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Abstract

:

This article analyzes a large tower press used to press crushed olives to obtain olive oil. To this end, a study of computer-aided engineering (CAE) was carried out using the parametric software Autodesk Inventor Professional, consisting of a static analysis using the finite-element method (FEM) of the 3D model of the press under real operating conditions. The tower press has been analyzed in two limit positions: in the rest position, supported on two pillars, and the pressing position, supported on the set of filter discs (basket load) called ‘cargo de capachos’ that contained the previously ground olives. In the first position, static analysis revealed that the maximum von Mises stress was 22.7 MPa, located on the axle of the roller, but this is far from the elastic limit. Moreover, the lowest safety coefficient is 11.16, produced in the contact between the tower and the right pillar and well above the optimal range between 2 and 4. On the other hand, it hardly presents equivalent displacements or deformations that would endanger the operation of the set. The greatest displacement would be in the wooden guide (0.123 mm) and a deformation of 0.027% with respect to its length. These values confirm that, in this position, the tower press was clearly oversized. However, the results obtained regarding the second position are not entirely conclusive. Although the values of the displacements and the equivalent deformations are low, with results similar to those obtained in the first position, with a maximum displacement of 0.1315 mm located in the horizontal beam of the support structure and a maximum equivalent deformation of value 0.385%, located in the contact between the screw and the nut, the same does not happen with the von Mises stress. The software did not obtain a convergent result due to the frustoconical geometry of the bolt that joins the screw and nut, adopting a maximum value of 508.3 MPa. For this point, the safety coefficient is 1.49, which reveals a sizing problem with the proposed solution of resizing the screw thread, giving it more robustness. The rest of the elements work with a safety coefficient above 4.33 so they are also clearly oversized, according to current criteria.
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1. Introduction


In Mediterranean culture, olive oil is the most widely consumed natural oil in various cuisines for its culinary qualities and for its benefits for human health. For this reason, at present, many researchers are striving to carry out scientific studies on different aspects of olive grove agriculture so that they result in an improvement of the tree and therefore of its fruit [1,2,3,4,5,6].



Furthermore, the olive-growing heritage has aroused great interest as it is one of the most important manifestations in the world of olive oil [7]. In this sense, the different primitive procedures have been studied, as well as the classical systems of grinding and pressing olives [8].



Until the middle of the 20th century, the process of obtaining virgin olive oil was discontinuous: first, the olives were ground, and later the paste obtained after grinding was pressed and placed in filter discs called ‘capachos’; after this pressing, a mixture of olive oil and vegetation water called ‘alpechín’ was obtained, both components being separated by natural decantation (difference in densities).



However, since the middle of the 20th century, olive oil production has been carried out in modern facilities with stainless steel machines, thanks to a continuous process of extraction of olive oil by centrifugation.



The tower presses were direct action presses, that is to say that their operating principle was based on the action of gravity, as they dropped onto a set of filter discs (basket load) stacked one on top of the other called ‘cargo de capachos’ that contained the paste of the ground olive, with the weight of a large stone tower exerting great pressure (since the greater the mass of stone, the greater the pressure exerted on the basket load), and consequently yielding a greater quantity of olive oil in the first pressing, which was that of the highest quality [8].



At first, the stone tower, which was located inside thick solid walls, was mobile and could be raised or lowered thanks to a wooden screw (spindle) [9]. However, this had the disadvantage of great friction, which caused the tower to lean too much so that the pressure on the basket load was not uniform. For this reason, a series of guides and rollers were incorporated so that the ascent and descent movement was as straight as possible and therefore the action of the pressure on the basket load was as uniform as possible.



Other authors describe it as consisting of solid walls approximately 2.5 m high, which served as a limit to a movable stone tower crossed by a large screw, usually made of cast iron, in such a way that it was raised and dropped onto the basket load [10]. This method would undoubtedly be very advantageous, but it required a great deal of time to move large masses at different heights and, therefore, needed to evolve technologically over time.



The study of olive oil mills and presses has been approached from different points of view, such as the architectural [11,12] or the cultural [13]. However, the study of old devices, as well as the analysis and optimization of their operation, which starts with a 3D CAD (computer-aided design) model [14], followed by a static and/or dynamic analysis of the model using CAE (computer-aided engineering), has been performed. Some examples that have been studied, following this methodology, have been an ancient conical stones olive oil mil [15], a double-acting steam engine [16], a mechanical dredger in the port of Kronstadt [17] and the Hay inclined plane in Coalbrookdale (Shropshire, England) [18]. In the aforementioned investigations, it was possible to demonstrate that said historical inventions were clearly oversized according to the results offered by the static analysis carried out.



