

  sustainability-11-06716




sustainability-11-06716







Sustainability 2019, 11(23), 6716; doi:10.3390/su11236716




Article



Modeling and Prediction of the Uniformity of Spray Liquid Coverage from Flat Fan Spray Nozzles



Paweł A. Kluza 1[image: Orcid], Izabela Kuna-Broniowska 1,*[image: Orcid] and Stanisław Parafiniuk 2





1



Department of Applied Mathematics and Computer Science, University of Life Sciences in Lublin, 20-612 Lublin, Poland






2



Department of Machinery Exploitation and Management of Production Processes, University of Life Sciences in Lublin, 20-612 Lublin, Poland









*



Correspondence: izabela.kuna@up.lublin.pl







Received: 31 October 2019 / Accepted: 23 November 2019 / Published: 27 November 2019



Abstract

:

The effectiveness and quality of agricultural spraying largely depends on the technical efficiency of the nozzles installed in agricultural sprayers. The uniform spraying of plants results in a decrease in the amount of pesticides used in agricultural production and affects environmental safety. Both newly developed sprayers and those currently in use need quality control as well as an assessment of the performance of the spraying process, especially its uniformity. However, the models applied presently do not ensure accurate estimates or predictions of the spray liquid coverage uniformity of the treated surface. Generally, the distribution of the atomized liquid quantity is symmetrical and leptokurtic, which means that it does not fit well to the commonly used standard distribution. Therefore, there is a need to develop and design new tools for the evaluation, modeling, and prediction of such a process. The research problem studied in the present work was to find a new model for the distribution of atomized liquid quantity that could provide capabilities better than have been available so far to assess and predict the spraying process results. The research problem was solved through the formulation of a new function for the probability density distribution of sprayed liquid accumulation on the surface of the preset dimension size. The development of the new model was based on the results from a series of water atomization tests with an appropriate measurement device design based on the widely applied flat fan nozzles (AZ-MM type).
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1. Introduction


Spraying liquids is a technically and technologically important process in all areas of economy and everyday life. Particular importance is ascribed to the correctness of the process and the application thereof in agricultural production and the food industry, taking into account the effect of the sprayed liquids on the environment. A fundamental issue in these processes is their quality and efficiency. They determine the requirements for the structure and the use of technical equipment and the parameters of spraying liquids in practical terms. Hence, the uniformity and predictability of the distribution of the sprayed liquid are the basic characteristics.



The quality of agricultural spraying largely depends on the uniformity of the distribution of the sprayed liquid over the spraying surface. In field crops, currently slot nozzles are the most commonly used, which wear out during exploitation. A worn nozzle causes the amount of liquid flowing out to be greater and, thus, the uniformity of liquid distribution is disturbed. The current Directive 2009/128EC of the European Parliament and of the Control concerning the sustainable use of pesticides in agriculture contains guidelines regarding, among others, the testing of spray nozzles installed in agricultural sprayers [1]. In field sprayers, the even parameter is the even distribution of sprayed liquid on the sprayed surface. Specialized devices with a grooved table are used to measure the uniformity of spray distribution [2,3].



The stream of the sprayed liquid has the shape of a cone with characteristics depending on the design of the nozzle and the geometry of its working slot, which is subject to wear and can therefore change its shape due to mechanical damage or limescale deposition. Another consequence of nozzle wear is also the change in flow rate.



Field spraying is an example of the use of the liquid spraying process. One of the key issues in this process is the uniformity of the liquid amount distribution achieved from the spray boom.



The coefficient of variation is a measure of the process uniformity expressed (usually in percentages) as the ratio of the standard deviation to the arithmetic mean of the sample. This parameter is used most commonly for the comparison of the variation of a trait in two different distributions.



In the case of field spraying, its value should not exceed 10%, as specified by the EN ISO 16119-2 part 2 standard [4].



When the level defined in the standard is not exceeded, the spray uniformity is regarded to be correct. Its level is mainly determined by the shape of the distribution of the amount of liquid sprayed from a single nozzle, based on which spray boom is constructed. Distribution data from a single nozzle is replicated to simulate a complete virtual boom.



Manufacturers strive to improve the sprayer structure to ensure the best uniformity of surface coverage.



