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[bookmark: _Toc31304962]Introduction
During this study, a model of the FEV variable compression ratio (VCR) conrod was designed alongside other assembly components in order to create a motion study. This model of the FEV VCR conrod was designed using technical drawings obtained from FEVs website. Based from the technical drawings the FEV conrod, a simplistic design was carried out for the crankshaft, engine cylinder, piston head and a gudgeon pin, as these components had no real data provided. These assembly components applied to the conrod was based off approximations best suited for the motion analysis. Following this, an FEA analysis was conducted using force loads acting upon the piston through each degree of rotation in a cycle applied using data points in a linear motion on the crank. However, based off the finite element analysis. improvements will then be made to the FEV VCR conrod and tested comparing the original results with the improvements carried out.


[bookmark: _Toc31304963]Background Research
[bookmark: _Ref31197707][bookmark: _Toc31304964]Finite Element Analysis Methods
[image: ]Research shows, the finite element method (FEM) is approached with numerical partial differential equations, where this can be solved approximately. The FEM is used for solving difficulties in engineering applications such as, stress analysis, heat transfer, fluid flow and electromagnetics by computer simulation (Fish & Belytschko, 2007). The concept behind FEM is to split the model into finite elements, regularly called elements, which are connected by nodes, and attain an approximate solution shown in Figure 1.
[bookmark: _Ref31055391][bookmark: _Toc31304931]Figure 1: Finite Element Model (Fish & Belytschko, 2007)
The image shown in Figure 1, represents a finite element mesh and the procedure which creates the mesh, this is also known as mesh generation (Fish & Belytschko, 2007).
The FEM consists of five steps, such as: preprocessing, element formulation, assembly, solving the equations and postprocessing. To summarise, preprocessing is the sector where the problem occurs into finite elements in the CAE environment, which is performed using automatic mesh generators. In addition, the element formation carries out the behaviour acting upon the element, which requires the development of partial differential equations for the problem and weakest form. Furthermore, the assembly gathers the equations from individual elements which obtain the equations overall. These equations will be solved to gather the final step, which determines the quantities of interest, also known as the stresses and strain followed by a visual response showing areas of interest acting on the component (Fish & Belytschko, 2007). 


FEA has many processes represented in Figure 2, which correlates back to the steps related to the book, (Fish & Belytschko, 2007).
[image: ]








[bookmark: _Ref31124464][bookmark: _Toc31304932]Figure 2: The process of finite element analysis (Bathe, 2014)
[image: ]During this study, the FEV variable compression ratio (VCR) conrod will be analysed according to the stress which is acting upon the force of the piston head during one cycle obtained in the motion analysis and stress tested over a range of multiple frames in which the VON: von misses stress (N/mm2) is at its maximum value. Stress is a measurement of the force per unit area which acts upon a plane passing through a point of interest on the component, which is found in the mate analysis according to each mate applied to the assembly. For instance, the piston force acts upon the centre point between both the small end bearing of the conrod. The strains will multiply by material properties to define its physical quantity, stress which is initially directly proportional to the strains. This is known as Hooke’s Law;
 
[bookmark: _Ref31197763]Equation 1: Hookes' Law for initial linear stress-strain. (Akin, 2010)
[bookmark: _Ref31197795][bookmark: _Toc31304933]Figure 3: Hooke's Law for initial linear stress-strain, σ = E ε, (Akin, 2010)

[bookmark: _Toc31304965]FEV variable compression ratio conrod
The FEV conrod has been in design, development and testing for over two decades, in addition, there have been various types of prototypes of the VCR concept with continuous evaluation and research conducted. In this study, the model of the FEV VCR conrod only consists of the base model applied with the actuator collar and eccentric hub. This will allow the gudgeon pin to be aligned with the piston head for the motion acting towards the engine cylinder. Furthermore, a universal joint was applied to the actuator links to resist movement acting on the piston pins, which will allow the areas of stress to be acting on the sides on the FEV VCR conrod (FEV, 2019). 
[image: ]As previously stated, the FEV VCR conrod has various design concepts going through development, where the decision to act upon stress analysing FEA to two different design concepts within the FEV VCR conrod, to compare and analyse improvements in which these changes make on the conrod. 
Figure 4, shows the initial design concept chosen and modelled in Solidworks. This concept shows similarities to the final model shown in Figure 21, where they have both been modelled to the same technical drawing shown in Figure 25. This technical drawing was inputted in Solidworks, using the feature, sketch picture, found in the tab; Tools, Sketch Tools and Sketch Picture. This allowed for the FEV VCR conrod to be designed using the sketch tool.
[bookmark: _Ref31117018][bookmark: _Toc31304934]Figure 4: Initial design concept of the FEV VCR conrod
The relevance for choosing these two design concepts of the FEV VCR conrod was, to analyse the FEA stress acting on both designs to compare and analyse the differences in which act upon the changes made by FEV.


