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Abstract:

 Accurate spray characterization helps to better understand the pesticide spray application process. The goal of this research was to present the proof of principle of a droplet size and velocity measuring technique for different types of hydraulic spray nozzles using a high speed backlight image acquisition and analysis system. As only part of the drops of an agricultural spray can be in focus at any given moment, an in-focus criterion based on the gray level gradient was proposed to decide whether a given droplet is in focus or not. In a first experiment, differently sized droplets were generated with a piezoelectric generator and studied to establish the relationship between size and in-focus characteristics. In a second experiment, it was demonstrated that droplet sizes and velocities from a real sprayer could be measured reliably in a non-intrusive way using the newly developed image acquisition set-up and image processing. Measured droplet sizes ranged from 24 μm to 543 μm, depending on the nozzle type and size. Droplet velocities ranged from around 0.5 m/s to 12 m/s. The droplet size and velocity results were compared and related well with the results obtained with a Phase Doppler Particle Analyzer (PDPA).
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1. Introduction


In recent years, advances in plant protection have contributed considerably to increasing crop yields in a sustainable way. Easy to apply and rather inexpensive, pesticides have proven to be very efficient. However, when pesticides are applied to crops, some of the spray may not reach the target, but rather fall outside the intended spray area. This can cause serious economic and environmental problems.



Most pesticides are applied using agricultural sprayers. These sprayers use hydraulic nozzles which break the liquid into droplets with a wide range of droplet sizes and velocities and determine the spray pattern. Small droplets are prone to wind drift, while large droplets can run off from the target surface and deposit on the soil. Therefore, efforts are being undertaken to come to a more sustainable use of pesticides which is more and more regulated by international environmental and water laws. One of the main challenges is to reduce spray losses and maximize spray deposition on the target and the resulting biological efficiency of the active ingredient by improving the spray characteristics and the spray application process. Because the mechanisms of droplets leaving a hydraulic spray nozzle are very complex and difficult to quantify or model, there is a need for accurate experimental quantification techniques. Few studies are available on selection of nozzles to provide adequate spray deposition and coverage of the plant protection products [1,2,3].



In the past, various measuring techniques [4] have been employed in the research on spray and atomization to investigate spray characteristics including droplet sizes and velocities. However, there are few optical measurement techniques that are able to perform simultaneous non-intrusive measurements of droplet size and velocity.



Due to the development of modern technology such as powerful computers and lasers, quantitative optical non-imaging light scattering spray characterization techniques have been developed for non-intrusive spray characterization: Phase Doppler Particle Analyzers (PDPA) [5,6], laser diffraction analyzers, e.g., Malvern analyzers [7] and optical array probes [8]. Among them, the PDPA has widely been tested and its usefulness for spray characterization recognized. The major drawback of the PDPA is that it can only measure a spherical droplet, which is not always the case in practice. In addition, it is a point—measurement technique, so results may differ between researchers and giving information on overall spray structure is beyond the capability of this laser device.



On the other hand, the limitations of the non-imaging techniques and the recent improvements in digital image processing, sensitivity of imaging systems and cost reductions have increased the interest in high speed imaging techniques for agricultural applications [9] in general and pesticide applications [10] in particular.



Imaging analyzers are spatial sampling techniques consisting of a light source, a camera and a computer with image acquisition and processing software. The small droplet sizes and high velocities of the ejected spray droplets make it a challenge to use imaging techniques for spray characterization. Imaging techniques based on the interferometric technique (Interferometric Particle Imaging—IPI—Global Sizing Velocimetry—GSV—and dual-beam light scatter interferometry) use light scattering and interference for a 2D spray characterization and the droplet measurements are derived from out of focus images [11,12,13].



In contrast, most other imaging techniques use backlight for the illumination of the droplets to acquire their shadowgraphs, from which droplet characteristics are extracted. They allow one plane at a time to be imaged with exposure times down to a microsecond [14]. The choice between the IPI and backlight imaging is driven by the spray’s density and droplet size. IPI is limited to a low spray density, measures only spherical droplets and can suffer from beam-steering effects [15].



Standard imaging techniques have however some limitations such as the difficulty of always having the same conditions for the acquisition for instance, and the need of optic and chromatic calibration and background identification. Moreover their data-acquisition rates are generally lower than those of the laser-based techniques. In particular, the use of backlight can impose limitations to the measurement accuracy which is related to the depth-of-field (DOF) effect. As droplets are scattered in the spray, not all droplet images are in-focus. DOF is the region in which the droplets are “acceptably” sharp or “in focus” and can thus be measured accurately. An in-focus droplet criterion is thus needed to select and further analyze these “in focus” droplets (Figure 1).