The field sprayer boom that will be equipped in such nozzles should provide the greatest uniformity of the treated surface spray, i.e., it should be characterized by the minimum value of the coefficient of variation for the sprayed liquid. To date, there has been no model ensuring a relatively low value of the coefficient of variation of liquid coverage from a virtual field boom containing all the same new nozzles and, hence, a very high uniformity of spraying. Similarly, there is no model that would satisfactorily determine the amounts of accumulated liquid allowing the achievement of the permissible value of the coefficient of variation defined by the standard.



Therefore, there is a need to propose a new model that will substantially increase the level of liquid spray uniformity from the spray boom, which will result in the improvement of the spray quality.



An analysis of liquid sprayed from a single nozzle and a sprayer in terms of the distribution characteristics has been carried out [5].



To ensure the most optimal spray, in [6,7,8], the impact of the sprayer and nozzle parameters on the spray distribution and on the coefficient of variation, which is a measure of the uniformity of treated surface coverage, was analyzed. Various types of nozzles have been tested in laboratory conditions to analyze this parameter [9].



The simulation of a virtual field boom illustrating the work of the sprayer with the analysis of spray uniformity has been carried out [10].



A review of various distribution patterns and spray coverage achieved by some nozzles has been presented [11].



Mathematical models describing the physical motion of a sprayed liquid particle [12] and presenting the wear of flat fan nozzles [13] have been developed. In [14], as well as [15], the impact of an external air stream simulating the wind with varied velocity on the distribution of sprayed liquid has been analyzed. It has compared the patterns of liquid distributions and the values of the coefficient of variation after the spraying process in experiments conducted on tables with 5 cm and 10 cm groove spacing [16].



The scope of the research in the present work is to find a new model for the distribution of atomized liquid quantity thanks to which better capabilities than have been available so far to assess and predict the spraying process results could be provided. Achieving this aim will help to increase environmental efficiency in agriculture.




2. Materials and Methods


2.1. Description of the Experiment


To obtain data for the development and verification of the new model, the experiments were conducted in the Laboratory of Techniques for Application of Agrochemicals, Department of Machinery Exploitation and Management of Production Processes, University of Life Sciences in Lublin.



It was assumed that mounting new nozzles of good quality to the spray boom would ensure the most uniform spray distribution.



Typically, the working spray boom was located at a height of 0.5 m above the sprayed surface. The liquid outflow pressure was set at 0.3 MPa. The process time was preset to one minute. The spray angle of the flat fan nozzles was set at 110°. In this case, the width of the area sprayed with a single sprayer nozzle was approx. 1.5 m, and the surface coverage of all 25 nozzles mounted on the virtual boom was approx. 12.5 m.



The tests and measurements were carried out on grooved tables with a width corresponding to that of the virtual field boom. Two types of flat fan nozzles were included in the study. The results obtained from AZ-MM spray nozzles were used for the development of the model. The goodness of the fit of the model to the data was evaluated based on results obtained from RS-MM spray nozzles.



Fifty new nozzles were used in the experiment.



The tests were carried out using the blue nozzles, characterized by a liquid flow rate of 1.2 liters per minute.



Water was used as the test liquid, following the standard practice for this type of experiment conducted in laboratory conditions.



The experimental measurement stand shown in Figure 1 facilitated the analysis of the distribution of the atomized liquid sprayed from the nozzle. The results obtained in this design were used for the construction of a virtual field boom. The sprayed liquid reaches the table and falls along the grooves into 50 containers with the same volume arranged serially at equal distances from each other. Each measurement determines the amount of the liquid accumulated in the consecutive containers and is expressed in milliliters. The capacity of a single container is 250 ml. All experiments were carried out on the measurement stand with 5 cm groove spacing.



With the parameters determined during the experimental process, the spray spectrum for a single nozzle covered approximately 30 containers located in the center of the measurement table. Hence, 0 mL value was in the 10 containers located on the left-hand side and 0 mL value was in the 10 containers located on the right side of the analyzed spectrum area.



The data used in the experiment were the results provided by all 50 available nozzles (25 of each type used for the development and verification of the model) included in the measurement stand. This yielded 50 different data sets. Each of these sprays duplicated 25 times simulated the data generated by the virtual spray boom as described below.



The width of the sprayed area was scaled to an appropriate number of the consecutively numbered containers located at an identical distance as on the measurement table. Distribution data from a single nozzle was replicated to simulate a complete virtual boom.