Furthermore, a material property was applied to the FEV VCR conrod as shown in Figure 5, where a material of AISI 4340 Steel, annealed was chosen with a UTS of 745 Mpa.
[image: ]









[bookmark: _Ref31130545][bookmark: _Toc31304935]Figure 5: Material property chosen for the FEV VCR conrod
[image: ] Furthermore, adding this material makes the mass property of the FEV VCR conrod at 982.08 grams. In addition, suppressing the cap at the bottom of the conrod, values the conrod to equal 757.10 grams. An area of interest in this study could be analysing areas to reduce the mass quantity to making it lighter. This can be conducted by using a topology study, where it defines its nodes and connecting lines (D´egila & Sans`o, 2003), and finds its enhances its technique to find its optimal layout of structure within its specified design domain, which is good for design improvements and better material utilisation (Helal, et al., 2018).

[bookmark: _Toc31304936]Figure 6: Mass properties of the initial FEV VCR conrod
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When modelling the initial design concept of the FEV VCR conrod, equations was applied in Solidworks shown in Figure 7, where this allows the user to change the values, to each area of the conrod according to their global variables, such as for example; centre to centre length, small end bearing and big end bearing. 
[image: ]










[bookmark: _Ref31119200][bookmark: _Toc31304937]Figure 7: Equations used in the initial FEV VCR conrod 
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[bookmark: _Toc31304966]Models applied to the FEV variable compression ratio conrod
Following the design used for the FEV VCR conrod, an actuator collar and an eccentric hub was designed shown in Figure 8, which allows the gudgeon pin to act upon the piston head in the motion study. The actuator collar and eccentric hub were also applied to the improved version of the FEV VCR conrod which allowed no further changes to be made, only on the base model. 
[image: ]





[bookmark: _Ref31120749][bookmark: _Toc31304938]Figure 8: Actuator collar and Eccentric hub mated shown with hidden lines visible
Furthermore, based off the dimensions according to the FEV VCR conrod shown in Figure 26, an approximation of values was valued out to create a simplistic model for the crankshaft, engine cylinder and piston head shown in Figure 9. The piston head and crankshaft were approximated and modelled from the image represented by, (Mane, et al., 2019), where only one cylinder was conducted for the motion analysis and FEA. 
[image: ]






[bookmark: _Ref31121422][bookmark: _Toc31304939]Figure 9: Assembly modelled approximated according to the FEV VCR conrod for the motion simulation
Before the motion simulation is applied, following on from Figure 7, these equations were applied for the following assembly models, if the conrod was to change in length or bearing size where these values were obtained in the assembly equation tool shown in Figure 10.
[image: ]











[bookmark: _Ref31127895][bookmark: _Toc31304940]Figure 10: Equations used in the engine assembly
[bookmark: _Toc31304967]Motion Simulation of the FEV variable compression ratio conrod
[image: ]This motor was applied for a key point time of 0.020secs as shown in Figure 11, which is represented as one cycle, 360 degrees of the crank angle. This is the angle of rotation presented by the crankshaft and measured from where the piston is at its highest point at top dead centre (TDC). 
[bookmark: _Ref31186517][bookmark: _Toc31304941]Figure 11: Timescale of one cycle in the motion simulation
Applying the motion simulation add-in, a motion analysis can be applied to the assembly shown in Figure 9, where a linear motor was applied at 6000rpm acting upon the crankshaft shown in Figure 12. 
[image: ]




 

[bookmark: _Ref31128148][bookmark: _Toc31304942]Figure 12: Linear motor applied in the motion simulation at 6000rpm

[bookmark: _Ref31129480]In addition, a force was applied down on the piston head, using data points acting per degree within the time stamp, where each key point in time ascending in 0.001 increments a value of force was applied using values of average pressure in bar according to a four cylinder engine, however, this conrod is applied to a three cylinder engine. With approximations the pressure was recalculated in pascals and divided by an assumption of a value of 84, which represents the area and then divide the total by 3, as there are only three cylinders in FEV engine, which give us the values shown in Figure 13.
[image: ]