This research shows the static analysis carried out on a large tower press used until the middle of the 20th century.



As previously stated, there is no worldwide study from the point of view of mechanical engineering of this type of press, which underlines its novelty, originality and scientific interest. For this reason, the ultimate objective of this research is to perform a static analysis of this press using the finite-element method (FEM) [19,20,21] under real operating conditions, to determine if it was well dimensioned and show, where appropriate, how the model could be optimized.



The remainder of the paper is structured as follows: Section 2 presents the materials and methods used in this investigation; Section 3 then includes the main results such as von Mises stresses, displacements, deformations and safety coefficient; and Section 4 shows the main conclusions.




2. Materials and Methods


The initial material for this research has been the tower press located in the Museo de la Cultura del Olivo in the town of Puente del Obispo (Jaén, Spain) (Figure 1). This press was the object of a study from the point of view of engineering graphics within a research project of the National Research, Development and Innovation Plan of the Government of Spain, where the most notable classic mills and presses were analyzed using infographic techniques for different museums of olive oil in Spain, which allowed us to obtain a reliable 3D CAD model.



Regarding the methodology used to obtain a 3D CAD model, Autodesk Inventor Professional [22], computer-aided design parametric software developed by Autodesk, was used to obtain an accurate and reliable digital restitution of the press.



Finally, it has been possible to perform the CAE simulation from the 3D CAD model using FEM to perform a static analysis of the tower press as a whole.



2.1. Operation of the Tower Press


The first step in carrying out a satisfactory analysis is to understand how the tower press worked, and, for this, the assembly plan that includes all its elements will be used (Figure 2).



The operating principle of the tower press is common to all direct action gravity pressing systems, that is, it involves dropping a large tower formed by stones onto the basket load (15).



The tower (8) is made of granite and is free to move in the vertical direction thanks to a system of guides and rollers (6) housed in two trusses adjacent to the tower that form a guide structure (7) that guarantees the vertical movement of the tower. The lower part of the tower consists of a wooden frame (9) that has a double function: when there is no pressing, that is, in a resting situation (Figure 3a), this frame rests the weight of the tower on two pillars (2), and when there is pressing (Figure 3b), its weight acts on the basket load (15). These are the two limit positions that are studied in the present research.



To understand how the mechanism works, the starting point is the resting position in which the tower rests on the pillars. In principle, under the element that will directly press the basket load (press plate) called ‘marrano’ (14), there is a free height to form the load. As this basket load is formed and reaches a certain height, the operator operates the vertical axis capstan called ‘palopedro’ (3). This element acts as a manual winch with a vertical axis, supported by a support beam (5) which allows it to rotate. Thus, by rotating the capstan the transmission rope (4) is wound. This makes the pulley (13) rotate, which is attached by means of a large bolt to a cast screw called ‘husillo’ (12). As the screw is turned, it is unscrewed from the nut (11) and begins to descend. At the lower end of the screw is the press plate, which goes down jointly with the screw until at a certain moment it comes into contact with the basket load and the rotation stops.



The ingenuity of the system is that, at that moment, the operators continue turning the capstan, causing the screw to continue moving and the nut to continue unscrewing, but since the press plate can no longer descend, it is the tower that begins to ascend. Specifically, the wooden frame (9) stops leaning on the two pillars and rises a few centimeters, enough so that the weight of the tower is entirely over the basket load, and in a short time, the oily must (olive oil and alpechín mixture) runs through the baskets until it reaches a channel that surrounds the basket load called ‘regaifa’ (1) that collects it. After this time, the tower rests on the pillars, having ‘exhausted’ the basket load and reduced its height, that is, having pressed it completely. Finally, if the pressing has been satisfactory, the operators manually turn the pulley so that the press plate rises and the pressed baskets can be removed.



Moreover, the elements of the tower press can be organized from the point of view of their functionality. A first set of elements would be those destined to serve as a support to the tower, such as the structural elements that are fixed, facilitating its vertical movement (Figure 4). A second set would be the elements of the vertical axis capstan, whose purpose is to operate as a vertical axis winch that facilitates the movement of the press plate and, consequently, of the tower itself (Figure 5). The final set of elements would make up the mobile part of the press and control the process of pressing the basket load that contains the ground olive paste (Figure 6).