Figure 1. Example of a spray image with the different focus of the droplets.
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Chigier [16] indicated two possible sources of measurement errors caused by the DOF, i.e., the ambiguity in defining the edge of an individual droplet when the droplet is located at some distance from the focal plane but still in the range of the DOF, and the dependence of the DOF on the droplet size itself.



In the literature, there are two major categories for in-focus droplet identification: the first one uses the gray level gradient at the droplet boundaries [10,17] while the second uses the contrast value between the droplet and the image background based on point spread function (PSF) [18,19]. The gray level gradient techniques provide information on the relation between droplet size and DOF. Kashdan et al. [17] used the thickness of blurred “halo” area at the edge of the droplet to determine the degree of droplet defocus. The gray level gradient at the droplet edges in the study of Lecuona et al. [10] was found by means of Sobel masks. Large droplets have a higher image contrast and can thus be measured over a greater distance to the lens than small droplets. Kashdan et al. [17] and Lecuona et al. [10] observed a linear relation between DOF and droplet diameter. Nevertheless, as the droplet size becomes smaller, the DOF decreases drastically, and small droplets are more likely to be missed from the spray droplet distribution.



Once the in-focus criterion is established, the next step is to accurately determine the droplet boundary. This includes droplet identification by determination of the threshold gray level for boundary detection, and treatment of the non-spherical and overlapped droplets.



This paper presents the proof of principle of a technique based on image processing for measuring the droplet size and velocity characteristics of agricultural hydraulic spray nozzles using an image acquisition system developed by Vulgarakis Minov et al. [20,21]. Firstly, an in-focus droplet criterion based on the gray level gradient was introduced to decide whether a droplet is considered to be in focus or not. A calibration system was devised using differently sized droplets generated with a piezoelectric droplet generator and glass nozzles in continuous mode, developed by Vulgarakis Minov et al. [21,22], at different distances from the focal plane and lens using a micro translation stage [10]. This enabled measurement of the gray level gradient and the in-focus parameter for every droplet size at various distances from the focal plane [10]. From here, a critical in-focus parameter (Infc) was established for every droplet size and an in-focus droplet criterion was deduced to decide whether a droplet is in focus or not depending on its diameter and in-focus parameter. The focused droplet zone (FDZ) is defined in this study as the zone in which a droplet with a certain diameter is in focus.



Afterwards, the in-focus droplet criterion was applied to spray images of different hydraulic spray nozzles and the droplet characteristics were calculated. The effects of the nozzle type and nozzle size on spray droplet size and velocity characteristics were studied. Droplet size and velocity results were compared with an existing non-imaging droplet measuring technique, the PDPA [5].




2. Experimental Section


This section presents the image acquisition system and image analysis for setting up the in-focus droplet criterion.



2.1. Image Acquisition System and Measuring Set-Up


The image acquisition system for the development of the in-focus droplet criterion is shown in Figure 2 and is described in detail by Vulgarakis Minov et al. [20,21]. The system consists of a powerful xenon light (WOLF 5132, Knittlingen, Germany, 300 W) used as a background illumination against the droplet generator (Université de Liège, Gembloux, Agro-Bio-Tech, Walloon Region, Belgium) combined with an N3 HS (high speed) camera (IDT, Lommel, Belgium) with a 6 μs exposure time, a K2/SC Long-Distance Microscope System Lens (Infinity, Boulder, CO, USA) and a frame capture device Motion studio (IDT, Lommel, Belgium).


Figure 2. Image acquisition system for establishing the in-focus droplet criterion [21,22].
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The piezoelectric droplet generator was positioned 320 mm from the xenon illumination and at a distance ranging between 420 and 430 mm from the lens. The camera, lens and illumination were aligned horizontally. A precision linear micro translation stage (0–25 mm, Edmund Optics, Barrington, NJ, USA) with a straight line accuracy of 10 μm moveable in the Z direction was attached to the lens. The droplet generator was implemented in continuous mode [21,22] using glass nozzles with orifice sizes of 261, 123, 67, 50 and 40 μm. These nozzle orifice sizes were chosen in order to produce a range of droplet sizes from around 100 μm up to 500 μm which is typical of most agricultural hydraulic spray nozzles. In the continuous mode, to produce a continuous stream of uniformly sized droplets, a suitable amplitude and frequency must be applied. The applied settings of the droplet generator (amplitude and frequency) and the corresponding actual droplet sizes at the focal plane are given in Table 1 [21,22].