[bookmark: _Toc31304943]Figure 13: Data points calculated for each key time point


In addition, adding the rotary motor and force acting on the piston, the motion analysis was calculated. The results of the motion simulation allowed the piston to do one cycle from TDC. This motion analysis calculated a total value of 13 redundant constraints shown in Figure 14. 
[image: ]According to (Chang, 2014), for each geometry mating constraint has two direction vectors also known as principal vectors, which illustrates the mating geometric entities. The principal vectors are a pair of outbound element vectors that are standard to the mating planes for the coincident-mate and coincident-alligned constraints, and where the two element vectors corresponding to the mating axis direcion for concentric constraints. So, in Figure 14, shows a total of estimated and actual degree of freedoms acting upon the motion simulation. This shows where the redundant joints are constrained that can be removed in the motion simulation.

[bookmark: _Ref31187456][bookmark: _Toc31304944]Figure 14: Mate redundancies in the motion analysis


[bookmark: _Toc31304968]Importing motion loads to finite element analysis
Firstly, load bearing faces and mate locations was applied to the mates acting upon the conrod. However, due to many iterations already complied an error was found where the load bearing faces were only acting upon one side of the conrod. This allowed the mate location to be moved to the centre of the small end bearing in the middle of the conrod where a point was applied to the FEV VCR conrod for the concentric and coincident mates forces act at the top of the piston, allowing the stress to be analysed at both sides of the conrod.
From the load bearing faces acting on the conrod, the data was imported in a multiple frame study solving 14 design scenarios from the start of the timestamp to 0.02 seconds shown in Figure 15.
[image: ]









[bookmark: _Ref31196218][bookmark: _Toc31304945]Figure 15: Importing motion loads in Solidworks


[bookmark: _Toc31304969]Motion simulation results
As a result of the force (N), acting at certain key points in time (s), a graph is represented in Figure 16. The graph, Figure 16, shows the start of combustion occurring towards, the maximum force (N) shown at TDC, where this is acting on motion simulation. 
[image: ]




[bookmark: _Ref31214073][bookmark: _Toc31304946]Figure 16: Force (N) against Time (s)
Referring to Figure 16, force derivation can be represented, where this shows the force acting towards TDC until the force becomes negative, where expansion occurs as the graph in Figure 17 replicates.
[image: ]

 


[bookmark: _Ref31214211][bookmark: _Toc31304947]Figure 17: Force derivation (N/s) against Time (s)

[bookmark: _Toc31304970]Finite Element Analysis
[bookmark: _Ref31195701][bookmark: _Ref31206074][bookmark: _Toc31304971]Analysis of the initial FEV variable compression ratio conrod
After importing the motion loads by using the load bearing faces acting upon the FEV VCR conrod an optimization of the 14 design scenarios ran successfully representing a design history graph shown in Figure 18. This graph shown in Figure 18, shows the VON: von Misses Stress (N/mm2) against each of the design scenarios. Scenario 8 and 9 show the maximum stress acting upon the conrod, where an analysis of von Mises (N/mm2) will be compared to the conrods yield stress and improvements will be carried out to improve the strength of the initial FEV VCR conrod design concept.
[image: ]






[bookmark: _Ref31196714][bookmark: _Toc31304948]Figure 18: Design history graph of the initial FEV VCR conrod
Referring to the subheading; Finite Element Analysis Methods, von Mises acts upon the equation stated in Equation 1 and represented as an image shown in Figure 3. During this analysis a material was defined on the conrod; AISI 4340 Steel, annealed as shown in Figure 5, and an observation will be made on how the material acts when von Mises stress is applied the FEV VCR conrod. In addition, according to (Jong & Springer, 2009), von Mises stress is an equivalent or effective stress where the yield is predicted to occur ductile materials and is derived using principal axes in terms of principal stresses according to σ1, σ2, and σ3 shown in Equation 2;

[bookmark: _Ref31199372]Equation 2: Derivation of von Mises stress, (Jong & Springer, 2009)


