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Abstract

:

In this study, we examined a tank container for foodstuff that is generally used for the transport of foodstuffs. With the aid of the “ANSYS R17.0” program code, a numerical model of the tank container for foodstuffs was realized. Further, to validate the considered model, the tank container considered was submitted to the most important ISO tests concerning both its support frame and the tank. The results obtained from the FEM analysis, in terms of displacement for each test, were compared with those provided by the manufacturer and related to the tank container considered, evaluating the difference between the numerical results with the experimental ones. This allowed us to validate the model examined. Furthermore, the results obtained from each test, in terms of stress, have made it possible to locate the areas with the highest equivalent stress and quantify the maximum value, comparing it with the allowable stress. In this way, a better understanding of the structure was achieved, and it was detected that the most stressed area is that of the connections between the container and the frame. Furthermore, modal analysis was carried out, in which the natural frequencies relating to the most dangerous modes of vibrations were found, that is, with the lowest frequency values. Finally, changes for the considered tank container were examined, and it was found that, by changing parameters, such as the thickness of the plate and skirt, and subsequently acting on the arrangement of the corner supports, the highest value of the stresses generated by the loads related to the ISO tests, it is significantly lowered, resulting in a better distributed stiffening of the structure and a reduction, although minimal, of weight. It is evident that this modeling and validation method, suitably integrated by further calculation modules, can be used in an iterative optimization process.
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1. Introduction


In the field of freight transport, both by sea and by land, the use of the container is now a fixed point, thanks to the advantages it involves in terms of costs, efficiency and the capability to support different modes of transport: trains, trucks with trailers and ships [1,2,3]. The use of containers for the transport of food products has become increasingly widespread. It is interesting to underline that the development of tank containers for foodstuff has imposed the realization of new techniques related to their handling, which, with the possibility of interchanging the means of transport by ship/truck/rail, constitutes a real science called “interlogistics” [4,5,6], by virtue of which a revolutionary transport technique was developed, which has led, among other things, to the possibility of directly connecting the production sites of a given asset to the final user of the asset considered (door-to-door). All of this is done without performing intermediate handling of the transported goods, with a significant reduction in delivery times and with significant positive implications on the conservation of all the original characteristics of the transported goods and then of the quality of it [7,8,9]. In the present study, we studied a tank container for foodstuff, formed by a rectangular steel frame, inside which there was a cylindrical tank used for the transport of fluids or granular materials, very often used in the food agro-industry.



The container was designed with particular regard to its frame, analyzed using a FEM model. Subsequently we became interested in the tank container by examining the design of its frame, as the evolution of the project in this field has so far been characterized by a “trial and error” process caused by a lack of traditional methods of analysis. [10,11,12].



The consequence of this way of designing involved the presence of the following:




	(a)

	
Excessively robust sections, i.e., oversized;




	(b)

	
Lack of attention to stiffness issues.









In the present research, the conditions were created to fill this gap by showing a method capable of providing design indications capable of leading to less generous but more accurate sizing, making the construction efficient and safer against the danger deriving from an inattentive study of its natural frequencies.



The goal was achieved by using the ANSYS program, which made it possible to create a valid FEM model of the tank container.



In conclusion, this research basically involved the following steps:




	
State-of-the-art;



	
Creation of the FEM model, based on the indications taken from a real tank container.



	
Simulation of ISO tests and validation of the FEM model.



	
Identification of equivalent high-voltage areas in the chassis.



	
Calculation of natural frequencies and interpretation of results.








We then proceeded to stiffen the parts most stressed by carrying out the appropriate reiterations, which led to an improvement of the structure.



Therefore, the conditions were created to fill this gap by showing a method capable of providing design indications capable of leading to less generous but more accurate sizing, but more accurate, making the construction efficient and safer against the danger deriving from an inattentive study of its natural frequencies. It was, thus, possible to identify the most stressed parts and appropriately stiffen them, performing the appropriate reiterations that have led to an improvement of the structure [13,14,15].



In the present work, we tried, as far as possible, to give a schematic and rational organization of both the information collected and the results achieved, in order to provide a linear presentation and facilitate consultation.




2. Tank Container for Foodstuff


The basic elements making up a tank container are as follows:




	-

	
Frame: Placed on both ends of the container, it consists of four corner blocks, two corners upright and two end crosspieces.