	
The nozzle was located on the extreme left of the virtual field boom;



	
Next, another identical nozzle was placed on the boom on the right side of the first one at a distance of 0.5 m (i.e., at a distance covered by 10 containers to the right);



	
By mounting successive identical nozzles on the boom, the 25th container was reached (Figure 2). The total range of measurements comprised 270 containers. The amounts of the liquid collected in each container served for the calculation of the coefficient of variation.








In 50 measurement series performed in the experiment, data from 50 virtual field sprayer booms, created from single nozzle distribution, were collected. Each boom was assigned the same number as that of each consecutive nozzle with a specified degree of wear.



Within the adopted scope of work, we carried out a comprehensive statistical analysis of the distribution of the liquid amounts determined for each simulated virtual field boom and for the real data from each single nozzle.




2.2. Distribution of Droplets after the Spraying Process


The first attempts to match the distribution of droplets to the real sprays provided by flat fan nozzles were undertaken [17,18]. The researchers considered a triangular pattern. The effect of changes in the sprayer nozzle angle on the symmetry and shift of spray distribution was emphasized [17]. The density function of the triangular distribution is described by an equation that combines the nozzle height, the set angle, and the distance between water-sensitive papers:


  f  ( x )  = x  (  H −    d i  c t g  ∝ 2   )   



(1)




where:




	
 x  is the distance between water-sensitive papers [m];



	
 H  is the distance between the spray nozzle and the sprayed surface [m];



	
   d i    is the distance between the ith water-sensitive paper and the nozzle [m];



	
 α  is the preset angle of the nozzle spray [°].








Another probability distribution that was analyzed in the description of spray was beta distribution [18]. It is defined by two shape parameters denoted as α and β, which are the exponents of a random variable in the formula and determine the shape of the distribution. The density function of this distribution is as follows:


  f  ( x )  =   Γ ( α + β )   Γ ( α ) Γ ( β )    x  α − 1   (   1 − x )   β − 1    



(2)




where:



 x  is a random variable specifying the distance between two water-sensitive papers [m];



  α , β > 0   are shape parameters estimated from the experimental data;



  Γ  ( z )     =      ∫  0  + ∞    t  z − 1    e  − t   d t   is the special gamma function for   z > 0  .



Joint research was conducted on this distribution and found that it was sometimes more suitable for the description of spray than the normal distribution [5].



This most popular distribution mentioned above was fitted and applied in comprehensive investigations of spray [19]. The issue was divided by the researchers into two stages. The first stage consisted of the selection of an appropriate model and density function, whereas the second stage was focused on the estimation of parameters determining the spray quality, i.e., pressure and nozzle height and size. Given the basic fact that the function of spray distribution density is a symmetrical curve with an approximate bell shape, the distribution of sprayed liquid was effectively fitted to the doubly truncated normal distribution [19]. This indicates that the values of the random variable had upper and lower limits determined by a certain value. The form of the probability density function f(x) in this case is as follows:


  f ( x ) =    1  σ   2 π     exp  (  −     ( x − μ )  2    2  σ 2     )    F  (    b − μ  σ   )  − F  (    a − μ  σ   )     



(3)




where:



 x  is a random variable specifying the distance between two water-sensitive papers [m];



 µ  is the expected value of the random variable;



 σ  is the standard deviation for normal distribution;



  F  ( x )    is the cumulative distribution function that complies with   f  ( x )   ;



  a ,   b   are the lower and upper cut-off points of normal distribution, respectively.



After the development of the model presented above, a relationship was discovered between its parameters and factors that influence spraying [19]. By the application of the multiple regression equation, the researchers were able to express the standard deviation and spray width with the coefficients of determination of 0.98 and 0.976, respectively:


   σ =   − 78 + 27.1 ln  ( H )  + 6.15 ln  ( P )  + 1.72   ln  (   Q 2   )     W =   − 401 + 1.39 ln  ( H )  + 36.5   ln  ( P )  + 8.94   ln  (   Q 2   )    



(4)




where:



 σ  is the standard deviation [cm];



 W  is the spray width [cm];



 H  is the nozzle height [cm];



 P  is the spray pressure [105 Pa];



   Q 2    is the standard flow rate at a pressure of 0.2 MPa [l/min].



Another model [20] is the so-called mean distribution model. It consists of the calculation of the mean values for the parameters of the distribution of liquid amounts collected from several single nozzles. This approach generates highly precise results, but at the cost of a substantially greater number of measurements. Additionally, since different types of nozzles are often used, this will very likely be a random model.