[image: ]However, normal and shear stresses were present at many locations of the FEV VCR conrod which are subjected to the external loads acting in the motion simulation. The purple lines shown in Figure 19, determine the remote loads which act upon the principal axes to form the principal stresses in the optimization of the maximum von Mises stress at one scenario in the results view at each frame. The remote loads according to (Petrova, 2015), is used to define the forces, moments and masses acting on the FEV VCR conrod model. These entities are outside of the model and assumes all geometric entities are connected in the location in which acts rigid. 
[bookmark: _Ref31201111][bookmark: _Toc31304949]Figure 19: External loads acting on the initial FEV VCR conrod design concept
[image: ]Furthermore, the first iteration of the von Mises stress, which acts upon the FEV VCR conrod shown in Figure 20, shows the von Mises stress is greater than the yield strength that the FEV VCR conrod can tolerate. Referring to the material property list shown in Figure 5, it states the yield strength at a value of 470Mpa and tensile strength of 745Mpa. According to (Matmatch, 2020), the yield strength of a material represents the stress beyond its deformation is plastic, any deformation which occurs, the results of stress higher than its yield strength is permanent. 
[bookmark: _Ref31203174][bookmark: _Toc31304950]Figure 20: First iteration on the initial FEV VCR conrod
Furthermore, (Matmatch, 2020), refers tensile strength to be the maximum load the material can withstand prior to deformation. However, the result of this iteration means further improvement can be made to the FEV VCR conrod to avoid deformation. 


[bookmark: _Toc31304972]Modifications made to improve the initial FEV variable compression ratio conrod
[image: ]Modifications used to improve the initial design concept of the FEV VCR conrod was to add stress concentrations either side of the small end bearing to reduce deformation. The second design concept is shown in Figure 21, where improvements have only been applied to the top of the conrod, these forces which act on the piston, only applies von Mises stress at the small end bearing on the FEV VCR conrod. This design concept was also taken from the technical drawings from Figure 25, which include the stress concentrations unlike the initial concept. The previous procedures used on the initial design concept were applied, which results in the same equations, material property and motion simulation.
[bookmark: _Ref31205552][bookmark: _Toc31304951]Figure 21: Second design concept of the FEV VCR conrod
Referring to the subheading; Analysis of the initial FEV variable compression ratio conrod, a design history graph was applied shown in Figure 18. However, applying the same forces and motion to the second design concept of the FEV VCR conrod, the design history graph shown in Figure 22, shows a greater amount of stress acting upon the model, where scenario 10 is at maximum VON: von Mises stress (N/mm2). 
[image: ]







[bookmark: _Ref31206260][bookmark: _Toc31304952]Figure 22: Design history graph of the second design concept
[bookmark: _Toc31304973]Final iterations and implements made to the FEV VCR conrod
[image: ]Referring to the errors made in the subheading; Errors found when modifying the second design concept, the external loads were only acting on one face of the conrod giving inaccurate results for von Mises stress, where all the force was being applied to only one face of the conrod.
However, the external loads represented in purple, show the principle axes which form the principle stresses which are now acting in the centre of the conrod at the small end bearing and big end bearing as shown in Figure 23, where the mate location applies these loads evenly across the conrod and should expect a better outcome of von Mises stress, showing the stress is under yield.

[bookmark: _Ref31209168][bookmark: _Toc31304953]Figure 23: External loads acting on the second FEV VCR conrod design concept
Finally, the implements changed due to the errors conducted in the previous iterations due to the external loads acting on only one face, Figure 24, shows the external loads acting on both faces of the conrod and showing the stress acting from the forces acting down from the piston. This shows that the final iteration of the second design concept is a much better design than the first concept of the FEV VCR conrod where it shows the von Mises stress is under yield strength and has no deformation
[bookmark: _Ref31211059][image: ]







[bookmark: _Toc31304954]Figure 24: Final iteration of the second design concept of the FEV VCR conrod 