	-

	
Corner blocks: small perforated metal structures, welded on the four lower and upper edges of the tank containers, necessary to allow their gripping, transferring, stacking and anchoring.




	-

	
End crosspiece: transverse structural element of the lower (upper) part of the frame, of which it connects the lower (upper) corner blocks.




	-

	
Side spars: a longitudinal structural element that connects the lower corner blocks of the two end frames.




	-

	
Corner upright: a vertical structural element that connects two corner blocks on both sides of an end frame, one upper and the other lower, and thus forming a corner structure.




	-

	
Tank.









The corner blocks are suitable for housing the “twistlocks” (rotating pins), which allow us to handle the tank containers or to fix them together (as happens in stacking); in fact, by rotating their lever, they act as a more stable connection between the tank container and the structure on which they have to be located [16,17].



Tank containers must comply with ISO standards, in order to enjoy the benefits of the existence of modern and global infrastructure, increasingly available to handle ISO containers [18,19]. The ISO tank container is a large container for fluids or powders, and it has considerable flexibility; in fact, its transport can take place by road, rail or ship, with the possibility of combining the three ways, with advantages in terms of costs and transport safety. It consists of a single cylindrical tank, called “tank body”, arranged inside a rectangular steel frame; furthermore, the whole structure is in accordance with ISO standards, in particular ISO 1496/3 [20,21]. The most common dimensions are a length of 6.058 m, a height of 2.591 m and standard width of 2.438 m. Furthermore, the tare generally varies between 3000 and 5000 kg; by tare, we mean the mass of the empty tank container in its normal operating conditions, i.e., including all accessories and associated equipment. Today, tank containers can carry a wide range of very different products, such as liquid food products, such as wine, fruit juices, oil, starch, milk, sugar, etc. The most requested accessories for tank containers are inherent to the thermoregulation of the transported product [22,23,24,25]. Furthermore, we must keep in mind that the tank container market is and will be a niche market compared to the box container market, but not negligible. In fact, we must take into account that a tank container has a purchase price that often exceeds that of a box container by ten times, and many transport companies are investing in tank containers, rather than in new tankers, because they are driven by the advantages due to the great versatility related to its transport by road, ship and train [26]. Addressed in this way, a study was performed, to improve the design of tank containers by mean numerical modeling [27].




3. Materials and Methods


The 3D model of the tank container was realized by mean the “Solid Works” program, and it was subsequently imported, as an IGES file, into the “ANSYS R17” program code to perform the numerical simulations. Only one-eighth of the model was designed and then reflected to generate the entire model, on which we reported the few asymmetries geometric. To model the considered geometry, we used the “beam4” elements for the frame and the “shell63” elements for the tank, the octagonal plate, and the skirt; by doing so, it was possible to “mesh” the whole model by reducing the total number of elements used [28,29,30]. The model, shown in Figure 1, was examined, considering it substantially made up of four basic elements:




	
A cylindrical tank,



	
Two skirts,



	
Two octagonal end plates,



	
The frame.








Once the geometric model was realized, the “mesh” was performed. The generation of the mesh was realized according to the “free meshing” method, but it was suitably thickened in the connection area between frame and tank where more precise results are desired (Figure 2).



After to have realized the geometric model, the numerical simulations of the experimental tests ISO for tank container, were performed, defining the constraints and the loads and obtaining the output values of the following:




	-

	
Nodal displacements and rotations;




	-

	
Normal and bending stresses along y and z;




	-

	
Normal stress and flexion deformations along y and z;




	-

	
Equivalent stresses according to Von Mises;




	-

	
Maximum and minimum normal stresses calculated by default by ANSYS.










4. Experimental Tests ISO for Tank Container


The regulations governing the transport of goods require that before the mass production of a tank container, a manufacturer have to realize a prototype and, to demonstrate its suitability, submitting it to various tests, static and dynamic, in special laboratories, approved and recognized by the competent authorities of different nations. Therefore, the structural tests for the tank containers are as follows:




	-

	
Storage test;




	-

	
Lifting test using the upper or lower corner blocks;




	-

	
Pressure test;




	-

	
Test with air;




	-

	
Test with water;




	-

	
Longitudinal or transverse stiffness test;




	-

	
Inspection of all welds.









