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Abstract

:

Growing population and decreasing amount of cultivated land conditions the increase of fertilizer demand. With the advancements of computerized equipment, more complex methods can be used for solving complex mathematical problems. In the fertilizer industry, the granulometric composition of products matters as much as the quality of production of chemical composition products. The shape and size of pellets determines their distribution over cultivated land areas. The effective distance of field spreading is directly related to the size and shape parameters of a pellet. Therefore, the monitoring of production in production lines is essential. The standard direct methods of the monitoring and control of granulometric composition requires too much time and human resources. These factors can be eliminated by using imaging measuring methods that have a variety of benefits, but require additional research in order to assure and determine the compliance of real-time results with results of the control equipment. One of the fastest, most flexible and largest amount of data providing methods is the processing and analysis of digital images. However, then we face the issue of the suitability of 2D images to be used for the evaluation of granulometric compositions, where processing of digital images provides only two dimensions of a pellet: length and width. This study proposes a method of evaluating an irregular pellet. After experimental research we determined < 2% of discrepancy when compared to the real volume of a pellet.






Keywords:


image processing; fertilizers; distribution; monitoring












1. Introduction


The rapid application of modern technologies is evident in many various industries. The increasing performance of computer equipment and the wider realization of various theoretical mathematical calculations expands the possibilities of applications of equipment. The largest volumes of production are conditioned by application of cutting edge technical and scientific solutions in various fields of industry. The chemistry industry is no exception. The increasing demand of food supplies and scarcity of cultivated land is a reason for the wider application of fertilizers. Rational fertilization of cultivated land and optimal distribution across the surface of soil or insertion into soil results in better harvests. Therefore, there are specific requirements for the size and shape of fertilizer pellets. However, it is a huge task for manufacturers to assure the quality of fertilizers. As the fertilizer pellets are quite small (2–4 mm in diameter), it is difficult to evaluate their quality by using direct methods of measuring.



With increasing productivity, the best tools for quality assurance are indirect methods of measuring that allow real-time evaluation of the quality of pellets [1,2,3,4,5,6,7,8,9,10,11,12,13]. The technique of processing digital images provides results that are very similar to the results of control equipment based on direct measurements [14,15,16,17,18,19]. A variety of image enhancement methods assure reliability of results [20]. A high frequency of discretization of production monitoring allows for a quick reaction to any production process deviations that manifest in changes of production parameters. Applied numerical intellect solutions simplify the preparation of equipment for work [21,22].



One of the most important qualitative parameters used for the evaluation of pellets is their distribution according to size [23]. However, other parameters are not less important, such as: distribution according to roundness, elongation, compactness, uniformity index of pellets and so on [24]. According to the international standards of sampling and the evaluation of samples [25,26,27], the manufacturer strictly defines qualitative parameters related to other physical parameters. Round pellets and pellets that are categorized by nondispersive size distribution are more likely to be more evenly distributed during fertilization using an automatic spreader [28,29].



Optimal spreading conditions are achieved with higher bulk density, because it creates further throwing distance of the pellets. Various fertilization quality assessment systems are installed depending on the type of spreader used [30]. However, it must be combined with optimal distribution interval of pellets—ideally, distribution interval deviates by ±0.8 mm (width) from the average [31]. Additionally, the more the shape of the pellet is similar to an ideal circle, the longer the distance of its flight, because of its aerodynamic properties. Hardness of the pellet prevents the disks of the pellet spreader from breaking it apart [32].