Table 1. Actual droplet diameters in continuous mode for the different nozzle orifice sizes and continuous mode settings.


	Nozzle Orifice Size (μm)
	Settings in Continuous Mode A (V)/f (kHz)
	Actual Droplet Diameter (μm) ± Standard Deviation





	40
	5.0/8.0
	119.3 ± 2.6



	50
	5.0/8.0
	164.6 ± 1.9



	65
	2.0/8.0
	192.6 ± 1.3



	65
	5.0/8.0
	222.9 ± 1.6



	123
	5.0/8.0
	384.3 ± 0.8



	261
	5.0/8.0
	489.7 ± 1.9



	261
	7.0/8.0
	497.1 ± 2.0







A: Amplitude, f: frequency.












Multiple images of a Halcon ceramic calibration plate (2.5 mm × 2.5 mm) were taken and processed with HDevelop software to determine the accuracy of the optical system and possible optical errors as described in detail by Vulgarakis Minov et al. [21]. The setup resulted in a pixel size of 8.23 μm which made it possible to measure small droplets accurately and no image distortion occurred. The images were taken in full resolution (1280 × 1024 pixels) with a field of view (FOV) of 10.5 mm × 8.4 mm at a frequency of 1000 fps.




2.2. Image Acquisition for Setting Up the In-Focus Droplet Criterion


For establishing the in-focus droplet criterion, images were taken at different distances from the focal plane using all nozzles and settings given in Table 1. This was done by moving the translation stage (lens) towards and away from the focal plane in the range between 420 and 430 mm in steps of 50 μm (Figure 2). Thus, in this manner sequences of 200 “out-in-out of focus” images were taken with every nozzle/setting combination (Table 1).



An example of images in continuous mode acquired using the nozzle orifice size of 65 μm at 5.0 V and 8.0 kHz, generating 222.9 μm droplets, at three distances from the focal plane is shown in Figure 3.


Figure 3. Droplet images in continuous mode using a nozzle with 65 μm orifice size at 5.0 V and 8.0 kHz at different distances from the lens: (a) 420 mm; (b) 423 mm; (c) 426 mm.
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Once the images were acquired, a sequence of steps was employed to process and analyze them using Matlab and its image processing toolbox (Figure 4).


Figure 4. Flow chart of the image analysis algorithm for establishing the in-focus droplet criterion.
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2.3. Image Analysis for Developing the In-Focus Droplet Criterion


The image analysis for setting up the in-focus criterion consisted of 3 steps: image pre-processing (Section 2.3.1), image segmentation (Section 2.3.2) and droplet sizing, calculation of (critical) in-focus parameter and in-focus droplet criterion (Section 2.3.3) (Figure 4).



2.3.1. Image Pre-Processing


Image pre-processing aims at resolving problems due to lighting patterns or dirt on the lens, given that the light source can be non-homogeneous [23]. An image background was reconstructed from a set of 70 images with droplets. For each of these images, the background was selected based on its intensity histogram with a threshold value of 80% of the maximal pixel intensity of 255. These 70 background images were averaged and resulted in the final image background. Thus a background subtraction was performed on every single droplet image.



However, in general the image contrast was very low and the droplet boundaries were uncertain. Therefore, an illumination normalization was performed on the acquired images by rescaling the pixels such that exactly 1% of the pixels were saturated in order to maximize image contrast [24] and to facilitate the gradient characterization.




2.3.2. Image Segmentation


Image segmentation was introduced to divide the image into sub-images of all individual droplets. The localization of droplets was performed by searching for sudden changes in the pixel intensity corresponding with the boundaries between a droplet and background. This was done by computing the intensity gradient on the whole image using the Sobel filter [24] (Figure 4). Further, the highlighted droplet contours were filled. Then, the image was binarized, i.e., image pixels were distributed amongst two classes: droplets and background. The intensity threshold value was set at 85% of the maximum which was high enough to detect and maintain all droplets, even those out of focus. Because the droplets were not perfectly spherical, they were considered as ellipsoids. Their longest and shortest axes were measured to calculate the equivalent droplet diameter from the area [25].



Finally, sub-images of each detected droplet were constructed using the coordinates of the droplet center and the corresponding diameter. The size of the sub-images was equal to 1.5 times the droplet diameter, which was enough to capture the whole droplet and region of interest (Figure 4).