At pre-set time intervals, we performed the tests, depending on the type of tank and its relative operating time, to ensure its maximum safety. For example, the air test, repeated every two and a half years, makes it possible to check whether the tank is still hermetically sealed. However, the best operators in the industry carry out these tests more often, to increase the safety.




5. Test ISO Description


For the considered tank container, we carried out the following tests, which were performed by the CAIB agency (Companie Auxilliere Industrie Belgique), and the methods of realization are shown in detail in “ISO 1496-3: 1995 (E), section 6.2–6.13” (Table 1) [31,32].



Described below are the tests considered in Table 1:



(1) Stacking test: It has aimed to verify the stacking capacity of a tank container, that is, its ability to support a determined number of them at full load, of the same nominal size and maximum gross mass, in the worst conditions, that for stacking correspond to those of transport by ship. In reality, tank containers almost never have the same weight, so the stacking always takes place in such a way that the lighter one is located in a higher position. However, in order to take into account the accelerations due to the worst wind and sea conditions, a multiplicative coefficient of 1.8 is adopted, in accordance with studies and measurements carried out in this regard in 1980 (BEAU fort 11). Referring, according to the standards, to five tank containers superimposed on a sixth, the total load Q on the latter is 3,178,440 N, obtained by the following formula:


Q = 1.8 ∙ R ∙ n ∙ g



(1)




where




	
“R” is the maximum gross mass, equal to 36,000 kg,



	
“n” is the number of superimposed containers equal to 5 and



	
“g” is the acceleration of gravity.








The four uprights, through the corner blocks, must each support a vertical load of about 800,000 N, not exactly centroidal, but with eccentricity (lateral of 25.4 mm and longitudinal of 38 mm) born from the sum of the clearance existing between the containers and with the guide cells on the ship. We placed the tank container, full of water, on a special installation that was blocked by the lower corner blocks; then we performed the test by applying the aforementioned loads on the four uprights. The test carried out according to the indications of ISO 1496/3 resulted in the displacements along X, Y and Z, in mm, of the four vertical uprights, measured at the highest point of contact between the uprights and the octagonal plates and reported in Table 2.



Lifting test: It has aimed to check the tank container’s ability to strengthen to the stresses due to the forces of inertia resulting from the acceleration of the payload upon its vertical lifting, under full load conditions. Realized through its upper or lower ISO corner blocks, carried out by a crane equipped with locks such as to avoid, during the lifting operation, the twisting of the container, the base of which, however, is free to bend. The tank is water filled, and an additional load of 400,000 N is applied to it, with the use of four belts connected to hydraulic pistons. Finally, the tank container, is suspended for a period of 5 min, under these load conditions. Deformations measurements of the tank and frame in the lifting direction are usually made.



(2) Lifting from the upper corner blocks: the measurements are taken for this test both in the midpoint of the lower part of the tank and in the midpoint of the two longitudinal spars. In Table 3, the results are shown.



(3) Lifting from the lower corner blocks: The measurements for this test are taken both at the midpoint of the lower part of the tank and at the midpoint of the two longitudinal spars. In Table 4, the results are shown.



(4) Transverse stiffness test: It has aimed to verify the tank container’s ability to strengthen the stresses due to transverse forces caused by the ship’s rolling motion. According to the standards, the frame is constrained by the four lower corner blocks and it is applied a force of 150,000 N transversely to each upper corner block. The average value found at the end of the test is 3 mm, measured at the highest point of contact between the uprights and the octagonal plates.



(5) Longitudinal stiffness test: It has aimed to verify the tank container’s ability to strengthen the stresses due to longitudinal forces due to the ship’s 15° pitch and a period of 8 s. According to the standards, it is applied a force of 75,000 N longitudinally to each upper corner block of the frame, binding the base through the corner blocks. The average value found at the end of the test is 15 mm, measured at the highest point of contact between the uprights and the octagonal plates.



(6) Restraint test: It has aimed to exam the “locking aptitude”. The test is performed to evaluate the ability of a fully loaded tank container, during transport on rails, to strength to the forces of inertia due to a deceleration of 2 g, when only the base of its frame, is locked by the corner blocks and the lower crosspieces. The tank is water filled, and the maximum gross mass R is 36,000 kg; therefore, the force involved is equal to 2∙g∙R, that is, 706,000 N applied uniformly on the contact areas between the tank and the frame by special equipment. The deformation value found at the end of the test is 4 mm, measured at the highest point of contact between the uprights and the octagonal plates. The overall dimensions of the ISO tank container considered, on which the CAIB has performed the tests, are 2438 m × 2591 m × 6058 m. The frame beams have a box-like section, except in a small section (about 30 cm) of the lower end crosspiece next to the loading and unloading valve, in which the section is solid with dimensions of 150 × 40 mm2. In particular, only in the uprights, the sections are square, while in the other beams, they are rectangular; in Table 5, we summarize the geometric characteristics of the sections.