Figure 3 shows a comparison of the consistency of the data obtained from triangular, beta, and normal distributions with the measurement results generated by a Teejet 110 04 VS nozzle at a pressure of 0.2 MPa and a spray height of 0.5 m [21].



An evident conclusion prompted by the analysis of this figure is the fact that none of the characterized models generate results that match real data adequately.




2.3. Development of a New Model of Liquid amount Distribution


Based on the determinants and data presented in the previous subsection, an original density function of a new distribution model describing the accumulation of liquid amounts after the spraying process was defined for a single nozzle as follows:


  f  ( x )  =    {      a    (  x − 0.5  )   p  ,     x   ∈  (  0.5 ; 0.9  )            b    (  x − 1.25  )   q  + c ,              (  − 1  )   p  a    (  x − 2  )   p  ,       0 ,                 x   ∈ < 0.9 ; 1.6 )           x   ∈   < 1.6 ; 2 )       x   ∈ ( − ∞ ; 0.5 >    ∪    < 2 ;   + ∞ )                  



(5)




where:



 x  is the real variable with values from the spray range (0.5; 2) [m];



  a > 0   is a shape parameter;



  b < 0   is a shape parameter;



  c > 0   is a shift parameter;



  p , q ≥ 2   are shape parameters ( p  = natural number,  q  = even number)



By increasing the values of parameters a, p, or q, the shape of the density curve becomes leptokurtic (thin). Reversely, i.e., when the values of any of the three parameters decrease, the shape becomes more flattened.



The opposite is noted in the case of parameter b, i.e., the higher its value, the greater the flattening of the curve in an appropriate range.



The method for the construction of the density function presented above ensures symmetry of distribution. The new model is symmetrical and is a probability density function.



Using the optimization method, i.e., the Microsoft Excel Solvers tool, the shape of parameters  p ,  q , and  b  was selected in a way providing a properly set value of the coefficient of variation for the liquid amount after the spraying process.



After the determination of equations required for the correct determination of the probability distribution for a single nozzle, an original model was developed for the determination of the liquid distribution after simultaneous spraying with 25 nozzles in order to reflect the real work of the sprayer.



Therefore, based on the developed form of the density function, a function reflecting the amount of the liquid at any point in the spray area was defined:


  g  ( x )  =     ∑   n = 0   24    [  a    (  x − 0.5 − 0.5 n  )   p  +      (  − 1  )   p  a    (  x − 2 − 0.5 n  )   p  +   b    (  x − 1.25 − 0.5 n  )   q  + c  ]   



(6)







The arguments of the function are points across the entire width of the sprayed area located at a distance of 0.05 m from each other.



The total width of the area sprayed by the boom is identical to that of all liquid-collecting containers aligned and assigned numbers from 1 to 290. According to ISO 16122-2: 2015 (E), the data range taken into account in the calculation of the coefficient of variation of the sprayed liquid distribution includes the amounts of liquid collected in containers located in the center of the spray area width for the second nozzle mounted on the boom to the center of the spray area width for the penultimate nozzle on the boom. Therefore, the sum range in Equation (6) corresponds to containers 36 to 256.



Based on the method of calculation of the coefficient of variation, the function dependent on all parameters a, b, c, p, and q is defined with the following formula:


  V =  S  g ¯   ⋅ 100 %  



(7)




where the following equations are valid for i representing natural numbers and denoting the consecutive numbers of the liquid-accumulating containers after the spraying process:


   g ¯  =    1  221     ∑   i = 36   256   g  (  0.05 i  )   



(8)






   s 2  =    1  221     ∑   i = 36   256      (  g  (  0.05 i  )  −    g ¯   )   2   



(9)




and   g ¯   and    s 2    are the mean and standard deviation, respectively, for the values of function   g ( x )  .



Next, all parameters of the probability distribution were selected for function V to reach the minimum, i.e., to simulate the work of a field boom equipped with the new (model) nozzles, thus providing the most uniform spray of the treated surface, assuming values of 5%, 7%, and 10%, and simulating the work of a field boom with nozzles characterized with an adequate wear degree.



The flow rate in all nozzles was fixed and the extension of the spray swath from virtual boom sprayer could be unlimited, because any number of nozzles may be added.



If we consider the case that the spacing of the grooves on the measurement table is 5 cm, then in the model we have, a = 15.352; b = −2.024; c = 1.23 for p = 3, q = 2, and V = 10%.



