VMD presents a rising trend in the increase in liquid pressure. These phenomena are consistent with the pattern of the Nukiyama Formula [33], as shown in Equation (3).


  d =    K 1       v l  −  v a         σ ρ    +  K 2        μ 2    σ ρ      0.225     (   1000  Q l     Q a    )   1.5    



(3)




where    v l    and    v a    are the liquid velocity and air velocity as shown in Figure 1,  σ  is the surface tension,  ρ  is the liquid density,  μ  is the viscosity of the liquid,    Q l    is the volume of liquid flow rate and    Q a    is the volume of air flow rate.



The main reason for this is that increased air pressure causes an increase in    v a    and    Q a   . Therefore,      v l  −  v a      becomes bigger because    v a    is much larger than    v l   . When other conditions are constant, the VMD decreases. Similarly, increased liquid pressure results in increased    v l    and    Q l   , so that      v l  −  v a      becomes smaller and    Q l    becomes bigger. When other conditions are constant, the VMD increases.



To investigate the effect of liquid pressure and air pressure on the amount of VMD variation, ΔVMD is defined as the VMD difference between two operation conditions (air pressure, liquid pressure and applied voltage). For example, when the liquid pressure and applied voltage are stable, the ΔVMD of the air pressure that changed from 0.2 to 0.3 bar is the value of the VMD of 0.3 bar air pressure minus the VMD of 0.2 bar air pressure. Because the VMD decreases with the increase in air pressure, the ΔVMD of the air pressure’s increase is negative. Although the increase in liquid pressure results in the increase in the VMD, the ΔVMD of the air pressure has a positive increase. In this paper, the ΔVMD is compared using absolute values.



In Figure 5c,d, the horizontal coordinate i–j indicates that the pressure change from i to j. For example, 0.2–0.3 indicates that the air pressure changes from 0.2 bar to 0.3 bar in Figure 5c. In Figure 5c, the ΔVMD of the air pressure that changed from 0.2 to 0.3 bar is the biggest and the ΔVMD of the air pressure that changed from 0.3 to 0.4 bar is second. On the other hand, the ΔVMD of the air pressure that changed from 0.4 to 0.5 bar and 0.5 to 0.6 bar is smaller. In addition, the ΔVMDs of the air pressure changed from 0.2 to 0.6 bar are 41.744, 42.899, 42.804, 47.988 and 54.340 μm when the liquid pressures are 0.5, 0.7, 0.9, 1.1 and 1.3 bar. The greater the liquid pressure, the greater the ΔVMD. Therefore, with the increase in the VMD, the ΔVMD shows an increasing trend.



This is because droplet splitting is affected by air pressure, surface tension, viscous forces and electric field forces. In the same situation as air pressure, surface tension and electric field forces, the cohesion caused by surface tension will prevent the droplet from breaking up [34], as shown in the following equation:


   F s  = 4 σ / D  



(4)




where    F s    is the cohesion,    σ    is the surface tension and D is the droplet size. The larger the VMD is, the smaller the cohesion is. Therefore, with the increase in the VMD, the ΔVMD shows an increasing trend.



Figure 5d also shows that the ΔVMD of the liquid pressure that changed from 0.5 to 0.7 bar and 0.7 to 0.9 bar is smaller, whereas the ΔVMD of the liquid pressure that changed from 0.9 to 1.1 bar and 1.1 to 1.3 bar greatly changed. The ΔVMDs of the liquid pressure changed from 0.5 to 1.3 bar are 32.618, 28.594, 27.683, 25.150 and 20.022 μm when the air pressures are 0.2, 0.3, 0.4, 0.5 and 0.6 bar. Therefore, the air pressure becomes greater and the ΔVMD becomes lower. This phenomenon also proves that the ΔVMD showed an increasing trend with the increase in the VMD.



In general, the largest decrease in the VMD occurred when the air pressure changed from 0.2 to 0.3 bar, and the largest increase occurred when the liquid pressure changed from 0.9 to 1.3 bar. In terms of energy saving and emission reduction, the liquid pressure below 0.9 bar and the air pressure above 0.3 bar can be chosen to obtain a smaller VMD.