The material used for the beams is “EN10210/S355 J2H”, steel equivalent to “FE510D” steel, and it has the following mechanical characteristics:




	-

	
E = 20,600 daN/mm2 Young module




	-

	
σs = 35.5 daN/mm2 Yield stress




	-

	
σr = 52.0 daN/mm2 Breakdown stress




	-

	
G = 78,400 daN/mm2 Tangential modulus of elasticity









The tank is the maximum gross mass, equal to 36, of 8 mm on the shell and 10 mm on the bottom, and with 316 L steel is formed, having the following mechanical characteristics:




	-

	
E = 19,300 daN/mm2 Young module




	-

	
σs = 24.0 daN/mm2 Yield stress









The two octagonal end plates have a central hole with a diameter of 2 m and a thickness of 20 mm. At the end frame and to the skirt are welded, which in turn has an internal diameter of just over 2 m (that is, with the space required to perform the welding with the plate) and a thickness of 45 mm; both are made of “EN10210/S355” steel. The tare weight of the tank container is about 4600 kg, and the dimensions of the different elements that form the tank container are reported in Figure 3, Figure 4 and Figure 5.



Realized the FEM model of the tank container and knowing the mode of application of the loads according to “ISO 1496-3: 1995 (E), section 6.2–6.13”, each of the tests described above was simulated, and the results were compared with the real values available, kindly provided by CAIB. Further, we used a safety coefficient of 1.5 for the stresses. It gave us the allowable stress of the two steels used, for the values indicated in Table 6.



For the determination of the displacements and the stress state, for the considered model, the following assumptions were made:




	
Purely elastic deformations and absence of breaks;



	
Perfectly isotropic and homogeneous materials;



	
Length of the elements, such as to ensure that the edge effects are negligible;



	
No thermal expansion.








On the meshed model, first interlocking constraints on the base of the frame were applied, and then subsequently the loads on the four uprights, making sure to also consider the eccentricity. This was done with the aid of four small appendices, connected to the ends of the uprights and suitably arranged, on which the decentered load of the required value was applied. Furthermore, a verification on the combined bending and compressive stress was performed, and for that, the critical load for the uprights was determined to be equal to 0.427∙109 N. Considering the load due to stacking, we performed a numerical simulation, and the following results were obtained:



1. Displacements along Y-axis



An average value of displacement along Y equal to about 2 mm was calculated (Figure 6). This value, compared with that of 2.15 mm, provided by the manufacturer, gives us a percentage error of about 7%.



2. Displacements along X-axis



An average value of displacement along X equal to 0.58 mm was calculated (Figure 7), which compared with that of 0.66 mm, provided by the manufacturer, gives us a percentage error of about 12%.



3. Displacements along Z-axis



An average value of displacement along Z equal to 0.18 mm was calculated (Figure 8), which, compared with the value of 0.42 mm, provided by the manufacturer, gives a percentage error of about 57%, which is much higher than the previous ones and could be attributed to a lack of the adopted FEM model. In general, it is interesting to observe how there are different values in the two end frames; in fact, they differ by an order of magnitude, and this is due to the presence of the discontinuity in one of the two plates, due to the need for space for the use of the loading and unloading valve.



Verification of the stresses generated on the whole structure was performed, the results of which are highlighted in Figure 9, and it was seen that the maximum equivalent stress, for both materials used, does not exceed the admissible one, so that the structure is able to strength to the load applied within the safety margins imposed. Furthermore, we detected the maximum value of the equivalent stress in the contact area between the upright and the octagonal end plate.