2.2. Computer-Aided Engineering (CAE)


From the 3D CAD model, a static analysis has been carried out using the finite-element method (FEM) thanks to Autodesk Inventor Professional software.



2.2.1. Pre-Processing


This is the first step to being able to carry out an effective static analysis of the model, and it consists of simplifying and establishing the positions in which this analysis will be carried out. This is so because there are elements of the model that are not structurally involved in the analysis or also because their presence can be replaced by a movement restriction or a load. However, the simplification process must always respect the results of the analysis, that is, if the model is not simplified, the result should be the same.



From the computational point of view, the greater the number of elements, the greater the geometric mesh and the mathematical model on which to apply FEM, and this mainly translates into a greater demand on the computer processor and, therefore, into a longer calculation time. Therefore, obtaining a simplified model that yields the same results as a non-simplified model enables analysis with lower computational requirements. On the other hand, it is also necessary to determine in which limit positions the model works, as the elements that make up the tower press assembly are subject to different stresses in each position.



Following the order explained previously, the element to be studied has been simplified by eliminating a series of elements of the structural part that will be replaced by movement restrictions at some points, thus generating what are called supports.



The base, the building enclosure and the channel that collects the oily must are not part of the body of the model and are easily replaceable, as will be seen in the boundary conditions section. On the other hand, the entire vertical axis capstan system has no influence on the main structure, since it is responsible for raising or lowering the screw and allowing different positions in the press, but its elimination does not influence the static analysis of the tower press as a whole. Finally, the moving part of the press is adopted without any simplification. Figure 7 shows the simplified model. On this model, the two limit positions shown in Figure 3a,b will be studied: Position 1, in which the tower is supported by the pillars, and Position 2, in which the tower rests on the basket load.




2.2.2. Assignment of Materials


During the 3D modeling process of the tower press, the software allowed us to assign a material to each element of the assembly, although the stress analysis module of Autodesk Inventor Professional also allows users to assign a material to each element again or to modify the physical properties of the assigned material. This is an important task since if any of the elements does not have a material assigned, the software does not allow stress analysis.



On the other hand, the software requires the behavior of the material to be defined, that is, if it is isotropic and has the same properties in all directions, or if it is orthotropic, in which case its properties depend on the direction in which they are measured. In the latter case, it is proposed to replace the orthotropic material with an isotropic one elaborated from an average behavior obtained from its three main directions.



Two isotropic and one orthotropic material have been involved in the present research. The isotropic materials have been cast iron (with which all metal parts were made) and polished granite (for stone materials). The characteristics of these have been obtained from the Autodesk Inventor Professional material library with their defined properties. Thus, the physical properties of cast iron are: Young’s modulus 120,500 MPa, Poisson’s ratio 0.30, density 7150 kg/m3, and an elastic limit of 758 MPa. For its part, polished granite has a Young’s modulus of 55,000 MPa, a Poisson’s ratio of 0.25, a density of 2700 kg/m3, and an elastic limit of 39 MPa.



For elements made of oak wood, considering it as an orthotropic material, the direction of the grain has been defined as the most resistant to the direction of the longest element. Thus, oak wood has been assigned with three different values of Poisson’s ratio and Young’s modulus depending on the direction, but with a constant density value of 760 kg/m3 and an elastic limit of 41 MPa in the direction parallel to the grain.




2.2.3. Boundary Conditions


The third step prior to static analysis is to establish the boundary conditions. As previously stated, the two limit positions to be studied are closely related to the defined supports of the model.



By simplifying the model, some elements of the structure have disappeared and, therefore, it is necessary to correctly define the supports so that the study of the simplified model does not yield different results from the real one.



The supports that are defined are the classic supports used in the calculation of structures: fixed, articulated and mobile supports. However, Autodesk Inventor Professional does not define supports directly, but allows for the restriction of degrees of freedom of movement to specific surfaces, that is, the supports must be defined based on restrictions to the affected surfaces.



Figure 8 shows the surfaces that have a total restriction of movements, which would correspond to a fixed support. These are specifically the pillars of the press in their insertion in the base, the support of the arches and the beams on the walls of the building where the tower press is housed. Furthermore, these boundary conditions are common to the two limit positions to be analyzed, whether the tower is supported by the pillars (Position 1) or the basket load (Position 2).