3.2. VMD Variation with the Applied Voltage


When comparing Figure 5a,b, it can be seen that the applied voltage has a significant effect on the VMD. To illustrate this relationship, the data of VMD variation with air pressure when the liquid pressure was 0.9 bar, as well as the data of VMD variation with liquid pressure when the air pressure was 0.3 bar, were selected for processing in Figure 6a in the case of an applied voltage of 0 kV and Figure 6b in the case of an applied voltage of 3 kV. In Figure 6, the VMD’s change ratio α represents the ratio of the VMD after the change in pressure to the initial VMD. For example, in Figure 6a, the α of the air pressure at 0.3 bar is the ratio of 0.3 bar VMD to 0.2 bar VMD. With the increase in air pressure, the VMD decreases. Although the VMD change ratio at 3 kV is bigger than the VMD change ratio at 0 kV, the VMD increases with the increase in liquid pressure. On the other hand, the VMD change ratio at 3 kV is smaller than the VMD change ratio at 0 kV. This proves that the applied voltage does have a large effect on atomization, reducing the VMD.



An increase in the applied voltage results in an increase in the electric field force, and the electric field force can weaken the surface tension of droplets [35]. When the applied voltage rises, the charged value of the droplet rises and the surface tension that is weakened by the electric field force increases, so that droplets are easily broken up.


   δ σ  =    q 2    64  π 2  ε  R 3     



(5)




where    δ σ    is the surface tension that is weakened by the electric field force,  q  is the charged value of the droplet,  ε  is the permittivity of the vacuum and R is the droplet radius.



Figure 7 shows that the VMD decreases with the increase in the applied voltage when the air pressure is 0.3 bar and the liquid pressure is 0.9 bar. In Figure 7a, no matter how the liquid pressure changes, the VMD decreases with the increase in the applied voltage. Furthermore, when the VMD applied voltage changes from 0 to 4 kV, the ΔVMD gets bigger as the liquid pressure increases. In Figure 7b, in the case of a liquid pressure of 0.9 bar, the VMD decreases significantly when the air pressure is 0.2 and 0.3 bar, whereas the VMD decreases insignificantly, or even tends to be constant, when other air pressures are. When the applied voltage changes from 0 to 4 kV, the ΔVMD of an air pressure of 0.2 bar is bigger than the 0.3 bar, VMD and the ΔVMDs of other air pressures level off to 0. When the air pressure is high (close to 0.6 bar), the VMD is constant. It means that the liquid breakup occurs mainly due to air flow rate, and the effect of the electric force in further breakup is negligible.



Studying the data in Figure 7, there is a certain pattern between the initial VMD when the applied voltage is 0 kV and the ΔVMD decreases from 0 to 4 kV. When the initial VMD is higher than 45 μm, the initial VMD and ΔVMD show a positive correlation. When the ΔVMD of other applied voltages levels off to 0, the initial VMD is lower than 45 μm. To further clarify the relationship between the initial VMD and ΔVMD, the two data are fitted into Figure 8. In Figure 8, the ΔVMD variation tends to be close to 0 ± 2.5 μm when the VMD is below 45. The ΔVMD and initial VMD have a linear relationship when the initial VMD is larger than 45 μm. As the VMD decreases, the cohesion increases, and the droplet becomes more unbreakable. When the VMD is less than 45, the effect of the electric field force is negligible.



In addition, when comparing the data of the ΔVMD caused by the change in the applied voltage, there is little difference when the applied voltage increases by 1 kV. Therefore, the selection of voltage application techniques should not only consider the VMD factor but also the CMR factor.




3.3. CMR Variation with the Applied Voltage


In order to clarify the relationship between the CMR and the applied voltage, the data of 0.9 bar liquid pressure with a different air pressure and 0.3 bar air pressure with a different liquid pressure were chosen for analysis in Figure 9. With the increase in the applied voltage, the CMR shows a trend of increasing first and then decreasing. The extreme values of the CMR occur between applied voltages of 2.5 kV and 3 kV. When the applied voltage is less than the extreme values of the applied voltage of the CMR, the mode of charging is induction charge. When the applied voltage exceeds the extreme values of the applied voltage of the CMR, the charge mode starts to change from the induction charge to the corona charge mode, since the electric field is unstable. The instability of the electric field reduces the charging effect and makes the CMR lower [13,16].