One of the relevant problems related to using indirect measuring methods is the matching of the results to those from using direct methods. It is especially difficult to evaluate the pellets of irregular shape. According to the literature analysis, many various methods are used for scanning of pellets as well as recalculation of results. The main purpose of this article is to propose a fast method for evaluating the quality parameters of fertilizer pellets, which would ensure continuous quality control. This can only be achieved through indirect measurements. Digital image analysis allows for versatile and fast output analysis. However, there are problems with the evaluation of irregularly shaped pellets in two-dimensional images. This increases the discrepancy between the actual results and the results of the indirect measurement. In this work, the proposed method of evaluation of fertilizer pellets of irregular shape is via processing and analysis of digital images. The obtained results of the proposed measurement method can be applied in the fertilizer production lines for continuous monitoring of production quality. In Section 2 (Materials and Methods), methods of pellet volume evaluation, when their scanning is carried out using imaging measurement techniques, are analyzed. In the second part of the work (Results, Subsection—Evaluation of pellet’s shape) experimental tests are carried out in order to evaluate the production, which is the studied product. Shape characteristics of the pellets (studied product) and related problems are determined. Further on, the applied method of pellet volume calculation, where pellets are divided into layers of least possible height, is analyzed (Subsection—Division of pellet volume into layers). General volume is calculated by integrating the layers of pellet. Based on the received results, an improved method of the calculation of pellet volume was proposed, namely, evaluation of layer using geometric form—ellipse (Subsection—Approximation of pellet cross-section layers using ellipse). In Section 4 (Discussion) information about the improved method of pellet volume evaluation is presented. Meanwhile, conclusions are given in the final section.




2. Materials and Methods


The amount of data received from analysis of the digital image processing is limited for determining the distribution of pellets. Depending on the material being analyzed, pellets can be of irregular shapes, and any approximation of such pellets may largely differ from their real surface.



Two-dimensional (2D) image information always provides only two parameters of pellet size: length and width. Therefore, the precision of evaluation of its volume depends on the level of matching between the approximation model and real surface of a pellet. The contours of pellets are usually approximated using geometric forms that are most widely used in calculations, such as circles, ellipses or best fit rectangle (smallest area limited by rectangle that can define the shape of pellet) [33]. These models are used for defining the contour of a pellet, as well as drawing the largest possible shape (limited by the perimeter of a pellet) inside of a contour of a pellet (Figure 1).



Such forms of approximation are characterized by limitedness, as in the case of an irregular pellet shape the area limited by its contour can be up to two times larger than the real area of the pellet (Figure 2a). This approximation form is the reason for discrepancy between measured volume and real measurement results. To account for such discrepancies, a model of the area (matching real area of a pellet) limited by the regular geometric shape is used (Figure 2b).



Such methods of pellet shape evaluation are used with silhouette contour approximation using ellipses [34], because this geometric shape allows for better evaluation of roundness of the pellet, when compared to a circle shape. The ellipse contour provides information about longitudinal and transverse dimensions. This method of measurement is similar to the sieve method. In many laboratories, sets of sieves are used as a control equipment of examination. In this case, when distribution of pellets must be determined, the main parameter is the width of the ellipse that limits the area of the pellet. The width of the ellipse is the same as the diameter of the holes of the sieve. Matching between the holes of a sieve and the approximated form is presented in Figure 3.



The sieve method used for the measuring of pellets is not a rational choice for evaluation of parameters of their shape. This is related to the working principle of sieves, which only allows for evaluation of two out of three dimensions of pellet, as the pellet falls through sieve when two of its three transverse dimensions are smaller than the diameter of holes of the sieves. In such a case, a third diameter as well as shape of the pellet is left unmeasured. The precision of measuring is also limited by the number of sieves with holes of different diameters. The technique of processing digital images expands the measuring possibilities, while more precise mathematical models used for pellet approximation conditions the improvement of precision and reliability. The correction of the final distribution of the pellets is used as an alternative, e.g., an evaluation carried out only with pellets which are shaped very similarly to the regular shape of a pellet [35].



During the indirect measuring, based on digital image processing, various geometric shapes are used for the approximation of pellets, according to the area limited by their silhouette. One of most common geometric shapes is volume limited by ellipsoid Equation (1) (according to Figure 1e) [36]:


  V =  4 3  π  r 1   r 2     d 2   2  ,  



(1)




where r1, r2—radius of ellipsoid; d2—length of ellipsoid.



The analyzed scan of the pellet image is two dimensional, therefore in calculation we additionally use the width of the ellipsoid, i.e., instead of one radius of the ellipsoid, which is equal to the depth of image, the other radius is used in Equation (2):


  V =  4 3  π  r 2   r 2     d 2   2  =  4 3  π  r 2 2     d 2   2  ,  



(2)




where r2—radius of ellipsoid; d2—length of ellipsoid (ellipsoid scheme in Figure 4).