On the over hand, if we consider that the spacing of the grooves on the measurement table is 10 cm, then in the model we have, a = 14.87; b = −2.55; c = 1.259 for p = 3, q = 2, and V = 10%.





3. Results


To check the goodness of the fit of the data obtained with the new model to real results, the RS-MM 110 03 nozzles were used in such a way that each of them multiplied 25 times formed a single virtual field boom. The STATISTICA 13 program, supported by the Statsoft company from Poland in 2013, was used to perform the linear regression analysis of data generated by the model in comparison with the measurements provided by the virtual field booms. Figure 4 shows an example of a correlation diagram of the amount of liquid after the spraying process from the boom equipped with the new nozzles (model generating V = 2.16%) and from a boom equipped with worn nozzles (generating V = 9.37% wear degree) with a fitted regression line.



We analyzed the values of coefficients of correlation and coefficients of determination from each regression analysis of the data generated by the model and those obtained with the use of virtual field booms equipped with worn nozzles.



The coefficients of correlation have a value of approximately 0.95 and higher, which indicates a strong correlation (dependence) between the model and experimental data.



The coefficients of determination, i.e., the measure of the fit of the model to the experimental data, are higher than 0.9, which indicates that the model efficiently explains the distribution of the experimental data.



Therefore, the developed model is characterized by a very high goodness of fit to the experimental data.



The new model can be used for the description of the distribution of the liquid amounts after the spraying process, even with a very low value of the coefficient of variation equal to 2.16%.



This result should be regarded by manufacturers of sprayers as a guarantee of high uniformity of surface coverage.



Additionally, to test the compatibility of the data from the new distribution with the experimental data, the chi-square test for observed and expected values was applied, besides regression analysis.



A null hypothesis of the compatibility of the examined distributions with an alternative hypothesis of the absence of compliance was adopted. The critical value for the chi-square distribution with 28 degrees of freedom was 41.333 at the significance level α = 0.05. The values of the test statistics for the results of each nozzle RS-MM 110 03 duplicated on the boom in relation to the data obtained with the new model. Experimental values from each RS-MM 110 03 nozzle correspond to an individual deposition in each groove of the distribution test bench. The higher the value of the    χ 2    test statistic is, the more the nozzle, which generates a virtual boom sprayer, is worn out and, in consequence, the higher the value of the coefficient of variation (CV) generated from the boom.



A critical area at the significance level α = 0.05 is the range <41.337;   + ∞  ). The analysis of all the results shown in Table 4 indicates that there is no ground for the rejection of the null hypothesis about the consistency of distributions at the significance level of 0.05. Hence, the tested distributions can be considered identical. For comparison, data generated by the model (for V = 2.16%) and data from measurements of RS-MM 110 03 spray nozzles constituting the virtual field booms are presented in a graph (Figure 5). The Figure shows the difference between the level of uniformity of model data simulating the work of the new nozzles and of the model provided by the data from the worn nozzles.



Additionally, we considered the fact that the total amounts of liquid accumulated along the entire booms are the same in both distributions.



These calculations conducted for the measurement table with a 10 cm spacing of grooves, reflecting conditions of nozzle tests and analyses performed by producers, were analogous, although with one exception. Every second value of variable  x , denoting the amount of liquid accumulated on the 55th centimeter, 65th centimeter, up to 13.95 meters of the length of the virtual field boom, was deleted from all values of the measurement table with grooves located 5 cm apart from each other.



Data provided by the proposed model generating the values of the coefficient of variation of V = 2.16% and V = 10%, which simulated spraying performed with both a new nozzle and an adequately worn nozzle, were scaled to obtain the same total amounts of sprayed liquid. Figure 6 and Figure 7 present the amounts of liquid obtained at different values of model parameters for two nozzles with normalized flow rates (the new nozzle and another one with a moderate or permissible degree of wear).



The analysis of the data presented in the graphs revealed the mean ranges of deviations of the amounts of sprayed liquid (Table 1 and Table 2), which reflect the moderate or permissible wear of the new (model) nozzle.



In other words, the data in the tables facilitate observation and inference on the identification of the adequate nozzle wear.



The tables and graphs presented above can be used for the development of a diagnostic model showing ranges of deviations in the amounts of liquid sprayed by the new nozzle that causes permissible wear, i.e., at the coefficient of variation of 10% (Figure 8 and Figure 9).