2.3.3. Droplet Sizing, Calculation of (Critical) In-Focus Parameter and In-Focus Droplet Criterion


This step consisted of two main parts. The size of each detected droplet was calculated together with the corresponding in-focus parameter. In the second part, the critical in-focus parameter was calculated for each droplet size and the in-focus droplet criterion was established. The critical-in focus parameters and the resulting in-focus droplet criterion were used to select in-focus droplets.




	(a)

	
Droplet sizing and calculation of the in-focus parameters









The droplet contours in the single droplet sub-images were extracted using a Canny edge detector [26] (Figure 4). When the contours were found, the droplet edge gradients, the gray level intensities of the droplet and background and the droplet size were calculated. However, the extracted droplets did not have the same gray level intensities and edge gradients because of their different positions relative to the focal plane (Figure 4). Figure 5a–c show three single droplet images (taken from Figure 3a–c) and their corresponding gray level intensity profiles across their centers. Ideally a droplet in focus has a flat intensity profile at the bottom close to 0 intensity level with steep edge gradients (Figure 5c). In this case, the droplet edges and size can be determined in an accurate way. In contrast, when a droplet is located at some distance from the focal plane and is out of focus (Figure 5a,b), there is an ambiguity in defining the droplet edges [17]. The gradients at the edges of the droplets reflect their degree of focus and can be used as a criterion based on which the droplets are chosen for measurement [27].


Figure 5. Detail and gray level intensity profiles from the marked droplets shown in Figure 3 at lens distances of, respectively, (a) 420 mm; (b) 423 mm and (c) 426 mm.
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Therefore, the concept of in-focus parameter was introduced to select the in-focus droplets based on the gray level gradient, droplet diameter and gray level intensities of the background and droplet (Equation (1)) [10]:


[image: there is no content]



(1)




where Iback (-) and Idroplet (-) are image background and droplet gray level values, respectively, d is the droplet diameter (μm) and gradedge (-) is the gray level gradient at the droplet edge. Moreover, to eliminate the effect of light scattering inside every droplet, the Iback (-) and Idroplet (-) are calculated using a median filter. The in-focus parameter (-) was calculated for every detected droplet.





As an example, Figure 6 presents the measured droplet diameters and the corresponding in-focus parameters for the experiments with a 222.9 μm (27.1 pixels) droplet at various distances from the lens. It can be seen that the in-focus parameter has a maximum at or near the position where the measured droplet diameter is minimal and corresponds with the actual droplet diameter. The further the distance from the focal plane the lower the in-focus parameter and the bigger the measured droplet diameter and the deviation with the actual droplet diameter.


Figure 6. Measured droplet diameter and corresponding in-focus parameter for pictures taken of the 222.9 μm (27.1 pixels) droplet diameter at various distances from the lens.
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	(b)

	
Calculation of critical in-focus parameters and the in-focus droplet criterion









To separate the droplets that are in-focus from the ones out of focus, a critical in-focus parameter (Infc) was calculated for each of the seven droplet sizes (Table 1). The determination of Infc was done in several steps and is illustrated again for the 222.9 μm droplet size. Firstly, the minimal droplet diameter was estimated from the polynomial trend line of second order using all measured droplet diameters (27.6 pixels (227.1 μm), Figure 6). Then, an acceptable one pixel error value to this minimal droplet diameter was set corresponding with 28.6 pixels (235.3 μm) (Figure 7) meaning that we accept a deviation of up to 1 pixel between measured and actual droplet diameter. Hence, all droplets with a measured diameter below 28.6 pixels were considered to be in-focus, all others out of focus.


Figure 7. Measured droplet diameters and in-focus parameter values for pictures taken of the 222.9 μm droplet diameter at various distances from the lens.
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Next, another second order polynomial curve was fit only through these droplets considered in focus with an acceptable measured droplet diameter (Figure 8).


Figure 8. Critical in-focus parameters and FDZ for pictures taken of the 222.9 μm droplet diameter.
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From this equation (y = 0.3953x2 − 336.95x + 71835) and the droplet diameter of 28.6 pixels, the corresponding distances to the lens were calculated (424.4 mm and 428.1 mm) (Figure 8). Combining these distances to the lens with the second order polynomial curve through the in-focus parameters, resulted into two values for the critical in-focus parameter, one on the left side, InfcL (6.0), and one on the right side, InfcR (6.1).The average of both values was considered the critical in-focus parameter Infc (6.0). All droplets with an in-focus parameter above Infc were considered in-focus. Besides, based on the distances to the lens at which the droplets were considered in focus, a focused droplet zone (FDZ) was defined. This is the zone around the focal plane in which droplets of a certain size are considered in-focus (Figure 8). For the 222.9 μm droplet size, the FDZ was 3.7 mm.