When pellets are analyzed in terms of volume distribution using Equation (2), each pellet is evaluated as a shape of the ideal ellipse. Such an evaluation will be correct only in specific cases, when the product is characterized by a high index of roundness and smoothness of surfaces. These parameters are determined by chemical composition of a pellet. It determines their fragility and adhesion of mixture. Therefore, when working with irregularly shaped pellets, the method of ellipsoid volume evaluation causes a discrepancy between the results and the real volume of such pellet.




3. Results


The reliability of the evaluation of pellet volume depends on the shape of a pellet. An evenly shaped, not fractured pellet that is resistant to mechanical impact can be evaluated precisely, using approximation of a circle shape. However, in reality we see many irregularly shaped pellets. Therefore, their evaluation using 2D imaging decreases the reliability of the method. Discrepancy is introduced with irregularities of the pellet’s surface. For developing a method of the evaluation of volume of irregularly shaped pellets, primary analysis of production is necessary, because the shape of surface irregularities must be evaluated.



3.1. Evaluation of Shape of Pellets


Depending on the chemical composition of fertilizers, they can be characterized by anisotropic shape. Therefore, ordinary methods of pellet volume by approximation using different geometric shapes introduces discrepancies. For this reason, with any method of pellet volume evaluation, the product’s distribution according to roundness should be known. The distribution of roundness of monoammonium phosphate pellets according to ratio between diagonals of area limited by pellet is provided in Figure 5. During the measurement, 100 different samples taken during the production were analyzed. The graph shows the average of the measurements, and standard squared deviation of measurement < 4%.



After evaluating the results of measuring of roundness of the studied pellets, the assumption can be made that irregularly shaped, elongated pellets are most common throughout all production. Since techniques of processing two-dimensional images cannot take the depth of the image into account, the diameters of pellets, perpendicular to their longitudinal axis, must be thoroughly evaluated. During the examination of shape evaluation, ~1000 pellets were analyzed. A quantity of 10–20 pellets were randomly chosen from each roundness interval of different samples. Every pellet was scanned twice—an image of the largest area limited by the pellet, and an image of the pellet rotated by 90° (principle of pellet evaluation is presented in Figure 6). Results of pellet measuring are provided in Figure 7.



Results received from analysis of monoammonium phosphate pellets indicate that discrepancy of shape of pellets increases with increasing size of a pellet. However, ≤ 95% of all pellets of the material with which we are working are distributed in the interval from 0.2 mm to 1.0 mm. Within these boundaries, roundness of pellets according to ration of diagonals is distributed within boundaries from 0.4 to 0.8. The discrepancy among areas limited by different contours produced according to longitudinal axis that is in the mentioned intervals is < 3%. Because of the contamination of equipment, pellets tend to become smaller during production and it is sufficient to evaluate their shape from one position.




3.2. Estimation of Pellet Volume by Dividing Them into Circular Layers


Based on experiments of pellet analysis, it can be stated that sufficient precision can be achieved when the pellet’s volume is evaluated according to area limited by the pellet’s silhouette. After evaluating examination results it was determined that only in specific cases, when dealing with a pellet’s shape that is very close to ideal, is the ellipsoid volume formula Equation (2) suitable for calculation of pellet volume. Since roundness index of analyzed material is not very high (evidenced by experimental examination, Figure 4), this mathematical expression does not match the real volume limited by pellet. According to the literature [37], the reduction of error of measurements is affected by the division of the analyzed ellipsoid into layers, i.e., dividing its area into narrow regions that are perpendicular to longitudinal axis of ellipse.



The area limited by the pellet’s silhouette is divided into layers of least height. This height is equal to the height of one point of the image. Using this method, the area of circle, limiting every layer, is calculated [37,38] with Equation (3):


   S i  =    π r   2  = π    (     Δ y   2   )   2  ,  



(3)




where Si—area of circle that limits the layer; Δy—the widthof the ellipse layer (particle scheme in Figure 8).



The measuring method studied by Rashidi and Gholami [37] is based on model of the ideal ellipse, because the ellipsoid consists of sum of volumes of circles Equations (4) and (5):


   V i  =  S i   Δ x  ,  



(4)






  V =   ∑   i = 1  n   V i  ,  



(5)




where Si—area of circle limiting the layer; Vi—volume of circle limiting the layer; V—volume limited by ellipsoid.