To present the conditions under which producers test new nozzles, a similar analysis of data was carried out for a model simulating measurements from the table with 10 cm groove spacing. The simulation amounts of liquids from the new nozzle were compared to those from the nozzle with 10% wear (Figure 10).



Next, following the results presented above, as in the case of the measurement table with 5 cm groove spacing, Table 3 and Table 4 were compiled to show the simulations of the moderate or permissible nozzle wear. Examples (Figure 11) were prepared to present the mean ranges of deviations indicating the wear of the analyzed nozzle in accordance with the adopted model.



The analysis of the results shown in Table 1, Table 2, Table 3 and Table 4 and in Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 allows the conclusion that the greater amounts of liquid in the central spray area and the lower amounts on its left and right side indicate the higher degree of nozzle wear. This facilitates the assessment of the degree of wear relative to the quality of the produced model.



Based directly on the data obtained without the application of the new model, the amounts of liquid from two adjacent containers were added, which yielded results that could be obtained at the 10 cm groove spacing. Hence, the spraying treatment exhibited greater uniformity, as the minimum value of the coefficient of variation was 1.85%, which was lower than in the initial case by ca. 0.3%.



Additionally, similarly lower values were obtained for each nozzle wear degree, which are summarized in Table 5.



These findings confirm the thesis that a greater distance between the grooves reduces the value of the coefficient of variability of data [22].




4. Discussion


The spraying process is applied in various areas, for example in fuel spraying [23], in the precipitation profiles of a fixed spray-plate sprinkler [24], in aerial spray application based on thermal imaging technology [25], and in evaluating irrigation system performance, which mainly depends on the uniformity of water application [26] or by using an unmanned aerial vehicle [27]. Another improvement introduced to examine the uniformity of spraying coverage was adding adjuvant to a liquid [28].



There are many factors that affect the uniformity of spray liquid coverage from spray nozzles, such as height of boom and nozzle pressure. The range of the coefficient of variation due to the height of the nozzle ranges from 8% to 17.6%, due to nozzle pressure from 7.6% to 20.3%, and for fixed height and nozzle pressure from 7.2% to 21.3% [29].



Coefficients of variation, in the case of repetitions performed with the same technique, were sometimes quite large, ranging from 7.5% to 24.0% [30], but we achieved with the same approach a value of this coefficient equal to 1.85%, as in Table 5.



When the technique of pulse width modulation is used, the coefficient of variation is around 10%. Increasing the signal means increasing the value of this factor [31]. In the same technique when for various kinds of nozzles the fixed pressure is equal to 207, 276, or 476 kPa, the values of the coefficient of variation range from 5.3% to 20.1% [32].



The best results of the uniformity were obtained in a wind tunnel and had values of CV from 0.5% to 7.6%, where 75% of all nozzle types tested had CV values below 4%. However, the use of water alone, like in our research, caused the largest differences in CV values [33]. In relation to the working width of the entire boom sprayer, the generated CV values were generally around 10% [34].



Considering the literature on the subject of the uniformity of field spraying and looking at the results achieved there, our model is the first one thanks to which we are able to forecast the permissible wear of the atomizer nozzle and then determine its usefulness.




5. Conclusions


The tools were designed and developed for the description and characterization of the distribution of the liquid amounts sprayed on an area with a specified size with the use of flat fan nozzles.



An original probability density function was proposed, which efficiently reflects the accumulation of the amounts of liquid sprayed from a single nozzle.



A new model of the distribution of the amounts of liquid after the spraying process was developed, yielding a minimum value of the coefficient of variation for the amount of liquid that ensures a very high uniformity of surface coverage.



The generation of the model of the distribution of sprayed liquid amounts simulating the operation of the new nozzle should help to maintain the accepted level of spraying uniformity as long as possible, which will allow the optimization of the process.



By the determination of the distribution of the spray ensured by the new nozzle with the use of the model, the level of nozzle wear can be assessed.



The application of the solution presented in this study will facilitate nozzle quality control consisting of the effective monitoring of wear degree and will contribute to the extension of nozzle service life, in compliance with accepted standards.



The results obtained from the model were standardized to the 10 cm spacing of the grooves on the measurement table, i.e., the distance for which manufacturers carry out tests and analyses of nozzles. This mode of presentation of the results will facilitate quality control aimed at the optimization of the field spraying process.