Figure 9 shows a movement restriction that will only be produced in the case in which the tower rests on the basket load (Position 2). In this case, the lower surface of the press plate rests on the basket load and its vertical movement is impeded. It is, therefore, a mobile support in which the vertical movement of the surface is prevented. Once this support is defined, the model can dispense with the presence of basket load made of a material such as hemp, which is difficult to simulate and has variable physical properties.



Thus, once the supports have been defined, the software allows the contacts of the different elements that are part of the final assembly to be automatically generated. If the press is well modeled and its geometry is not excessively complicated, the automatic contacts coincide with the actual contacts between elements. In the case of the present research, a difficulty appeared that has been solved by manually defining the contact between elements. These are the metal clamps that join the wooden connector and the wooden frame, made up of two metal plates and the two large screws that join them. The problem is that the contact between the wooden frame and the plate is not flat, and the software is unable to establish it (Figure 10). Therefore, by selecting the surfaces that should be related and accepting the contact, the software corrected this problem. Apart from this difficulty, the software defined the rest of the contacts perfectly.




2.2.4. Forces Applied


The next step is to define the forces that act on the press. At first, it might seem that there are two fundamental forces that intervene on the structure: gravitational action and that from the action of the vertical axis capstan on the pulley, but this is not the case.



The gravitational action, represented in Figure 11, is the one that affects the set of elements of the model, and as will be explained below, it is the only force that acts in the pressing of the basket load.



To define this force, the acceleration of gravity with a value of 9.81 m/s2 in the negative direction of the z axis has been taken.



The mass of the moving part of the press (tower with a height of 6.93 m), which is what is going to exert pressure on the basket load, is 45,988 kg, which means a force of 451,142 N.



Furthermore, the surface of the press plate that comes into contact with the surface of the baskets is 0.578 m2, so the pressure that will support the charge of baskets is 780,522 Pa, which is more than enough to extract the oily must from the previously-ground olives.



However, the force derived from the action of the vertical axis capstan has no reason to appear in the static analysis of the model, since the function of this element is only to rotate the pulley that is integrally attached to the screw, screwing it or unscrewing it on the nut that joins the connector to the wooden frame.



The pulley rotates freely in Position 1, that is, when there is no lower opposition from the basket load. As the structure is supported by the pillars, the screw can adopt any position without any resistance from the structure. Therefore, in this position, it is unnecessary to define the force.



In Position 2, when the tower is supported by the basket load, the vertical axis capstan must overcome the resistance of the tower to be lifted, which is caused by gravitational action; furthermore, if the capstan is stopped from rotating, the tower does not return to its original position resting on the pillars. Thus, it can be said that Position 2 can be characterized without the intervention of forces on the pulley. This is, therefore, the situation that has been chosen to perform the static analysis, thus avoiding the intervention of more actions than necessary.




2.2.5. Meshing


Meshing is the last action to take before running the stress analysis. Meshing consists of the geometric discretization of the model, generating a volumetric network of tetrahedra that simulate its geometry. Each of the vertices of the volume is a node that is related to its neighboring nodes, and the values it presents in relation to those neighboring nodes can be written as a system of linear equations that can be solved by iterative methods. The greater the number of nodes, the greater the computational requirements necessary to solve all the equations.



Generally, the software that performs the FEA uses tetrahedral elements tetra 10 (4 physical points and 10 nodes). More specialized software allows for the use of hexahedral volumes, such as hexa 8, hexa 20 or hexa 27, to perform meshing in dynamic analysis or in static analysis of elements with very complex geometries. The mesh formed by hexahedra, compared to the one formed by the tetrahedral, generates the same volumes with fewer elements, but also with less geometric precision. The choice of hexagonal meshes reduces computational requirements and saves time and maybe from mathematical point of view the result would be better (total number of nodes is reduced and there are fewer differential equations), but the mesh does not conform to the real geometry. In a linear analysis such as the current one, there is no problem in using volumes of tetra 10 because the total number of elements to be analyzed is not excessive and the geometry will be better characterized.



In other types of simulations, for example, in lighting or thermal analysis, the use of bar or shell elements is more frequent. It is evident that this type of element, of a lower order, has much fewer elements (and calculation time) but the problem is, to adapt 2D elements to 3D models, this simplification, which is not always possible, requires time and must be well justified in order to analyze the real model.