During the examination, the formed models of the regular shaped pellets were scanned using video camera. Pellets of ellipse shape were formed according to measurement results presented in Figure 7—most pellets are elongated. At the beginning of measuring, the calibration of the experimentation equipment was carried out by evaluating the ratio coefficient between points in the image and real size of a pellet—for recalculation of results into SI (metric) system units. In the later stages, after binarization and threshold segmentation operations were carried out in scanned images, the area of the analyzed pellet was distinguished. The general volume of the pellet was calculated by adding up volumes of the separates layers (perpendicular to longitudinal axis of the pellet), whose height is equal to one point of image. The algorithm of the calculation method is presented in Figure 9. Convexity of the was evaluated experimentally. During the examination of pellet models in course of the experiment, it was determined that this threshold value was 0.8, while there were additional calculations carried out for determining the convexity of a pellet.



Additionally, the limited area of the pellet, as ellipsoid, was evaluated during the examination. The received results of the measurements and calculations are presented in Table 1. The results of measuring were compared to data received using the water displacement method. This method is considered to be benchmark method of measuring. Contours of the pellets were also approximated using circular geometric form. The volume of the granules was estimated using the circular approximation method presented in the Figure 1a. Results are presented in graphs of Figure 10.



After evaluation of results of the pellet volume measurements, presented in Figure 1 and Figure 10, it can be stated that approximation using the ellipse limiting the pellet’s area is not a reliable volume measuring method for evaluating the volume of the ellipsoid. In case of ellipsoid approximation, the average of absolute error of measurements is up to 1.258 cm3, while σ = 0.687. When the volume of pellets model is calculated by dividing its area into layers of one point of the image and the limited area of layers is added up, more reliable measurement results are produced because of the lowest possible distance between the adjacent analyzed areas of cross-section. Respectively, the average of absolute error—0.153 cm3 and σ = 0.171. To evaluate the results produced during the experiment, it can be said that applied method of pellet evaluation of analysis of two-dimensional image of a pellet by dividing it into limited areas of cross-section is reliable and assures low MRE (Mean Relative Error) Equation (6):


  δ =    |  0.15  |     |  13.8  |    × 100 % ≈ 1.109 % .  



(6)







It was determined that the applied method of pellet shape evaluation is effective with regular geometric shape of a pellet, which rarely matches real irregularities limited by the area of an angled pellet. For evaluation of the shape, 50 samples of same material (monoammonium phosphate) were randomly taken at different point of time of production. Figure 11 provides two dimensional images of scanned irregularly shaped pellets together with statistical graphs of distribution of irregularly shaped pellets in a sample, according to pellet’s roundness.



After evaluating the samples taken in course of the production, it was determined that the statistically most common irregularities of pellet shape were convexity, flatness of shape and various notches. Convexity of shape can be evaluated using the Equation (5) volume calculation formula, where different layers of pellet are treated as circles. However, in such cases each irregularity limited by the region of the pellet silhouette should be positioned in an area limited by > ¾ of the pellet cross-section (Figure 12). When the pellet is flat, evaluation of its volume according to circles, which the cross-section consists of, creates discrepancies of measurements.



The cross-section of flat pellets or pellets with notches with respect to longitudinal axis of pellet is similar to the area limited by ellipse. According to previously presented methods of pellet volume evaluation, where separate layers of pellets are evaluated as circles, it is likely that measurement discrepancy will appear between measurement results, when they are compared to data received using control equipment. In the case of evaluating irregularly shaped pellets, calculation of circle area in place of a notch in the pellet decreases the area of its cross-section and this directly affects the shrinking of pellet volume.




3.3. Estimation of Pellet Volume by Dividing Them into Elliptical Layers


For compensation of pellet volume calculation when the pellet is irregularly shaped, convexity of the area limited by the pellet was evaluated. After filling the notch in the pellet with its convex shape, its depth can be rationally evaluated. The ellipse geometric shape fills the cross-section area of a pellet more precisely. The three-dimensional model of irregular pellet presented in Figure 13.