In Figure 9a, when the air pressure is lower, the changes in the CMR are gentler. As the air pressure rises, the changes in the CMR become more obvious. The CMR increases with the increase in air pressure in the same application techniques of the applied voltage. However, in Figure 9b, when the liquid pressure is higher, the changes in the CMR are gentler and become more obvious as the liquid pressure drops. In the same application techniques of the applied voltage, the CMR goes up when the liquid pressure changes from 0.5 bar to 0.7 bar. On the other hand, as the liquid pressure increases from 0.7 bar to 1.3 bar, the CMR shows a downward trend.



When the liquid pressure is below 0.7 bar, the solution relaxation time is longer than or equal to the solution atomization time and droplets can be fully charged. When the liquid pressure exceeds 0.7 bar, the solution atomization time has overtaken the solution relaxation time. The solution has broken up into droplets and droplets have left the electrostatic field before they are fully charged [24].



According to the above, the extreme values of the CMR occur between the applied voltages of 2.5 kV and 3 kV. The CMR significantly affects the number of droplets deposited on the back of the blade [36], so that a larger CMR is an ideal choice and applied voltages between 2.5 kV and 3 kV could be chosen. High air pressure gives a high charge-to-mass ratio, but the low air pressure is in line with energy saving and emission reduction. Considering both together, an air pressure between 0.4 and 0.6 bar is chosen for the spraying operation. To make droplets fully charged, a liquid pressure below 0.9 bar should be chosen. At the same time, this is consistent with the conclusion that a liquid pressure of less than 0.9 bar can be chosen to obtain a smaller VMD.




3.4. Relationship between the VMD and CMR


The CMR is an important indicator of the charge of droplets in electrostatic sprays. Refer to Equation (6), wherein the CMR represents the number of droplets charged per unit mass of liquid. Assuming that the VMD is a unit mass of liquid, the CMR is the ratio of individual droplets charged to its mass. The droplet charge is the most fundamental physical quantity of the droplet charge, and Lord Rayleigh conducted a pioneering study on the limit of droplet charges as early as 1882 [17,37]. The droplet limit charge    Q 0    is calculated as follows:


   Q 0  = 8 π  ϵ   1 2     σ   1 2     R   3 2     



(6)




where  ϵ  is the air dielectric constant.



When the droplet charge reaches the Rayleigh limit    Q 0   , the CMR is defined as the CMR limit CMR0. The CMR limit formula is shown below [38].


    CMR  0  =    Q 0     m 0    =   8 π  ϵ   1 2     σ   1 2     R   3 2      ρ   ·  4 3  π  R 3    =   12   2 ϵ σ    ρ  ·  D  −  3 2     



(7)







Based on the relationship between CMR0 and droplet size, it is assumed that CMR is related to VMD as shown in Equation (8).


  CMR = A ×   VMD   −  3 2     



(8)




where A is defined as the droplet charge coefficient.



According to the relationship between the air pressure and VMD, the larger the air pressure, the smaller the VMD. At the same time, the CMR increases with the increase in the air pressure in the same application techniques of the applied voltage. Thus, we can assume that there is a negative correlation between the VMD and CMR. To verify this hypothesis, the laws of the VMD and CMR versus the liquid pressure and applied voltage are compared. When the liquid pressure is higher than 0.7 bar and droplets are not fully charged, the CMR shows a tendency to decrease with an increasing liquid pressure, whereas the VMD tends to increase. Before the electric field becomes unstable, the CMR becomes larger as the applied voltage increases, but the VMD shows a decreasing trend. The pattern of the CMR and VMD with the liquid pressure and applied voltage proves the hypothesis that there is a negative correlation between the CMR and VMD.



Different applied voltages produce different intensities of charged electric fields, and the same VMD droplet has different charging capacities in electric fields of different intensities. Therefore, to study the relationship between the VMD and CMR, it is necessary to consider the applied voltage of the charge, while the air pressure and liquid pressure are not considered. Scatter plots are drawn with the VMD as the independent variable and the CMR as the dependent variable at different applied voltages in Figure 10.