In order to evaluate the relations between Infc, FDZ and droplet size, the procedure above was followed for all droplet sizes mentioned in Table 1. Results from these tests are shown in Figure 9 and Figure 10 and Table 2.


Figure 9. Relation between the measured droplet diameter and distance to the lens for droplet sizes ranging from 119.3 μm up to 497.1 μm.
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Figure 10. Relation between the in-focus parameter and distance to the lens for droplet sizes ranging from 119.3 μm up to 497.1 μm.
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Table 2. Actual droplet diameters and their corresponding Infc and FDZ.


	Actual Droplet Diameter (μm)
	Infc (-)
	FDZ (mm)





	119.3
	3.95
	2.1



	164.6
	4.62
	2.6



	192.6
	5.50
	3.2



	222.9
	6.05
	3.7



	384.3
	8.55
	4.1



	489.7
	10.30
	5.0



	497.1
	10.30
	5.0















Measured droplet size was lowest at or near the focal plane (Figure 9). For each droplet size, the in-focus parameter was the biggest at or near the focal plane and mostly quickly dropped with increasing/decreasing distance to the focus plane [10,28] (Figure 9 and Figure 10). Besides, the smaller the droplet diameters, the narrower the corresponding curves in Figure 9 and Figure 10 meaning that smaller droplets completely disappeared closer to the focal plane than bigger droplets.



Figure 11 and Table 2 show the relation between the critical in-focus parameter and the actual droplet diameter. It can be noted that the critical in-focus parameter increased almost linearly with the measured droplet diameter. In addition, this first order relation between droplet diameter (d) and Infc (Equation (2)) was used as the in-focus droplet criterion and used for selecting only the focused droplets in a real spray application.


Figure 11. Relation between the critical in-focus parameter and measured droplet diameter.
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(2)





Moreover, the FDZ increased linearly with measured droplet diameter (Figure 12). Droplets out of this zone were considered defocused and thus not measured.


Figure 12. Relation between FDZ and measured droplet diameter.
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3. Results and Discussion


3.1. Spray Droplet Characterization Using the In-Focus Droplet Criterion


A similar set-up as described for the in-focus droplet criterion was used for the real spray characterization using tap water as shown in Figure 13. Droplets dispersed in the spray were illuminated by a xenon light used as backlight. Spray droplet images were acquired by the HS CMOS camera.


Figure 13. Image acquisition system for real spray droplet characterization.
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In this study, five different hydraulic spray nozzles were selected: two hollow cone, two standard flat fan and one air inclusion flat fan nozzle. The selected nozzle-pressure combinations are presented in Table 3. The nozzle was always set between the lens and light source with the longest axis of the spray fan (in case of flat fan nozzles) parallel to the focal plane on an automated XYZ-transporter with a traverse range of 2.0 m by 2.2 m [5]. Images were acquired at 500 mm below the nozzle at three different positions: in the center, at 200 mm and at the edge of the spray (Figure 14). Based on the spray angles, the zone of the edge of the spray was defined at 400 mm for the flat fan nozzles and at 300 mm for the hollow cone nozzles. A schematic overview of the selected measurement points for every spray nozzle is given in Figure 14. For every nozzle and position combination, 500 images were taken at 1000 fps corresponding with a total time of 0.5 s.


Figure 14. Spray measurement points for: (a) flat fan and (b) hollow cone nozzle.
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Table 3. Manufacturer specifications of the tested hydraulic spray nozzles.


	Nozzle Type
	Nozzle
	Pressure (kPa)
	Spray Angle (°)
	Nominal Flow Rate (L·min−1)





	Hollow cone
	Albuz a ATR orange
	600
	80
	1.08



	Hollow cone
	Albuz a ATR red
	800
	80
	1.73



	Standard flat fan
	TeeJet b XR 110 01
	400
	110
	0.45



	Standard flat fan
	TeeJet b XR 110 04
	400
	110
	1.82



	Air inclusion flat fan
	TeeJet b AI 110 04
	400
	110
	1.82







a Saint—Gobain Solcera, Evreux Cedex, France; b TeeJet Technologies, Wheaton, IL, USA.








The results obtained with the imaging system at every point were compared with the results measured at the same points with the PDPA. Measurement set-up, protocol and results have been described in detail by Nuyttens et al. [6].