Based on the pellet model presented in Figure 13, an assumption can be made that the cross-section area of the pellet limited by the envelope line is better overlapped by an ellipse than a circle. The volume is calculated by using both contours of the pellet—the real and notched area limited by the envelope line. The pellets volume is divided into cross-section areas, whose height is equal to one point of the image and which are perpendicular to longitudinal axis; then the pellets volume is calculated by integrating (according to Figure 13) Equations (7) and (8):


  S  ( h )  =  π r     d 2   2  ,  



(7)






  V =   ∫  0 h  S  ( h )  dh ,  



(8)




where S(h)—area of ellipse limiting the layer; r—half of cross-section of real area limited by pellet; d2—diameter of cross-section limited by pellets envelope line; h—length of a pellet, perpendicular to planes of layers that limit it; V—volume limited by pellet.



For testing the reliability of the measuring method evaluating irregularly shaped pellets, models of plasticine were made (Figure 14a). Formed models of the pellets were scanned in two directions, using video camera, with the pellets position covering the largest possible area in relation to position of the video camera and the pellet rotated by 90° from the largest area position. This allowed us to evaluate the reliability of the measuring method by analyzing irregular geometric shapes from different positions in space. Calibrated experimental equipment was used for measuring. After carrying out primary morphological operations in the scanned images, the contour limited by the model was identified (Figure 14b). One of more important objectives of the primary processing is elimination of very small pellets that are in the background of the image and are not affected by gravity. This task is carried out by applying evaluation of the background [39], which allows us to filter out unneeded objects [40].



The general volume of the pellet is calculated by the previously used method of the sum of the separate volumes of layers, whose height is equal to one point of the image. The improved method is based on the calculation of the ellipse-like areas (based on Figure 8 and Figure 13). The received results are presented in Table 2. The measuring data was compared to the method of the layer sum of circle-like pellets. Data received using the water displacement method is considered benchmark. Measuring results are presented in graphs of Figure 15.



According to the calculations results, for the evaluation of volume of the irregularly shaped pellet, the evaluation method of pellet layer area approximation using the ellipse can be selected as a rational choice. The average absolute error when layers are approximated as circles is 1.191 cm3 (when the pellet is evaluated rotated by 90° from position, in which the pellet limits the largest possible area in relation to field of view of the camera), which on average represents < 9% of average volume of a pellet. Average squared deviation respectively was 1.38. While, when approximation of layers was carried out using the ellipse geometric shape, the average absolute error was 0.314 cm3 (when the pellet is evaluated rotated by 90° from position, in which the pellet limits the largest possible area in relation to field of view of the camera) and it represents < 2% of average volume of pellet.



To evaluate the practical value of this method, measurements in a real production line were carried out. Measuring equipment, designed, manufactured and installed in previous works, with linear video camera, LED light and automatic subsystem of sampling was used [34]. Monoammonium phosphate samples (MAP) were analyzed during the experiment. Received results were compared to results received using the sieves method and the method of processing of scanned images (where pellets were approximated using ellipse) (Figure 16, Figure 17 and Figure 18). Same samples were compared during measuring.



The evaluation of the received results showed evident matching of the results with those received from the control equipment. Evaluation of the results of separate samples showed that absolute error does not exceed 0.15 mm of the average size of the pellet (D50). The relative error is less than 5%, when the absolute error of approximation of the pellet using the ellipse is up to 0.37 and relative error is > 12%. Therefore, it can be stated that the proposed method for evaluating separate pellets allows for achieving better matching between the measuring results and control equipment results.





4. Discussion


The received examination results showed that not only the shape of approximation has a great effect on the precision of evaluation, but also the position of the pellet in relation to the video camera. When a less characteristic image of a pellet is scanned, it does not provide sufficient valuable geometric information which could be interpreted correctly. After evaluating measurement results, it was noted that a similar level of discrepancy is found with both approximation of layers using circle and approximation using ellipse. The average absolute error when layers are evaluated as circles was 3.116 cm3, while the relative error is up to 17.40%. When layers are evaluated using the ellipse shape average the absolute error is 2.954 cm3, while the relative error is up to 17.20%. Therefore, the assumption is made that the area and volume of a pellet at a place of notch should be evaluated as a geometric shape of ellipse, because it provides more precise results of measurements. These results can later be used for management of other, more complex processes [41]. The proposed more accurate method of evaluating irregularly shaped pellets can be ensured by implementing a computer vision quality monitoring system in the fertilizer production line. Monitoring the results allows operators to adjust the line parameters that determine the shape of the particles. Ensuring the quality control of production processes determines the quality of the final product. High-quality fertilizer production influences better absorption of useful substances for plants, and more even fertilization.