6. Lifting by Upper-Corner Blocks


The tank container was constrained by its four upper-corner blocks, making the structure isostatic, but also allowing it to deform, under the applied load, just as would happen in the case of a lift of this type. As regards the loads, we simulated the presence of water by considering the pressure that this applies on the lower half of the tank, and then using a macro created by us in ANSYS code, the pressure on each element was calculated, putting it in relation to the position it occupies inside the tank. To make this, it was necessary to change the type of mesh on the shell, using shell elements 63, with a more regular shape, to have better distribute the pressure inside it. The additional load of 400,000 N applied by belts on the shell of the tank was considered by increasing the weight and by acting on the density; finally, an acceleration of 2 g upwards was applied to the whole structure. It can be seen, by examining the displacements and the deformation, how the tank deforms, to expand in its underlying part and to contract in the lateral one. The displacement of the spars in their midpoint is equal to 1.8 mm (Figure 10), which coincides with the real value; but on the other hand, there is a lowering of the tank at its midpoint equal to about 1 mm, which gives an error of 50% in default compared to the real one.



The equivalent stresses calculated according to Von Mises are below the allowable ones (Figure 11), and the maximum value detected is 0.575 ∙ 108 N/m2 near the connection of the tank with the skirts. As regards the frame beams, the normal and bending stress tension, which, in ANSYS, are indicated as “Nmis1”, have detected that the most stressed area is that part of the lower crosspiece in which the section is reduced, due to the presence of the loading and unloading valve.




7. Lifting through Lower Corner Blocks


The load application method is the same as in the previous case, but the lifting grip changes, so the constraints have to be located to the lower corner blocks. The deformed has the same shape as that due to the lifting for the upper corner blocks, but with lower values. The displacement of the spars in their midpoint is equal to 1.6 mm (Figure 12), which with respect to the real value of 1.5 mm, gives an error of 6.5%. Then, the lowering of the tank was determined in its midpoint equal to 0.8 mm, which gives, as in the previous case, an error of 50% below the real one of 1.6 mm. The equivalent stresses calculated according to Von Mises are below the allowable ones (Figure 13), and the maximum value detected is 0.551 ∙108 N/m2, near the connection of the tank with the skirts.



The normal stress and bending stress of the frame beams indicate that the most stressed area is, once again, that part of the lower crossbar, where the section is reduced.




8. Transverse Stiffness


Constrained the tank container by the lower corner blocks, a load of 150,000 N was applied to each of the four upper corner blocks in the cross direction. The deformation shows how the model deforms differently in the two frames, the deformation is greater where there is the discontinuity of the octagonal plate. The nodal displacements identified in the highest point of contact between the frame and the upright, have an average value of 2.4 mm, which, compared with the real one of 3 mm, gives an error of 20% (Figure 14).



It was noted, considering the equivalent stresses according to Von Mises (Figure 15), that the maximum reached is equal to 0.148 ∙ 109 N/m2 in the area between skirt and tank, which does not exceed the allowable stress. In addition, we detected high stress values in the contact areas between the plate and the lower-end crosspiece.



The normal stress and bending stress of the frame beams take values below the allowable one, and the most stressed point is the one next to the lower right corner block of the end frame.



Longitudinal Stiffness


We constrained the tank container by the lower corner blocks and applied the load of 75,000 N to each of the four upper-corner blocks in the longitudinal direction. Then, we examined the nodal displacements identified in the highest point of contact between the frame and the upright. They have an average value of 14 mm, which compared to the real one of 15 mm gives an error of 6.6% (Figure 16). The equivalent stress according to Von Mises (Figure 17) assumes a maximum value at the highest point of the plate-upright attachment, equal to 0.273 ∙ 109 N/m2, which, albeit slightly, exceeds the allowable stress.



The normal stress and bending stress of the frame beams assumes a maximum value equal to that allowable in the central area of the two upper end crosspieces; this is certainly because the octagonal plates welded to them in that area make them very stiff.





9. Carriage Anchoring Simulation


The base of the frame of the model was constrained in such a way as to reproduce the anchorage to a carriage of a freight train. Then, we inserted a volumetric element inside the surfaces making up the tank, which, suitably generated and then meshed with solid45 elements. Defining R as the maximum gross mass equal to 36,000 kg and T as the tare of the tank container, the inserted volume is that of the mass (R–T), which, together with the tare of the tank container, has to be submitted to a deceleration equal to 2 g, to verify the stresses due to the consequent inertia forces that arise. The results show that the average of the nodal displacements (Figure 18) in the indicated points is equal to 3.4 mm, which, compared with the real value of 4 mm, gives an error of 15%. The equivalent stresses, according to Von Mises (Figure 19), are below those allowable for both materials used, the maximum value found is in correspondence with the plate–skirt connection, in the valve area, but equally high values occur in the lateral area of the octagonal plate.