In Figure 10, the scatter plot distribution trend of the VMD and CMR corresponds to the Rayleigh charge limit [39]. These fitted curves are drafted according to Equation (8). In the four equations, all R2 are above 0.80. These droplet charge coefficients of equations are 394.30, 596.60, 683.06 and 593.74 when applied voltages are 1, 2, 3 and 4 kV, respectively. The trend of the droplet charge coefficient shows a rising trend followed by a decreasing trend, which is similar to the trend of the CMR with the applied voltage. When the applied voltage is 4 kV, the charge mode starts to change from the induction charge to corona charge mode and corona discharge from the liquid jets of water deposited on the induction electrode could be observed [16]. However, the droplet charging effect in complicated electric fields is not clear and further investigation should be carried out. When the VMD is below 40 μm, the CMR decreases by a large margin. When the VMD is higher than 40 μm, the changes to the CMR are moderate. These formulas can be used to predict the CMR of droplets of different VMDs with charges at different applied voltages, including 1, 2, 3 and 4 kV.





4. Conclusions


In this paper, the air-assisted electrostatic nozzle structure was optimized, and its performance was evaluated. The increase in air pressure promotes atomization and makes the VMD smaller, while the increase in liquid pressure inhibits atomization and makes the VMD larger. An effect of the increase in the applied voltage is, to a certain degree, the promotion of atomization. However, when the VMD is less than or equal to 45 μm, the atomization effect because of applied voltage is not obvious or may even not be present. The CMR increases with the increase in air pressure. The CMR shows a tendency to increase and then decrease with increasing liquid pressure, and a liquid pressure of 0.7 bar is the threshold value. Similarly, the CMR tends to increase and then decrease with the applied voltage, and the extreme value of the CMR appears when the applied voltage is between 2.5 kV and 3 kV.



Comparing the variation in the CMR and VMD with the liquid pressure, air pressure and applied voltage, and the drafted the fitted curves between CMR and VMD at each applied voltage, the model of VMD and CMR corresponds to the Rayleigh charge limit. When the VMD is below 40 μm, the CMR decreases by a large margin. When the VMD is higher than 40 μm, the CMR’s changes are moderate.



In addition, a higher CMR can ensure the use of the electrostatic nozzle for high-range spraying applications, such as orchards. Therefore, applied voltages between 2.5 kV and 3 kV, air pressures between 0.4 and 0.6 bar and liquid pressures of less than 0.9 bar could be chosen for a higher CMR during the spray operation. Because a higher CMR promotes the adhesion of droplets on the leaves, the optimized air-assisted electrostatic nozzles can reduce the use of pesticides and thus protect people and the ecosystem from pesticide pollution.
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Figure 1. Schematic diagram of the air-induced, air-assisted electrostatic nozzle.    v l    and    v a    are the liquid velocity and air velocity, ð is the angle between the airflow and liquid when they meet in the nozzle tip, D indicates the distance between the liquid channel outlet and the annular ring electrode, A–A depicts the nozzle tip’s cross-section. 
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Figure 2. The distribution map of the electric field intensity. 
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Figure 3. (a) Experimental set-up to measure the droplet size, (b) Schematic sketch of measuring position in the spray jet. 
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Figure 4. Experimental set-up to measure the charge-to-mass ratio. 
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Figure 5. (a) VMD variation with air pressure when the applied voltage is 0 kV, (b) VMD variation with liquid pressure when the applied voltage is 3 kV, (c) ΔVMD variation with air pressure change when the applied voltage is 3 kV, (d) ΔVMD variation with liquid pressure change when the applied voltage is 0 kV. 
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Figure 6. Trend of the VMD’s change ratio with pressure. (a) Liquid pressure of 0.9 bar, (b) Air pressure of 0.3 bar. 
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Figure 7. VMD variation with the applied voltage. (a) Air pressure of 0.3 bar, (b) Liquid pressure of 0.9 bar. 
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Figure 8. The relationship between the VMD when the applied voltage is 0 kV and the ΔVMD when the applied voltage changes from 0 to 4 kV. 
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Figure 9. CMR variation with the applied voltage. (a) Liquid pressure of 0.9 bar, (b) Air pressure of 0.3 bar. 
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Figure 10. CMR variation with the VMD. (a) Applied Voltage of 1 kV, (b) Applied Voltage of 2 kV, (c) Applied Voltage of 3 kV, (d) Applied Voltage of 4 kV. 
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Table 1. The levels of the three parameters.
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No.