It is important to find a balance. The results obtained using higher order meshes, the tetrahedral ones, generally differ little from those obtained by other 3D methods, and the 2D methods are difficult to implement in the present case; therefore, the use of a tetrahedral mesh is the one that has been imposed in this analysis. Furthermore, the mechanism that is being studied, at the time it was built (the study of the calculation of structures had not been extended), is an oversized structure.



On the other hand, the default tetrahedral mesh proposed by Autodesk Inventor Professional has problems when the geometry is complex. To avoid this problem, the software allows for reworking the mesh manually (mesh refinement), determining the maximum distance between nodes in some regions or in regions where stresses are concentrated, since if the mesh fits the geometry better the results are more reliable.



In the present research, a tetrahedral mesh has been obtained from the default values offered by the software. The mean size of the mesh element is 0.1 times the size of the bounding square, its minimum size is 0.2 times that of the mean element, and the variability factor between contiguous elements is 1.5. Finally, the maximum angle of rotation between tetrahedral surfaces is 60°. With these parameters, the mesh result obtained is precise, adjusting correctly to the geometry (Figure 12 and Figure 13).



In Position 1 (tower supported on the pillars) a mesh with 1,505,111 elements and 2,535,879 nodes was obtained. However, in Position 2 (tower resting on the basket load), a larger mesh was obtained with 2,474,741 elements and 4,085,296 nodes, since when the tower is raised it presents a larger surface without contacts and more elements are needed to define its geometry.



In addition, the complex geometry of some elements and the concentration of stresses that they are going to undergo forces a modification to be made in their mesh size, refining it. The meshing generated automatically by the software, which takes a mesh size proportional to the measure of the element, has caused some elements with a more complex and smaller geometry, such as the nuts or washers, to present a more refined mesh (Figure 14) compared to the rest of the elements, so it was not necessary to modify their size.






3. Results and Discussion


Once all the previous steps have been correctly carried out, the software allows the static analysis of the two limit positions by FEM to be performed, obtaining the von Mises stresses, the safety coefficient, the displacements and the equivalent deformation.



Von Mises stress is defined by [23]:


   σ  V M   =        (   σ 1  −  σ 2   )   2  +    (   σ 2  −  σ 3   )   2  +    (   σ 3  −  σ 1   )   2   2     



(1)




where σ1, σ2 and σ3 are the principal stresses.



In addition, Autodesk Inventor Professional enables modal analysis prior to static analysis, in which the model is subjected to a resonance study. Such modal analysis can discover errors without the need to perform a full simulation, since the static analysis requires as a precondition that the model does not behave as a rigid solid, which would mean that the resonance frequencies were close to 0 Hz.



On the interpretation of the results, it is convenient to point out that von Mises stresses were used instead of principal stresses. Although these show somewhat lower values than the principal stresses for the elements made of wood, it does not mean that these values are not valid, but they provide important indicative values, which, moreover, will not be too far from the value maximum stress in the most unfavorable direction.



3.1. Modal Analysis


Modal analysis of the two limit positions is performed in the absence of loads. To do this, the model is subjected to a resonance study in which the frequency of the wave is gradually increased until a considerable deformation is achieved in the different parts of the model. In static structures, the first deformations must appear above 2 Hz and must be relatively small, but it can also occur that the assembly has some part that does not behave statically. The results obtained in the modal analysis for the eight lower frequencies in which deformation occurs appear in Table 1.



In Position 1, the first two frequencies in which a deformation occurs are below 2 Hz, specifically at 1.34 and 1.55 Hz, and the element that has entered into resonance in both cases has been the pulley (Figure 15). This result makes sense since if the union between the nut and the bolt is observed in detail, it is not tight as it presents a bolt with a frusto-conical geometry (Figure 16), and therefore the nut presents some looseness with respect to the screw. The displacement produced at that frequency is, however, 0.00799 mm and therefore not relevant. The rest of the elements enter into resonance with frequencies above 2 Hz, so it can be concluded that a static analysis can be performed.