On the corner supports, as regards the normal stress and bending stress of the frame beams, we noted the greatest value.




10. Dynamic Analysis of Tank Containers for Foodstuff


The dynamic analysis [33,34] of the considered structure was performed, and two cases were examined:




	
Empty tank;



	
Tank full of water.








In the first case, we evaluated the deformations and the natural frequencies relative to the first 10 modes of vibrations. For this analysis, it was necessary to furnish two other quantities that characterize the material, such as the density and Poisson’s ratio.



These values are for steel: density ρ = 7850 kg/m3; Poisson’s ratio υ = 0.3.



The tank container was constrained as in the case of road transport with trucks, with a hinge in each of the two lower corner blocks of the frame, while in the remaining two lower ones of the other frame with two carriages arranged to prevent longitudinal and vertical displacement. We collected the values of the natural frequencies of vibrations, in Hertz, and they are presented in Table 7.



In the second dynamic analysis, we examined the water-filled tank, and the data results are reported in Table 8




11. Discussion


By mean the analysis of the obtained data results, it was possible to note that the FEM model created is substantially faithful to reality, especially as far as it concerns the frame.



Data results comparison



In Table 9, the values obtained by experimental tests (Real Value) and numerical simulations (FEM Value) are reported.



It is possible to note that, for the stacking test, the percentage maximum error is 57% for Uz, while for Ux and Uy, the percentages are 12% and 7%, respectively.



For the Top Lift test, the spar element presented a negligible error, while for the tank element, the percentage maximum error is 50%.



For the Lower Lift test, the spar element presented a percentage error of 6%, while for the tank element, the percentage maximum error is 50%.



For the Transverse Stiffness test, the upright element presented a percentage error of 20%.



For the longitudinal Stiffness test, the upright element presented a percentage error of 7%.



For the Restraint test, the upright element presented a percentage error of 15%,



Therefore, only for the upright element during the stacking test we detected, for Uz value, a big difference (57%), as well as for the tank element during the top and lower lift test (50%).



For the Dynamic Analysis of Tank Containers, it was possible to note the following:



Case 1: From the analysis of the results, it is immediately evident how mode 1 of vibrating is the one that distances itself from the others in a greater way for the value of the natural frequency, equal to 3.54 Hz; in fact, Mode 2 has a value of 12.67 Hz and the third of 18.99 Hz.



Case 2: From the analysis of the typical deformations relating to the first five modes of vibrations, it is possible to note a decrease in the system natural frequencies, and this is justifiable if we consider that, without prejudice to all the other geometric and material parameters of the tank container, the inertia of the system is greater. It is therefore evident that the dynamic response of the tank container changes depending on whether the tank is empty or full.



The results of the first analysis can therefore be taken as a reference in the event that the tank container is transported empty or at the limit, and filled with a fluid with a low specific weight; instead, the last analysis can be useful in the opposite case.



In order to adopt strategies to improve the response of the structure to the forcing actions coming from the roughness of the ground, one should know the estimated value of these frequencies, which are related to the profile of the soil and the speed of travel of the means of transport.



A further forcing cause may be the so-called sloshing of the liquid inside the tank, so much so that there are rules that regulate the filling percentage of a tank container. This percentage must be greater than 80% or less than 20% of the total volume available.




12. Improvements Made to the Tank Container


On the basis of the study carried out, in order to improve the performance of the tank container considered, changes were made for the parts that, from the FEM analysis, were found to be more stressed. In particular, the possibility of modifying the attachment points to the frame of the corner supports was studied, by at first keeping their inclination constant, and then varying it in an appropriate range of values; subsequently, the thicknesses that characterize the components of the frame were changed, particularly on that of the octagonal plate and the skirt. All of this was done to determine a combination of these parameters that allows, at least for the same weight, a better response to the extreme stresses to which the tank container is submitted in the ISO tests, in particular for the longitudinal rigidity, which is the most burdensome for the tank container. For the considered model, the following hypotheses were made for the identification of the displacements and the stress-state:




	
Purely elastic deformations and absence of breaks,



	
Perfectly isotropic and homogeneous materials,



	
Length of the elements, such as to ensure that the edge effects are negligible,



	
No thermal expansion.