	
Air Pressure (bar)

	
Liquid Pressure (bar)

	
Applied Voltage 1 1 (kV)

	
Applied Voltage 2 2 (kV)






	
1

	
0.2

	
0.5

	
0

	
0.5




	
2

	
0.3

	
0.7

	
1.0

	
1.0




	
3

	
0.4

	
0.9

	
2.0

	
1.5




	
4

	
0.5

	
1.1

	
3.0

	
2.0




	
5

	
0.6

	
1.3

	
4.0

	
2.5




	
6

	

	
3.0




	
7

	

	
3.5




	
8

	

	
4.0








1 Applied voltage 1 is the levels of the size test. 2 Applied voltage 2 is the levels of the charge-to-mass ratio test.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file13.png
1.0 7 Applied voltage
—m— 0kV
—e— 3kV
0.9 - \
0.8 - N\
\.\
=01 \\5\\\\\
0.6 - N e
~_
L \.\
0.5 T~ —
~a .
0.4 - .
| T T T T T T T
0.2 0.3 0.4 0.5 0.6

Air pressure (bar)

(a)

2.0

1.8 7

1.6

1.4

1.2 7

1.0 7

Applied voltage

—m— 0kV
—&— 3kV

I ! ! ! ! ! !

0.7 0.9 1.1 1.3
Liquid pressure (bar)

(b)






media/file12.jpg
a . v e
a wl
Y e LR S
@ &)






media/file18.jpg
L
Fuse *
§ =l
g S
sy
) )

Aolind vtage 40 lind voltae G

@ (b)





media/file14.jpg
o Cumy

£33 8 8§

Aotied woltage ) Aesliod soltage )

(@ (b)





media/file20.jpg
O o et Vel tae] 0 o B et Vertae)






media/file10.png
DA T U ¢
. \ N
. . }
\ .
v
- ..._
< e
: L
\ S
\ . C
\ Lo
\ N 1ot
\ o
. @ be
i i m \
\ ! ~
! w N
\ L \
Ak e
\ N L
P \ P |
H OO0 ® O ®© LN\ !
200000 \ : . \
@O 10 © \ N
M0.0.0.0.0. \ . A
C H » > ¢
n+oﬁr+
=) [
I | | I
o o o o o
S o3 %) < N
—
(urr ) dWA
9)
5
7 VNV VR VRS > » 4
n 8O0 C © © Iy
©006.5.00 ; ]
QL= O — M : 1
M0.0.0.LL ! i Co
] v / ! -
.M+0A. Ff N ] Do
— [ L 2 w} 490
-\-
.\. .
\; .\
s
s
e+
| | | I I I
o o o o o o
N S 53] © < |
— —

CRUDIUI

1.3

0.7 0.9
Liquid pressure (bar)

0.5

0.4 0.5 0.6

0.3

0.2

Air pressure (bar)

(b)

(a)





media/file5.png
R

ollimated laser generator

0.8m
B-B
-——"’/
/\ laser beam
air-assisted electrostatic nozzle measurement position | T——
B-B

(b)





media/file15.png
O o o g N
H OO G D o
Soo00029
NN I © & |
fscsssas - ¢
a . A
. \ .- Y
.u.’.:rr AR
<0 [ P .
/ M T
/ ‘ ., :
/ ‘ .
P X
! . _..q
i o
! : b
! : [
Y 4 p -
¢ 1w
! . C
! [
! [
\ . I
o < L
) . i .
' . |
! : i :
_ S
® 2 T T
I I I I I I
o o o o o o o o
S o o = O Irsy <F e
(wr ) dnA
9)
o
B b
w0 8 8 © © H TT B
©5.8.5085 ; !
Q=0 — M ! {
..m0.0.0.L.L ! {
=) e i |
.m+o¢rr : :
— L L !
hA &
/ I
S |
/ ’
. |
\ .
N |
* -
;\ \n
/ .\.
\,. .\
- / .
»\ \- .-
P ——
N / ‘
! a
R / __
, ;
R ! !
! / i
—o— P < ®
| | | I ! I I
o o o o o o o
S & 53] = O Yy <%