In Position 2, something similar happens; the first two frequencies of 0.78 and 1.13 Hz are below 2 and, therefore, there is an element that has come into resonance. In this case, it is the top of the tower, as could have been assumed a priori (Figure 17). When the tower is supported on the basket load there is no structural element that provides support; furthermore, the tower is free to move in the vertical direction. The rollers simply facilitate this movement, but in no way serve as a support; in fact, the part that has been called ‘mobile’ of the press could be analyzed independently with respect to which it has a structural purpose. However, resonance produces a deformation with a very small associated maximum displacement of 0.00596 mm. The rest of the frequencies are above 2 Hz and give results similar to those of Position 1, concluding that the static analysis can be performed.




3.2. Static Analysis


The FEM calculation procedure can lead to a different result depending on the starting point of the calculation. Each node of the mesh influences the calculation of the nodes of the adjacent meshes and therefore is not the same, as the method starts from one initial value or another. To obtain a result that is as close as possible to the real one, the software allows one to carry out a certain number of iterations in the simulation. On the other hand, every time it reaches a result it starts the calculation process again from that value and this causes the calculation process to take longer, meaning that convergence cannot be achieved in a reasonable time.



Autodesk Inventor Professional establishes as standard criteria parameters for convergence. Specifically, it focuses on a parameter (the von Mises stress has been chosen), which requires a maximum difference of 10% with respect to the previous result and sets the limit for the achievement of the result in eight iterations. In this way, if the result differs by more than 10% from the previous one, the calculation starts again from the values obtained, and if it completes the eighth iteration without a convergent result, it takes the last data obtained as the result.



Figure 18 shows the convergence study for both positions. For Position 1 (Figure 18a) of the study, a convergent result was obtained in the third iteration with a maximum von Mises stress value that differs by 5.619% from the previous one. For Position 2 (Figure 18b), the result has not been convergent. Between the sixth and seventh iteration there is a variation of 19.35%, but in the rest of the iterations it is higher. As in none of the iterations it is less than 10%, the value of the eighth iteration is taken, but being aware that the convergence rate of 50.38% will force us to be prudent in our conclusions regarding the analysis.



Table 2 shows the results of the static analysis for the main variables which will be explained below.



3.2.1. Von Mises Stresses


Figure 19 shows the von Mises stress distribution, showing that, in both positions, most of the elements work with very low stress values. In Position 1 (Figure 19a), the point of greatest stress occurs on the axis of the roller that helps the vertical movement of the tower, where the stress reaches a maximum value of 22.7 MPa. In Position 2 (Figure 19b), the maximum stress is located at the contact point between the screw and the nut, reaching the considerable value of 508.3 MPa.



If the elements where the tension is greater are observed in detail, several aspects are discovered (Figure 20). In Position 1, the elements designed to facilitate vertical movement (rollers) are perfectly positioned to the tower, so that it exerts an axial force that translates into a relatively high pressure on the roller axis. Today, these types of elements are designed with tolerances precisely so that they receive the force for which they were designed. In any case, a maximum value of 22.7 MPa (Figure 20a) is low for any element of the press regardless of the material with which the element is made. Without advancing conclusions, it is not too much of a risk to venture that for this position the press is clearly oversized.



On the other hand, Position 2 (Figure 20b) presents a particularly delicate point, the contact between the nut and the screw with a considerable value of 508.3 MPa, although, given that the elements in contact are made of cast iron, they do present a certain margin until reaching the elastic limit (758 MPa). As previously stated, Position 2 does not present the convergence of the von Mises stress, since the result of the eighth iteration is superior to that of the previous iterations. The actual von Mises stress at that point is probably somewhat lower, since previous iterations all show appreciably lower results. In any case, it is not a problem to adopt a value of 508.3 MPa as valid since, in any case, the press as a whole is being evaluated from the point of view of safety.




3.2.2. Safety Coefficient


The next variable to analyze is the safety coefficient at a point that represents the relationship between the von Mises stress at that point and the elastic limit of the material. The closer it is to the unit, the more compromised the element will be, even breaking if the material presents a safety coefficient lower than the unit. On the other hand, 15 is established as the maximum safety coefficient, although there are elements that could exceed this figure. Currently, designers work with optimal ranges between 2 and 4, so elements with values above this interval could be resized to optimize the model.



For Position 1, the tower press has a safety coefficient greater than 10 (Figure 21a). Specifically, it is the contacts between the tower (wooden frame) and the pillars that have a lower safety coefficient with a value of 11.16 (Figure 22a). Therefore, in this position it could be concluded that it is greatly oversized and that an extensive modification of the design of some elements would be desirable.