The tests were performed, maintaining constant the characteristics of the following:




	(a)

	
Spar and upright;




	(b)

	
End crosspiece;




	(c)

	
Tank.









Instead, the following geometric parameters were alternatively changed:




	(1)

	
Thickness of the octagonal endplate, in the range (0.015 ÷ 0.020 m),




	(2)

	
Thickness of the skirt, included in the interval (0.035 ÷ 0.045 m),




	(3)

	
Displacement of the corner supports, with a constant angle,




	(4)

	
Angle supports inclination, included in the interval (30° ÷ 45°).









Keeping the angle of 30° constant, starting from the displacement of the corner supports, an increasing reduction of the maximum equivalent stress was found due to the longitudinal stiffness test, which was 0.273 × 109 N/m2, and it reached a value of 0.189 × 109 N/m2 in the contact area between the upright and frame, in which the connection with the upright is at a height of 1.2 m, while with the spar it is equal to 2.4 m (Figure 20).



For the normal stress and bending stress of the beams, the speech is the same, as there is a reduction in the maximum equivalent stress, identified in the upper end crosspiece, which assumes a value of 0.131 × 109 N/m2 against the previous 0.240 × 109 N/m2.



Reducing the thickness of the plate and the skirt by 5 mm, we obtain that the value of the maximum equivalent stress increases up to a value of 0.218 × 109 N/m2 (Figure 21), as well as the normal and bending stress.



By trying to change the inclination from 30° to 45°, while maintaining the same attachment on the upright, we obtained a maximum stress value of 0.243 · 109 N/m2 (Figure 22).



The data results obtained indicated that the 30° position was the best.



In summary, with these changes, we reduced the maximum tension in the longitudinal stiffness test, increasing the transverse one, but in a balanced way, as this too does not exceed the allowable stress. We obtained, in addition, an overall weight reduction of 55 kg, resulting from the algebraic sum of the reduction in the thickness of the plate and skirt and the increase in the length of the supports.




13. Conclusions


This study made it possible to evaluate the behavior of a tank container for foodstuff. By comparing the results obtained from experimental tests and numerical simulations, it was possible both to validate the numerical model considered and to determine the areas with the highest equivalent stress and quantify the maximum value by comparing it with the allowable stress. In this way, we achieved a better understanding of the structure and detected that the most stressed area is that of the connections between the container and the frame [35,36]. The developed FEM model could be used for the following purposes:




	-

	
Allowing changes in the design phase of the tank container, in relation to the responses of the model during the ISO tests, in such a way as to facilitate their overcoming, without however exceeding with oversizing.




	-

	
Optimizing the model by aiming at a significant reduction in the weight of the chassis, which would entail the possibility of increasing the transport payload without any additional cost.









A more in-depth study should be performed in the future, with the optimization of the frame. The classic solution is the one that uses objective functions.



The limit of this approach, which operates by means of discretization, is a considerable amount of calculations; the greater they are, the greater the discretization is. The sensitivity analysis aims to identify the contributions given by various parameters that characterize the structure in terms of strength and weight, providing design indications capable to obtain less generous, but more accurate sizing, which is better suited to stress problems detected by the tank container examined [37,38,39].
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Figure 1. Model of the tank container. 






Figure 1. Model of the tank container.



[image: Machines 09 00044 g001]







[image: Machines 09 00044 g002 550] 





Figure 2. Mesh of the considered model. 
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Figure 3. Side view. 






Figure 3. Side view.
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Figure 4. Upper view. 






Figure 4. Upper view.
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Figure 5. Front view. 






Figure 5. Front view.
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Figure 6. Displacements along y. 
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Figure 7. Displacements along x. 
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Figure 8. Displacement along z. 
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Figure 9. Plot of the maximum equivalent stress for the considered structure. 
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Figure 10. Nodal displacements. 
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Figure 11. The equivalent stresses calculated according to Von Mises. 
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Figure 12. Nodal displacement. 
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Figure 13. Equivalent stress. 
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Figure 14. Nodal displacements. 
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Figure 15. Equivalent stress. 
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Figure 16. Nodal displacements. 
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Figure 17. Equivalent stress (Von Mises). 






Figure 17. Equivalent stress (Von Mises).