() WA

Applied voltage (kV)

Applied voltage (kV)

(b)

(a)





media/file19.png
3.5 |Air pressure
—m— (.2 bar
1 |[~e— 0.3 bar /§#§\+
3.0 |-4—0.4Db
| v 0.5 b:l; } \§
. ~49— 0.6 bar +
-
5 2.0
=
Il v ?/ A/}\f\i
A
1.0 - ®
0.5 % a o L u §
0.0 — T T T T T T T T T T T T 1

Applied voltage (kV)

(a)

0o 0.5 1.0 1.5 20 25 3.0 3.5 40

4.5

CMR (mC/kg)

2.0

[—
ol
|

[—
o
|

0.5

: : : : — :
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Applied voltage (kV)

(b)






media/file2.jpg
E (kV/m)

160 4

1204

80

404

(-3. 767, 162. 66),

3. 767, 165. 27)






nav.xhtml


  agriculture-12-00889


  
    		
      agriculture-12-00889
    


  




  





media/file11.png
TR
H U 0 O O ®©
580000 Vol
@O 0 © ,.,,._
Lo oSS SS W
a _ )
H+0A ff 4 $o
- [
I I I | I
o Te) o o) o Te)
™ (AN [aN] — —
(ur ) ANAY
[0
o
mom ooy
0 S 8888
o L 2 2 <)
QO I~ O — ™ Y O
TSSO S — PN e
.m. N N ..\
i \ :
m+oAr+ : 7z
— [ I K
; o
. N\
/ ;N
V 4 o
. .. \
' /
.. /
‘ /
/
;\\
PR
A
ana
Rt R
[ 2 2 |
I I I |
Te) o 10 = Te)
[N N

() ARAY

1.1-1. 3

0.9-1.1
Liquid pressure change

0.7-0.9

0.5-0.7

0.4-0.5 0.5-0.6
Air pressure change

0.3-0.4

0.2-0.3

(d)

(c)





media/file6.jpg





media/file1.png
Annular ring electrode

SN

A-A
Air > A\
\ ‘ \ 7
0
“
.. . . Vi Ve Z|_.
Liquid iz g






media/file7.png
di;gital multimeterf .,
= K =






media/file16.jpg
95

30

WD Cumd)






media/file3.png
E (kV/m)

160

120

80

40

(-3. 767, 162. 66)

(3. 767, 165. 27)

20






media/file9.jpg
i ressure change Liauid prossre charge

© (@)






media/file17.png
AVMD Cum)

|
[a—
o

]

|
[a—
(@]

]

|
(§)
(e

]

|
(W)
ol

|

|
w
o

]

y=-0. 32x+5. 95
R?=0. 9214

[a—
(@]

30

45

60 75 90
VMD C pm)

105

120






media/file4.jpg





media/file0.jpg
Annular ring electrode






media/file21.png
CMR (mC/kg)

CMR (mC/kg)

| ®m  QVR of 1kV Applied Voltage
5 —
|
4 —
|
3 —
y=394. 30x -°
R’=0. 9047
2 |
1 —
0 —
I ! I ! I ! I ! | !
20 40 60 80 100 120
VMD (pm)
(a)
12
| ®m (VR of 3kV Applied Voltage|
|
10
8 —
67 y=683. 06x -°
. R’=0. 8543
4 —
2 —
O —
I I ! I I I
20 40 60 80 100

VD (pm)

10
‘ m (MR of 2kV Applied Voltage‘
| |
8 —
~~~ 6_
o0
&
2 y=596. 60x 1-°
4 R=0. 8665
[a
=
(@]
2 —
0 —
! T T T I
20 40 60 80 100
VMD (um)
(b)
10- . [ m MR of 4kV Applied Voltage
8 —
2 64
~
E i
~ y=593. 74x -°
= R2=0. 8021
(D]
2 —
0 —
! T T T T T
20 40 60 80 100
VMD (um)

(d)