However, at Position 2 the analysis changes substantially. Figure 21b shows that in general, almost all the elements of the press have a safety coefficient close to 15, but when analyzing the model in detail (Figure 22b) it is observed that the point of contact between the screw and the nut presents a safety coefficient of 1.49. In this case, the point of maximum von Mises stress coincides with the point with a lower safety coefficient, and therefore any designer would consider changing the dimensions or geometry of this contact. To obtain a higher safety coefficient, it is not only necessary to increase the section of the screw, but, in this case, it is the geometry of the contact that could present a margin of improvement. Nowadays, the screw could be made of steel instead of cast iron, but, for the time in which it was designed, the best solution would have been to provide the screw thread with a greater dimension.



Figure 23 shows the second point with the lowest safety coefficient. This is the contact between the wood connector and the screw. This part presents a safety coefficient of 4.33 and therefore works within an efficient range and would not need to be replaced by another material. The rest of the elements work above this value and do not compromise the structure. Therefore, if the pillars on which the tower rests did not also have another structural function within the building itself (since the arches serve to transmit loads from the walls of the building to the pillars), they could also be resized.




3.2.3. Displacements


On the other hand, the maximum displacement of the elements is another of the most important aspects to study since an element whose displacement is too high could make some of the functions for which it is designed not possible or prevent the correct operation of the press as a whole.



In the present research, the maximum displacements, in either of the two positions, are very small. For Position 1, the element that undergoes the greatest displacement is the wooden pulley guide, while, in Position 2, the maximum displacement is located in the center of one of the beams of the guide structure that guarantee the vertical movement of the tower, which suffers some buckling (Figure 24 and Figure 25). In both cases, the displacement is less than 0.15 mm, so the wooden guide could affect the movement of the tower, as it does not leave the hole where it is housed in the pillars.




3.2.4. Equivalent Deformations


The last variable to study is the equivalent deformation, which is expressed as the relationship between the displacement of an element and its length, expressed as a percentage. Excessive deformation can cause damage to the material, which makes it unusable over time.



For Position 1, Figure 26a and Figure 27a show that the element that suffers the greatest deformation is the wooden connector that rests on the right pillar. The deformation of this element is 0.02696% with respect to the size of its length, so it is an acceptable value.



In Position 2, Figure 26b and Figure 27b show that the element that undergoes the greatest deformation is once again the point of contact between the nut and the screw, reaching a value of the equivalent deformation of 0.3854% of its length. This value is significantly higher than the previous one, but since it occurs in a metallic element, it does not represent a value to take into account.






4. Conclusions


The article shows the results of a static analysis carried out on the 3D model of a tower press for obtaining olive oil from the 20th century. For this, CAE techniques have been used thanks to the parametric software Autodesk Inventor Professional.



The tower press studied here is an original system used in ancient times to obtain olive oil from ground olive paste placed in a set of filter discs stacked one on top of the other (basket load) and forming what is called ‘cargo de capachos’. Thus, the tower with an enormous mass of approximately 46 t was allowed to fall perpendicularly onto this basket load, exerting a pressure of approximately 780 KPa. The tower press was a very robust device, large but with certain drawbacks such as the friction produced and the loss of verticality in the downward movement of the tower, which is why over time it was replaced by other technologically more advanced machines such as hydraulic presses.



The static analysis of the tower press has been carried out on two limit positions: The first, in a situation of rest, in which the tower rests on the pillars, and the second, in a situation of pressure on the basket load.



In the first position, the static analysis revealed that the maximum von Mises stress was 22.7 MPa. Furthermore, the minimum safety coefficient was 11.16 in the contact between the tower and the right pillar, well above the optimal range of values between 2 and 4. In addition, the greatest displacement would occur in the wooden guide that keeps the pulley in place, with a value of 0.123 mm and the equivalent deformation, also located in the support, with a value of 0.027% with respect to its length. These values confirm that, in this position, the tower press was clearly oversized.