[image: Machines 09 00044 g017]







[image: Machines 09 00044 g018 550] 





Figure 18. Nodal displacements. 
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Figure 19. Equivalent stresses (Von Mises). 
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Figure 20. Maximum equivalent tension. 
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Figure 21. Maximum equivalent tension reducing the thickness of the plate and the skirt by 5 mm. 
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Figure 22. Condition with maximum stress value. 
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Table 1. ISO standard test on tank container.






Table 1. ISO standard test on tank container.





	N° Test





	1 Stacking



	2 Lifting for upper corner blocks



	3 Lifting for lower corner blocks



	4 Transverse stiffness



	5 Longitudinal stiffness



	6 Restraint
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Table 2. Stacking test results.






Table 2. Stacking test results.





	Upright
	Displacement along x(mm)
	Displacement along y(mm)
	Displacement along z(mm)





	A
	0.65
	2.00
	0.27



	B
	0.7
	2.26
	0.52



	C
	0.6
	2.18
	0.45



	D
	0.7
	2.16
	0.43



	mean
	0.66
	2.15
	0.42
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Table 3. Displacements detected during the lifting from the upper corner blocks.
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	Element
	Displacements (mm)





	tank
	2.0



	spar
	1.8
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Table 4. Displacements detected during the lifting from the lower corner blocks.






Table 4. Displacements detected during the lifting from the lower corner blocks.





	Element
	Displacements (mm)





	tank
	1.6



	spar
	1.5
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Table 5. Geometric and inertial characteristics.
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	Dimension

mm
	Thickness

mm
	Mass

Kg/m
	Section

cm2
	Moment of Inertia

cm4
	Moment of Inertia of Torsion

cm4





	uprights
	150 × 150
	20
	70.2
	98.0
	2795
	4726



	spar
	180 × 100
	12
	47.0
	59.9
	Ixx = 2320

Iyy = 886
	2130



	Supports

Corner
	140 × 80
	10
	30.6
	38.9
	Ixx = 908

Iyy = 362
	862
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Table 6. Yield and allowable stress of the two types of steel used.
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	Element
	Material
	Yield Stress
	Allowable Stress





	Tank
	316L steel
	   0.240 ·   10  9    N /  m 2    
	   0.160 ·   10  9    N /  m 2    



	Frame
	Fe510D steel
	   0.355 ·   10  9    N /  m 2    
	   0.240 ·   10  9    N /  m 2    
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Table 7. Case 1: Values of the natural frequencies of vibrations, in Hertz- empty tank.






Table 7. Case 1: Values of the natural frequencies of vibrations, in Hertz- empty tank.





	Mode 1
	Mode 2
	Mode 3
	Mode 4
	Mode 5



	3.54
	12.27
	18.99
	25.79
	26.22



	Mode 6
	Mode 7
	Mode 8
	Mode 9
	Mode 10



	27.23
	30.44
	30.52
	32.43
	32.57
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Table 8. Case 2: Natural frequencies tank water filled.






Table 8. Case 2: Natural frequencies tank water filled.





	MODE 1
	MODE 2
	MODE 3
	MODE 4
	MODE 5





	1.847
	2.752
	3.623
	3.923
	3.925
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Table 9. Comparison between the results provided by the manufacturer and those resulting from the FEM analysis.






Table 9. Comparison between the results provided by the manufacturer and those resulting from the FEM analysis.





	
N°

	
TEST

	
Element

	
Real Values

(mm)

	
FEM Value

(mm)

	
Error

%






	
1

	
stacking

	
Upright

	
Ux = 0.66

	
0.58

	
12%




	
Uy = 2.15

	
2.0

	
7%




	
Uz = 0.42

	
0.18

	
57%




	
2

	
Top Lift

	
tank

	
Usum = 2.0

	
1.0

	
50%




	
spar

	
Usum = 1.8

	
1.8

	
0%




	
3

	
Lower Lift

	
tank

	
Usum = 1.6

	
0.8

	
50%




	
spar

	
Usum = 1.5

	
1.6

	
6%




	
4

	
Transverse Stiffness

	
Upright

	
Usum = 3.0

	
2.4

	
20%




	
5

	
Longitudinal stiffness

	
Upright

	
Usum = 15.0

	
14.0

	
7%




	
6

	
Restraint

	
Upright

	
Usum = 4.0

	
3.4

	
15%
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