Bigger droplets generally have a higher velocity than small droplets at 500 mm below the nozzle [5]. Therefore, small droplets remain longer in the FOV than large droplets. This means that one and the same droplet can be captured in several consecutive pictures and that the probability to measure a droplet more than once is bigger for smaller droplets than for bigger droplets. Therefore, not every consecutive image was analyzed but every ninth image resulting in a total number of 55 images for each nozzle at each position. This corresponds with a 9 ms time difference between analyzed images. This time difference was enough to ensure that one and the same droplet was not measured twice for the FOV of 10.5 mm × 8.4 mm and a minimal droplet velocity of 1 m/s [5].



The image analysis for the selected images consisted of different steps: image pre-processing, image segmentation and droplet sizing and selection based on the in-focus criterion and droplet velocity calculation. Figure 15a shows an example of a typical spray image obtained with the XR110 04 nozzle in the center (Figure 14a). The image contains artefacts due to dust which have to be rejected, since they would represent a source of error.


Figure 15. Example of spray droplet image with XR 110 04 nozzle at 400 kPa in the center: (a) before and (b) after pre-processing.
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The image analysis was the same as for the droplet images using the piezoelectric generator in continuous mode described previously. The result is shown in Figure 15b. Every spray droplet has a different gray level and sharpness due to differences in the degree of focus and illumination (Figure 15b). Furthermore, blurred droplets can locally modify the background around droplets that are in-focus. Therefore, each droplet was separately analyzed by making sub-images. This image segmentation consisted of droplet localization and droplet extraction into single droplet sub-images. Droplet localization (Figure 16a) was achieved as described in Section 2.3. Each image was segmented into droplet and background regions by assigning pixels inside the droplet edge to the droplet and remaining pixels to the background [23,29]. Afterwards, the spray image was binarized for droplet detection. Morphological operations like opening, closing and filling the holes were applied (Figure 16b). Assuming the droplets are spherical, the next step included locating the center, calculating the area and estimating the equivalent diameter of every droplet. As in Section 2.3, single droplet images were extracted. In addition, spray droplets touching the image border were rejected for reasons of measurement accuracy.


Figure 16. Spray droplet image shown in Figure 15b: (a) after droplet localization and (b) after applying morphological operations.
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Once the single droplet sub-images were extracted, a Canny edge detector was applied (Figure 17) [30]. The next step consisted of calculating the droplet edge gradients, the gray level intensities of droplet and background, and the droplet size by summing the pixels inside the droplet for every spray droplet, similarly as in Section 2.3.


Figure 17. Examples of single droplet images after Canny edge detection.
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In the final step the droplet in-focus criterion (Equation (2)) was applied to every spray droplet that satisfied the criterion to have a circularity bigger than 0.8. Overlapping droplets are not circular and therefore were not considered in the measurements.



Droplets having an in-focus parameter bigger than the corresponding Infc (based on the measured diameter and Equation (2)) were considered in focus and included in the spray droplet distribution results. All other droplets were rejected and not further used in the analysis.



Once the droplet center and position were determined, the next step involved droplet tracking to find the same droplet in two consecutive images, as well as the displacement vector and velocity. This was possible because of the large acquisition rate of the HS camera.



However, few conditions related to the droplet diameter, droplet displacement and droplet velocity in a real spray application exist and are necessary in order to identify the same droplet on two successive images [22,31]. First is the condition of conservation of droplet diameter i.e., the diameter of the candidate droplet on the consecutive images should not differ more than 2 pixels (16.5 μm) from the droplet on the first image [31].The second condition is related to the expected droplet direction based on the direction of the flow (Figure 18). A circular sector with an angle of confidence θ of ± 40° around the general flow direction was considered to define the search area to find the same droplet in the consecutive images. If the area is too big, this will result into droplet mismatches and velocity errors. On the other hand, if this area is too strictly defined, it will limit the detection of the fast droplets.


Figure 18. Droplet tracking 5 in the center of the spray.
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3.2. Spray Quality Parameters


The term “spray quality” is primarily used for describing the droplet size spectra of (agricultural) sprays. The spray characteristics like droplet size, velocity and direction influence the penetration and deposition of droplets. The efficiency of pesticide distribution often depends on droplet size [32] but hydraulic spray nozzles are not able to produce uniform droplets. A high coverage of the target is usually best achieved with small droplets [33] which are more subject to wind drift [34].