However, in the second position, the results are not entirely conclusive. The software has not been able to obtain a convergent result for the von Mises stress, and the analysis of the iterations seems to indicate that the value adopted is well above what could be estimated as real. The maximum stress value is 508.3 MPa, lower than the elastic limit of cast iron (758 MPa), but remarkably high. The place where this value has been located is the contact between the screw and the nut into which it is screwed, due to the existence of a bolt that joins them with a frustoconical geometry. In this contact, the safety coefficient is 1.49, which, without compromising the material, does reveal a sizing problem. To solve this, it would have been convenient to resize the screw thread, giving it more robustness. The rest of the elements work with a safety factor above 4.33 so they are also clearly oversized, according to current criteria. Apart from this consideration the values of the displacements and the equivalent deformations are low, with results similar to those obtained in the first position with a maximum displacement of 0.1315 mm, located in the horizontal beam of the guide structure that guaranteed vertical movement of the tower, and a maximum equivalent deformation of 0.385%, located at the point of maximum von Mises stress (contact between screw and nut).



Moreover, the design of the olive oil mills and presses used in the last century for the most part did not take into account material resistance considerations, so they were clearly oversized from the point of view of safety, as has been verified in the present research.



As future research, and in order to analyze the dimensions of the pillars, the study would have to be completed with the structural analysis of the building that housed the tower press since, through the arches, the pillars that support the tower also work as a buttress.
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Figure 1. Tower press. 






Figure 1. Tower press.



[image: Agriculture 10 00554 g001]







[image: Agriculture 10 00554 g002 550] 





Figure 2. Assembly plan of the tower press with an indication of all its elements. 
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Figure 3. (a) Position 1: Tower supported on the pillars and (b) Position 2: Tower supported on the basket load. 
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Figure 4. Fixed or structural part of the tower press. 
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Figure 5. Vertical axis capstan system. 
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Figure 6. Mobile part of the tower press. 
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Figure 7. Simplified model of the tower press for static analysis. 
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Figure 8. Elements with full movement restriction (fixed supports). 
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Figure 9. Movement restriction in the direction perpendicular to the face. 
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Figure 10. Manual contact between wooden frame and metal plate. 
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Figure 11. Gravitational force. 
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Figure 12. Automatic meshing obtained for the tower press (Position 1). 






Figure 12. Automatic meshing obtained for the tower press (Position 1).



[image: Agriculture 10 00554 g012]







[image: Agriculture 10 00554 g013 550] 





Figure 13. Automatic meshing obtained for the tower press (Position 2). 
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Figure 14. Detail of automatic meshing in elements of complex geometry. 
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Figure 15. Point of maximum displacement in the resonance study at 1.34 Hz (Position 1). 
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Figure 16. Screw attached to the nut by means of a frusto-conical bolt with some looseness. 
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Figure 17. Point of maximum displacement in the resonance study at 0.78 Hz (Position 2). 
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Figure 18. Convergence curve: (a) Position 1 and (b) Position 2. 
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Figure 19. Von Mises stress distribution: (a) Position 1 and (b) Position 2. 






Figure 19. Von Mises stress distribution: (a) Position 1 and (b) Position 2.



[image: Agriculture 10 00554 g019]







[image: Agriculture 10 00554 g020 550] 





Figure 20. Location of the highest von Mises stress: (a) Position 1 and (b) Position 2. 
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Figure 21. Distribution of the safety coefficient: (a) Position 1 and (b) Position 2. 
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Figure 22. Location of the lowest value of the safety coefficient: (a) Position 1 and (b) Position 2. 
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Figure 23. Location of the second lowest value of the safety coefficient. 
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Figure 24. Displacement distribution: (a) Position 1 and (b) Position 2. 
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Figure 25. Location of maximum displacement: (a) Position 1 and (b) Position 2. 
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Figure 26. Distribution of equivalent deformations: (a) Position 1 and (b) Position 2. 
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Figure 27. Location of maximum equivalent deformations: (a) Position 1 and (b) Position 2. 
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Table 1. Frequencies of modal analysis.
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	F1
	F2
	F3
	F4
	F5
	F6
	F7
	F8





	Position 1
	1.34 Hz
	1.55 Hz
	3.88 Hz
	4.23 Hz
	4.53 Hz
	6.57 Hz
	7.08 Hz
	8.24 Hz



	Position 2
	0.78 Hz
	1.13 Hz
	2.15 Hz
	4.14 Hz
	4.26 Hz
	4.41 Hz
	4.52 Hz
	7.07 Hz
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Table 2. Results of the static analysis.
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	Position 1
	Position 2





	Maximum von Mises stress
	22.7 MPa
	508.3 MPa



	Minimum safety coefficient
	11.16
	1.49



	Maximum displacement
	0.1235 mm
	0.1315 mm



	Maximum equivalent deformation
	0.02696%
	0.3854%
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