5. Conclusions


We have provided the results of experiments with the proposed method for evaluation of pellet volume using two-dimensional image processing. After completion of the first experiments it was determined that approximation of irregularly shaped pellets using circular geometric shapes presents a larger amount of error than approximation using ellipsoids. Respectively, when sphere shape approximation is used, the average absolute error is up to 1.258 cm3 (σ = 0.687), while when using ellipsoid, 0.153 cm3 (σ = 0.171). It is more than eight times the difference. Additionally, it must be noted that irregularly shaped pellets were evaluated.



The standard method, which is not precise when irregular shapes are being evaluated, was evaluated according to literature sources. Evaluation of pellet volume by using its cross-section layers whose height is limited by the lowest possible height of scanning equipment provides better results of volume calculation. It was determined that the shape of an elongated ellipse is characteristic to a monoammonium phosphate pellet. Additionally, the most common met irregularities of pellet shape (notches) were evaluated. The proposed method allows for the elimination of discrepancies by evaluating the envelope line of the region limited by the pellet silhouette. After improving approximation of the cross-section using the ellipse geometric shape according to convexity of area limited by the pellet’s silhouette, better results were achieved. This allowed us to reduce relative error from 10.20% to 2.50%. However, in order to achieve these results, it is very important that the more characteristic region of the scanned pellet should be evaluated. When the pellet is rotated by 90° from position in which this pellet limits the largest area in relation to the field of view of the video camera, the error is only up to < 2% of its average volume. The proposed method of pellets analysis makes it possible to achieve high results of indirect measurements with an error of less than 2%. This provides an opportunity for continuous monitoring of production. To ensure reliable results, they can be compared with the data of measurements performed by the direct measurement method (the latter are performed significantly less frequently). In further works it is planned to carry out experiments with pellet ducts of different shapes, which are used to transport pellet for testing.
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Figure 1. Models of pellet approximation: (a,b)—pellet is approximated using a circle drawn around it and a circle drawn inside of it; (c,d)—pellet is approximated using best fit rectangle drawn around it and rectangle drawn inside of it; (e,f)—pellet is approximated using a ellipse drawn around it and a ellipse drawn inside of it. 






Figure 1. Models of pellet approximation: (a,b)—pellet is approximated using a circle drawn around it and a circle drawn inside of it; (c,d)—pellet is approximated using best fit rectangle drawn around it and rectangle drawn inside of it; (e,f)—pellet is approximated using a ellipse drawn around it and a ellipse drawn inside of it.



[image: Applsci 10 02650 g001]







[image: Applsci 10 02650 g002 550] 





Figure 2. Connection between pellet and the shape that is being approximated: (a) area of discrepancy between real area of irregular pellet and circle shaped approximation is marked by the shaded area; (b) left side—real area limited by pellet (S1) and perimeter (P1); right side—circle shape formed from the area of pellet. 
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Figure 3. Similarity of results of pellet approximation model and control equipment. (a) Control measuring equipment consisting of a set of sieves with different diameter holes; (b) the width of pellet approximation shape matches the diameter of a hole of a sieve. 
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Figure 4. The ellipse model. 
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Figure 5. Distribution of monoammonium pellets according to roundness (ratio of diagonals of area limited by pellet’s silhouette). 
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Figure 6. (a) The pellet is scanned using a 90° angle between the camera’s field of view and the longitudinal axis of the pellet, when we receive the largest area limited by the pellet and image rotated by 90°; (b) evaluation of discrepancy of pellet overlapping area according to averages of areas. 






Figure 6. (a) The pellet is scanned using a 90° angle between the camera’s field of view and the longitudinal axis of the pellet, when we receive the largest area limited by the pellet and image rotated by 90°; (b) evaluation of discrepancy of pellet overlapping area according to averages of areas.