The solution of the research problem yielded a new diagnostic model as a tool for atomization and spray quality control and the assessment of nozzle wear. The model will have a positive effect on the quality, duration, and optimization of the field spraying process as well as the condition of the natural environment through the possibility of the application of an appropriate amount of sprayed agents.
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Figure 1. Measurement table (Department of Machinery Exploitation and Management of Production Processes, University of Life Sciences in Lublin). 
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Figure 2. Data collection scheme (final stage 3). 
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Figure 3. Example of the fit of results in selected models to real spray data [21]. 






Figure 3. Example of the fit of results in selected models to real spray data [21].



[image: Sustainability 11 06716 g003]







[image: Sustainability 11 06716 g004 550] 





Figure 4. Correlation diagram of the amounts of liquid after the spray from a boom characterized by a 9.37% wear degree (axis OX) and from a boom equipped with the new spray nozzles (axis OY). 
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Figure 5. Liquid amounts from the boom equipped with the new nozzles and from the selected virtual boom. 
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Figure 6. Amounts of liquid sprayed with one nozzle generating V = 2.16% (new) and V = 10% (p = 4, q = 2). 
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Figure 7. Amounts of liquid sprayed with one nozzle generating V = 2.16% (new) and V = 10% (p = 3, q = 2). 
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Figure 8. Permissible average ranges of deviations of the amounts of liquid sprayed by the new nozzle (p = 4, q = 2). 
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Figure 9. Permissible average ranges of deviations of the amounts of liquid sprayed by the new nozzle (p = 3, q = 2). 
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Figure 10. Amounts of liquid sprayed with one nozzle generating a value of the coefficient of variation of V = 2.16% and V = 10% on the boom: (a): p = 4, q = 2; (b): p = 3, q = 2. 
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Figure 11. Permissible mean ranges of deviations for the amounts of liquid sprayed by the new nozzle (p = 3, q = 2). 
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Table 1. Changes in the amounts of liquid sprayed by the new nozzle yielding the relevant values of the coefficient of variation (p = 4, q = 2).
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Range [m]

	
No. of Containers

	
Mean Change [mL]

	
Coefficient of Variation






	
<0.6; 0.85>

	
12–17

	
−4

	
10%




	
<0.9; 1.6>

	
18–32

	
+3.4




	
<1.65; 1.9>

	
33–38

	
−4
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Table 2. Changes in the amounts of liquid sprayed by the new nozzle yielding the relevant values of the coefficient of variation (p = 3, q = 2).
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Range [m]

	
No. of Containers

	
Mean Change [mL]

	
Coefficient of Variation






	
<0.6; 0.85>

	
12–17

	
−5.6

	
10%




	
<0.9; 1.6>

	
18–32

	
+4.7




	
<1.65; 1.9>

	
33–38

	
−5.6
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Table 3. Changes in the amounts of liquid sprayed by the new nozzle yielding the relevant values of the coefficient of variation (p = 4, q = 2).
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Range [m]

	
No. of Containers

	
Mean Change [mL]

	
Coefficient of Variation






	
<0.6; 0.9>

	
6–9

	
−9.8

	
10%




	
<1; 1.5>

	
10–15

	
+3.8




	
<1.6; 1.9>

	
16–19

	
−9.8
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Table 4. Changes in the amounts of liquid sprayed by the new nozzle yielding the relevant values of the coefficient of variation (p = 3, q = 2).
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Range [m]

	
No. of Containers

	
Mean Change [mL]

	
Coefficient of Variation






	
<0.6; 0.7>

	
6–8

	
−3.1

	
10%




	
<0.8; 1>

	
9–10

	
+13.9




	
<1.1; 1.4>

	
11–14

	
−17.7




	
<1.5; 1.7>

	
15–16

	
+13.9




	
<1.8; 1.9>

	
17–19

	
−3.1











[image: Table] 





Table 5. Comparison of the coefficients of variation for different nozzle wear degrees at the 5 cm and 10 cm groove spacing.






Table 5. Comparison of the coefficients of variation for different nozzle wear degrees at the 5 cm and 10 cm groove spacing.





	

	

	
Mean Wear

	
Permissible Wear






	
p

	
2

	
3

	
4

	
3

	
4




	
q

	
2

	
2

	
2

	
2

	
2




	
V10cm

	
1.85%

	
4.74%

	
4.61%

	
9.43%

	
9.52%




	
V5cm

	
2.16%

	
5%

	
5%

	
10%

	
10%
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