On the other hand, large droplets increase the risk of run off from target surfaces but have a higher kinetic energy which improves canopy penetration. The droplet size distribution is not homogeneous and depends on the position within the spray [35].



A comparison of the percentile number fractions produced by a nozzle to that of specific standardized reference nozzles classifies a droplet size spectrum. Number median diameter (NMD) is the droplet diameter for which 50% of the number of droplets is smaller than this value. Two nozzle-pressure combinations with the same NMD may actually produce a quite different droplet spectrum. Other important droplet characteristics are droplet velocity and direction (trajectory). NMV (number median velocity) is the droplet velocity for which 50% of the number of droplets is smaller than this value.




3.3. Spray Droplet Size Distribution


Figure 19 presents the cumulative droplet size distributions for the five nozzle-pressure combinations (Table 3) at two different measurement points at 500 mm below the nozzle, i.e., center (Figure 19a) and at the edge of the spray (Figure 19b).


Figure 19. Cumulative droplet size distributions for the five nozzle-pressure combinations at 500 mm below the nozzle (a) in the center and (b) at the edge of the spray.
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In the center of the spray, finer droplet size spectra were found for the hollow cone nozzles (ATR orange and red) followed by the standard flat fan nozzles (XR 110 01 and 110 04) while the coarsest droplets were found for the air inclusion flat fan nozzle (AI 110 04) which confirms previous results from, among others, Nuyttens et al. [6,36]. The difference between the ATR orange at 600 kPa and the ATR Red at 800 kPa was limited which confirms the PDPA results published by Dekeyser et al. [37]. Similarly, no differences were found in measured droplet sizes between the XR 110 01 and the XR 110 04 nozzle at this position. Only at the edge of the spray, a clear difference in droplet size distribution was observed between XR 110 01 and XR 110 04. The XR 110 01 produced much more small droplets resulting in a finer and wider droplet size distribution.




3.4. Spray Droplet Velocity Distribution


Figure 20 presents the cumulative droplet velocity distributions for the five nozzle-pressure combinations (Table 3) for two different measurement points at 500 mm below the nozzle, i.e., center (Figure 20a) and at the edge of the spray (Figure 20b).


Figure 20. Cumulative droplet velocity distributions for the five nozzle-pressure combinations at 500 mm below the nozzle in the: (a) center and (b) edge of the spray.
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In the center of the spray, no clear differences in droplet velocity distribution were observed for the different nozzles. The air inclusion nozzle tended to produce the slowest droplets at this position which was even more pronounced at the other positions. As a result, the steepest velocity distribution was measured for the air inclusion nozzle at all positions. Differences between nozzles were most pronounced at the edge of the spray with the slowest droplets for the air inclusion nozzle followed by both hollow cone nozzles. Highest velocities were here observed with both standard flat fan nozzles (XR 110 01 and XR 110 04).






3.5. Comparison between Imaging and PDPA Measuring Technique


In Figure 21, the cumulative droplet size distributions measured with two techniques, i.e., imaging technique and PDPA at three different measurement points for standard flat fan nozzle XR 110 01 (Figure 21a) and hollow cone ATR orange nozzle (Figure 21b), are presented.


Figure 21. Cumulative droplet size distribution results using the imaging technique and PDPA for the: (a) XR 110 01 and (b) ATR orange at three measurement points.
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For the XR 110 01 nozzle (Figure 21a), a very good correlation between PDPA and imaging results was found at all measurement points. Only at the edge of the spray, the imaging technique resulted in a slightly coarser droplet distribution compared with the PDPA technique. The good correlation can be attributed to the small droplet size distribution of this nozzle and the lack of droplets >250–300 μm.



In addition, for the ATR orange nozzle (Figure 21b), a good correlation between PDPA and imaging results was found at the center although the imaging curves were a bit steeper for the reasons mentioned above.



In general, similar effects of nozzle type and measuring position were found with the PDPA technique as with the imaging technique although cumulative droplet size distributions curves gained with the imaging technique were steeper than those with the PDPA. This was caused by the fact that compared with the PDPA, the imaging technique generally measured a smaller number of small droplets and in some cases also a smaller number of the big droplets. Differences between both techniques can be attributed to the smaller amount of droplets measured with the imaging technique which increases the chance to miss one of the big droplets. In addition, no droplets below 24 μm were measured with the imaging technique while smaller droplets were measured with the PDPA.