[image: Applsci 10 02650 g006]







[image: Applsci 10 02650 g007 550] 





Figure 7. Average discrepancy of area limited by the pellet’s silhouette when pellets are evaluated according to their size and roundness. 
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Figure 8. The layering of an ellipse: (a) side view of an ellipse model; (b) top view of ellipse model. 
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Figure 9. Algorithm for calculation of pellet volume (pellets divided into layers). 
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Figure 10. Measuring of volume of formed pellet model based on imaging method of processing of digital images: (a) ratio between results produced by approximation of ellipsoid volume method and water displacement method; (b) ratio between results produced by approximation of pellet volume by dividing pellet’s volume into layers of circles and water displacement method. 
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Figure 11. Analysis of example of pellets sample: (a) distribution of pellets of first sample according to roundness; (b) distribution of pellets of second sample according to roundness. 
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Figure 12. Largest possible ellipse, whose volume is limited by region of pellet, is drawn inside of a pellet. 
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Figure 13. Three-dimensional (3D) model of irregular pellet: (a) the pellet’s volume consists of the sum of layer circles; (b) shape of the regular pellet is limited by pellet envelope line; (c) discrepancy between irregular volume and volume limited by envelope line; (d) cross-section of pellet limited by its envelope line. 
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Figure 14. (a) Models of analyzed pellets; (b) distinguishing of shape parameters of analyzed model of pellet. 
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Figure 15. Measuring of volume of formed pellet models based on method of image processing. All graphs present comparison of results to results received using water displacement volume evaluation method: (a) cross-sections of pellet model layers approximated using circles; (b) cross-sections of pellet model layers approximated using ellipses. In the (a,b) graphs, particle volume calculation was made by evaluating 2 images (largest area and rotated by 90°). In (c,d)—cross-sections of pellet model layers approximated using circles from 1 image (largest area or rotated by 90°). In (e,f)—cross-sections of pellet model layers approximated using ellipses from 1 image (largest area or rotated by 90°). 
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Figure 16. Distribution of pellets according to volume. 
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Figure 17. Distribution of pellets according to roundness. 
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Figure 18. Average diameter of pellet from different samples (D50). 






Figure 18. Average diameter of pellet from different samples (D50).



[image: Applsci 10 02650 g018]







[image: Table] 





Table 1. Calculation of volume of pellet model (pellet was divided into circular layers).
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Water Displacement Method

	
Method for Dividing Pellets into Circular Layers

	

	
ΔV2, cm3

	
ΔV3, cm3




	
Sample no.

	
Length of pellet, mm

	
Width of pellet, mm

	
Volume V1, cm3

	
Length of pellet, mm

	
Width of pellet, mm

	
Volume V2, cm3

	
Volume V3 1, cm3

	
    |  V 1 − V 2  |    , cm3

	
    |  V 1 − V 3  |    , cm3






	
1

	
80.4

	
18.0

	
13.8

	
81.11

	
18.37

	
14.11

	
14.33

	
0.31

	
0.52




	
2

	
68.3

	
17.6

	
13.4

	
69.38

	
17.86

	
13.18

	
11.58

	
0.22

	
1.82




	
3

	
49.1

	
20.7

	
13.6

	
49.65

	
21.09

	
13.36

	
11.56

	
0.24

	
2.04




	
4

	
53.4

	
20.6

	
13.8

	
53.90

	
21.26

	
13.85

	
12.75

	
0.05

	
1.05




	
5

	
56.1

	
20.8

	
14.0

	
56.46

	
21.09

	
14.00

	
13.14

	
0.01

	
0.86




	
6

	
61.4

	
18.6

	
13.2

	
62.41

	
19.22

	
12.93

	
12.07

	
0.27

	
1.13




	
7

	
74.0

	
18.2

	
14.0

	
74.14

	
18.54

	
14.01

	
13.34

	
0.01

	
0.66




	
8

	
74.7

	
17.8

	
14.0

	
75.16

	
18.03

	
14.01

	
12.79

	
0.01

	
1.21




	
9

	
66.9

	
19.1

	
14.4

	
67.17

	
19.22

	
14.20

	
12.99

	
0.20

	
1.41




	
10

	
64.8

	
18.3

	
13.8

	
65.13

	
18.71

	
13.58

	
11.93

	
0.22

	
1.87




	

	

	

	

	

	

	

	
MAE, cm3

	
1.258

	
0.153




	

	

	

	

	

	

	

	
SSE

	
6.872

	
1.711




	

	

	

	

	

	

	

	
σ2

	
0.687

	
0.171




	

	

	

	

	

	

	

	
RMSE

	
1.351

	
0.191








1 Volume of ellipsoid (area of ellipse approximated using ellipse).
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Table 2. Differences between calculation of volume of pellets using direct method and pellet division to circular and elliptical layers.
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Sample no.