[bookmark: _Toc31304974]Conclusion and Further work
Further work, such as a topology study could have been conducted to reduce the mass, (volume), of the conrod and increase the stiffness and strength. However, due to the onsite computers crashing a topology study could not be modelled using the external loads acting in motion. 
According to (Helal, et al., 2018), topology optimization methods enables the user to find the optimal structural layout for a required structural performance, for example; in this study the topology optimization for designing the FEV VCR conrod could be applied to improve the performance in an internal combustion engine.
To conclude this study, FEA is a beneficial to industries allowing the companies to stress analyse in fine elements of the performance of the part. In this case, the second design concept of the FEV VCR conrod was a improved model, where the stress concentrations applied to each side of the small end bearing allowed the conrod to consume more force applied under high loads and resulting in being under yield strength, which would be a much improved model to be used in the real world, where no deformation will occur and is unlikely to break under high performances compared to the first design concept.
Further work, such as reducing the total amount of mate redundancies, where using advanced and mechanical mates such as hinges, could have been applied to the assembly to reduce the amount of constraints shown in Figure 14.
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[bookmark: _Ref31208207][bookmark: _Toc31304976]Appendix
[bookmark: _Toc31304977]Figures of models conducted
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[bookmark: _Ref31117435][bookmark: _Toc31304955]Figure 25: FEV VCR conrod technical drawing
[image: ]









[bookmark: _Toc31304956]Figure 26: Variable compression ratio mechanical actuation (Mane, et al., 2019)

[bookmark: _Ref31209048][bookmark: _Toc31304978]Errors found when modifying the second design concept
Before studying the initial design concept, iterations were calculated using the original design concept of the FEV VCR conrod, where this design shows major improvements on the von Mises stress, hence the initial concept needing modifications to initiate the final design concept according to FEV. 
[image: ]The first iteration made for the second design concept of the FEV VCR conrod shown in Figure 27, which shows the stress concentrations applied to each side of the conrod, which creates a much lower von Mises stress applied to the top of the conrod, where the stress applied is close to yield. However, the force is only acting on one side of the conrod, which applies an error in the remote loads as referred in Figure 19, where it shows the loads in the centre of the conrod. However, in this case the loads are only acting on the front face and not the back, where the mate location needs to be applied to the centre of the rod.
[bookmark: _Ref31208009][bookmark: _Toc31304957]Figure 27: First iteration of the second design concept of the FEV VCR conrod
Referring to the Appendix; Figure 28, shows changes made to the fillet at the top of the conrod and how the von Mises stress lowers with a slight implementation. However, Figure 29, shows the change of stress when the overflow in the fillet changes from, keep from default to keep surface. This implies the surface area changes from default and allows the surface to combine with the model. This represents the conrod to be within yield, however, due to the remote loads not being in the correct position the iterations need to be recalculated.

[image: ]










[bookmark: _Ref31208221][bookmark: _Toc31304958]Figure 28: Second iteration of the second design concept of the FEV VCR conrod
[image: ]










[bookmark: _Ref31208354][bookmark: _Toc31304959]Figure 29: Third iteration of the second design concept of the FEV VCR conrod


Further background research on FEA
When analysing the FEA results for the FEV VCR conrod, various other results are given other than VON: von Mises stress. Firstly, the results shown after von Mises stress are the three principal stresses; 1st, 2nd and the 3rd. According to (Dhaimi, 2016), von Mises stresses will not account for accurate interpretations, where the 1st,2nd and 3rd principal stresses can be analysed. The stresses are defined at a point on the normal and shear components, where the point is referenced in an orthogonal coordinated XYZ system. When the coordinated XYZ system is rotated, the stress component values are altered.
At a specific point in direction (X’Y’Z’), each shear stress will eliminate, which allows the state of stresses to be defined according to the three normal stress components. These refer to the principle stresses, at which axes (X’Y’Z’) are referred as principle axes (Dhaimi, 2016), represented in Figure 30.
The principle stresses are represented by an ellipsoid, where an ellipsoid defines the tri-axial principle axes relevant to the three principle stresses. These axes represent the direction of stress, whether its tension or compression acing on the model. 
[image: ]





[bookmark: _Ref31308312]Figure 30: Principle stress (Dhaimi, 2016)
The 1st principle stress results in the stress acting normal to the plane, where shear stress is zero. This procedure helps analyse the maximum tensile stress in loading conditions. To compare, the 3rd principle stress also acts normal to the plane, where shear stress is zero, however, this procedure helps analyse the maximum compressive stress in loading conditions. This means the 1st principle stress illustrates the largest, and the 3rd principle stress represents the smallest.
Link to CAD files in OneDrive
https://uowtsd-my.sharepoint.com/:f:/g/personal/jbass_146018_student_uwtsd_ac_uk/EvpyprfikutNslmiiAAQl1sBJhiiEHtCL63qVNLQ0MsL3g?e=bR5hnc
[bookmark: _GoBack]
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