In Figure 22, the cumulative droplet velocity distributions measured with the two techniques, at three different measurement points for standard flat fan nozzle XR110 01 (Figure 22a) and hollow cone ATR orange nozzle (Figure 22b) are presented. It can be observed that the droplet velocity distributions curves obtained with the imaging technique were shifted to higher values than the ones measured with the PDPA. This was most obvious with the standard flat fan XR 110 01 and the hollow cone ATR nozzle. This can partly be explained by the fact that the PDPA is only measuring droplet velocities in one dimension (vertically) and hence underestimates the actual droplet velocity. That is why differences between imaging and PDPA were generally most pronounced at the edge of the spray.


Figure 22. Cumulative droplet velocity distribution results using the imaging technique and PDPA for the: (a) XR 110 01 and (b) ATR orange at three measurement points.
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4. Conclusions


This paper presented the feasibility of using a technique based on image processing for measuring the droplet size and velocity characteristics of agricultural hydraulic spray nozzles, as a more versatile and cheaper alternative to existing methods such as PDPA.



Firstly, an in-focus droplet criterion based on the gray level gradient was introduced to decide whether a droplet is considered in focus or not. Differently sized droplets generated with a piezoelectric generator and glass nozzles in continuous mode at different distances to the focal plane and lens were measured. This enabled determination of the gray level gradient and in-focus parameter for every droplet size. From this, a critical in-focus parameter (Infc) was established for every droplet size and an in-focus droplet criterion was deduced to decide whether a droplet is considered in focus or not depending on its diameter and in-focus parameter. In this study, the focused droplet zone (FDZ) was defined as the zone in which a droplet with a certain diameter is in focus and a linear relation between droplet size and FDZ was found.



Afterwards, the in-focus droplet criterion was applied to spray images of different hydraulic spray nozzles and the droplet size and velocity characteristics were calculated. The effects of the nozzle type, and nozzle size and measuring position on spray droplet characteristics were studied.



The droplet size and velocity results from the imaging technique have shown that it is possible to measure the spray characteristics in a non-intrusive way using image acquisition set-up and image processing. Measured droplet sizes ranged from 24 μm up to 543 μm depending on the nozzle type and size. Droplet velocities ranged from around 0.5 m/s up to 12 m/s. Similar effects of nozzle type and measuring position on droplet sizes as well as on droplet velocities were found with the imaging technique as with the PDPA or the droplet size and velocity, respectively.



The developed imaging technique can be seen as an alternative to the well-established PDPA. The droplet diameter and velocity characteristics showed satisfactory agreement with the results measured with the PDPA. When compared with the PDPA, the imaging technique generally measured less small droplets and in some cases also less big droplets. Differences between both techniques can be attributed to the fact that the smallest measured droplet size with the imaging system was 24 μm while smaller droplets were measured with the PDPA. In addition, the number droplets measured with the imaging technique was much smaller compared with the PDPA which increases the chance to miss one of the biggest droplets. This can be improved by taking more images. Differences in droplet velocity characteristics between both techniques can be attributed to the fact that the PDPA is only measuring droplet velocity in one dimension and hence underestimates the actual droplet velocity. In addition, the imaging technique applied did not allow the measurement of droplets faster than about 12 m/s based on the FOV and the acquisition rate while some droplets with higher speeds were observed with the PDPA mainly for the XR 110 04. The imaging system can be further improved to be able to measure at a higher frame rate with the same accuracy.



Although the approach proposed in this paper can be considered a new and innovative step to in-field spray droplet characterization and an alternative to expensive laser and holographic techniques, it is still a proof of principle. Several problems still need to be solved in order to be able to reliably measure droplet size and velocity distributions in dense sprays as encountered in real (agricultural) spray applications. Issues to be addressed include amongst others the improved separation of overlapping droplets and the characterization of the impact of the optical properties of the droplets on the results. In order to apply this method to sprayers in the field, the method and set-up also need to be modified to deal with moving nozzles, while real-time processing might require improvement of the proposed algorithms.
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Abbreviations




	Nomenclature Abbreviation
	Description



	A
	Amplitude



	d
	Droplet diameter



	DOF
	Depth-of-field



	f
	Frequency



	FOV
	Field of view



	FDZ
	Focused droplet zone



	gradedge
	Gray level gradient at the edge



	HS
	High speed



	Iback
	Gray level of the image background



	Idroplet
	Droplet gray level



	Infc
	Critical in-focus parameter



	Inf
	In-focus parameter



	NMD
	Number median droplet



	NMV
	Number median velocity



	PDPA
	Phase Doppler Particle Analyzer



	PSF
	Point spread function
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