	
Sample Position

	
Volume V1 2, cm3

	
Volume V2 3, cm3

	
    |  V 1 − V 2  |    , cm3

	
Volume V3 4, cm3

	
    |  V 1 − V 3  |    , cm3

	
Volume V4 5, cm3

	
    |  V 1 − V 4  |    , cm3

	
Volume V5 6, cm3

	
    |  V 1 − V 5  |    , cm3






	
1

	
Largest area 1

	
12.8

	
14.60

	
1.80

	
14.27

	
1.47

	
20.09

	
7.29

	
19.02

	
6.22




	
Rotated by 90°

	
10.2

	
2.6

	
11.29

	
1.51




	
2

	
Largest area 1

	
13.6

	
14.94

	
1.34

	
14.69

	
1.09

	
19.56

	
5.96

	
19.3

	
5.7




	
Rotated by 90°

	
11.89

	
1.71

	
13.06

	
0.54




	
3

	
Largest area 1

	
12.4

	
13.67

	
1.27

	
13.40

	
1.00

	
18.07

	
5.67

	
17.87

	
5.47




	
Rotated by 90°

	
10.61

	
1.79

	
12.29

	
0.11




	
4

	
Largest area 1

	
15.8

	
14.70

	
1.10

	
14.60

	
1.20

	
15.45

	
0.35

	
14.51

	
1.29




	
Rotated by 90°

	
15.5

	
0.3

	
16.18

	
0.38




	
5

	
Largest area 1

	
13.4

	
13.32

	
0.08

	
13.23

	
0.17

	
15.14

	
1.74

	
14.94

	
1.54




	
Rotated by 90°

	
12.44

	
0.96

	
13.61

	
0.21




	
6

	
Largest area 1

	
14.6

	
15.00

	
0.40

	
14.87

	
0.27

	
17.46

	
2.86

	
17.06

	
2.46




	
Rotated by 90°

	
13.78

	
0.82

	
14.79

	
0.19




	
7

	
Largest area 1

	
13.2

	
13.27

	
0.07

	
13.10

	
0.10

	
15.79

	
2.59

	
15.61

	
2.41




	
Rotated by 90°

	
11.73

	
1.47

	
13.11

	
0.09




	
8

	
Largest area 1

	
14.0

	
14.27

	
0.27

	
14.14

	
0.14

	
16.65

	
2.65

	
16.46

	
2.46




	
Rotated by 90°

	
12.83

	
1.17

	
13.99

	
0.01




	
9

	
Largest area 1

	
14.4

	
13.70

	
0.70

	
13.70

	
0.70

	
13.79

	
0.61

	
13.63

	
0.77




	
Rotated by 90°

	
14.28

	
0.12

	
14.4

	
0




	
10

	
Largest area 1

	
14.6

	
14.28

	
0.32

	
14.20

	
0.40

	
16.04

	
1.44

	
15.82

	
1.22




	
Rotated by 90°

	
13.63

	
0.97

	
14.7

	
0.1




	

	
Largest area

	
MAE

	
0.735

	

	
0.654

	

	
3.116

	

	
2.954




	

	
RMSE

	
0.932

	

	
0.811

	

	
3.851

	

	
3.537




	

	
Rotated by 90°

	
MAE

	
0.735

	

	
0.654

	

	
1.191

	

	
0.314




	

	
RMSE

	
0.932

	

	
0.811

	

	
1.380

	

	
0.532








1 Pellet model rotated to limit the largest area in relation to camera. 2 Volume of pellet model calculated using water displacement method. 3 Cross-section layers of pellet models approximated using circles, while diagonals are evaluated according to information of different images. 4 Cross-section layers of pellet models approximated using ellipses, while diagonals are evaluated according to information of different images. 5 Pellet model cross-section layers approximated using circles. 6 Pellet model cross-section layers approximated using ellipses.
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