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1. [bookmark: _Toc30686933]Introduction

For this assignment the author was asked to choose an assembly applicable to current studies, this assembly must be accurately measurable before modelling its components in readiness to create a motion simulation of the chosen assembly.
The second task of the assignment is to then apply a logical load to the motion simulation to generate motion loads in the specific are of study chosen in the case of the author, he decided to generate and engine simulation of the Triumph 675 with a specific focus on the piston head. 
The final task of the study is to perform a topological study using the generated motion loads to refine the design through Finite element analysis of the components to determine whether the component can withstand the loads acting upon it during the simulation. 
Depending on the results of the study on the specific component it will need to be refined either for additional strength if it fails or unacceptable stress concentrations however if the component is over engineered then a reduction of material will be required to reduce mass and increase efficiency of the system. 

2. [bookmark: _Ref30605094][bookmark: _Toc30686934]Initial chosen components & modelling

For the assembly of the chosen engine several components were needed for an accurate and functioning motion simulation therefore conrod, crank, and piston schematics were obtained for modelling of these components from which associating geometry of the cylinder and cradle for the crank were able to be made.

For the purpose of this assignment the author decided to study a triumph 675 piston head under calculated gas forces from real data obtained for the engine
these components were chosen due to the fact accurate geometry and data was available for accuracy and validation of results

[bookmark: _Toc30686935]2.1. Piston head

The author decided to model and improve the piston head under load due to the availability for improvement between an initial design and a refined final part 
the piston head was generated and validated using schematic diagrams from triumph as well as the physical parts for validation, 


[bookmark: _Toc30686936]2.2. Design methodology
The initial design and dimensions were determined via schematic diagrams provided from triumph, the physical part was obtained later in the study after the initial design FEA this was due to the author wanting to ensure as accurate as possible modelling for FEA as well as mass and dimension validation.[bookmark: _Ref30587947]Figure 1 Piston head schematics & Part




· From these measurements the author was able to determine the basic geometry if the piston to generate an initial design from simple Solidworks functions
[bookmark: _Ref30605118]Figure 2 Initial sketching

· The left image in Figure 2 demonstrates the approach the author took to determining the basic geometry such as bore, height & piston ring groves which allow for easy modelling in Solidworks as an initial 2D sketch.


· Figure 3 Revolve Boss/Base demonstrates the method of forming a 3D part, in this case a symmetrical piston head using the initial 2D sketch, this feature allows for the uniform cut of the piston ring around the body.
[bookmark: _Ref30606111]Figure 3 Revolve Boss/Base




The author was then tasked with generating the lower profile of the piston which was determined through the schematic diagrams as seen in Figure 4 Lower piston Profile a sketch was drawn on the midplane and extruded on both sides up to the outer surface giving the initial solid body profile
[bookmark: _Ref30607043]Figure 4 Lower piston Profile



· The same sketch was then reused and offset to cut away the undesired material using an extrude cut 
Figure 5 Lower profile Extrude cut



· The final step for a solid body design before initial FEA was to cut the Gudgeon pin hole & centre shelling in reediness of assembly
[bookmark: _Ref30611440]Figure 6 Gudgeon pin housing








· The Gudgeon pin hole was determined to have an inner diameter of 17mm, outer diameter offset by 3mm giving a wall thickness of 3 mm around the Gudgeon pin. The schematics also outlined an offset of 0.4 mm to the exhaust side of the head which was also considered as seen in Figure 6 Gudgeon pin housing

[image: ]

· The outer dimensions of the lower body base were offset by 9mm for a symmetrical cut into the centre of the piston allowing enough space for the conrod to fit with a head width of 17.5mm leaving 0.25mm each side of the head.







· Initial Piston head material through Research was chosen to be 4032 forged aluminium
(Barun Kumar, 2018)
[bookmark: _Toc30686937]3. Motion simulation

Once each component had been built a motion simulation was required to validate the model and generate motion loads for FEA, this entailed determining the time in which it takes the engine to do 720 degrees (full cycle) at 14400 RPM as well as reducing reduces and inaccuracy’s in the model before FEA is conducted  
[bookmark: _Toc30686938]3.1. Motion sim Equations
Figure 7 Equations/global variables

Figure 7 demonstrates the use of Equation relations between components in the assembly where the diameter of the piston plus a tolerance of 0.25mm was associated to the cylinder, likewise the crank shafts and its cradle were similarly associated to each other so that is either of these dimensions change the accosted jointing surface also changes by the same amount plus o.25mm for tolerance. 

[bookmark: _Toc30686939]3.2. Excel Data/ Forces

For this motion simulation the author used real world data from Triumph dyno data which specified the maximum RPM of 14400 which was also where the maximum loads were determined to be therefore the author determined 14400 Rpm to be the best point to study.
[bookmark: _Toc30686940]3.2.1 Time per cycle

The time per cycle was determined through a few simple calculations which demonstrated below:
  
Equation 1 RPS
From the revolutions per second the author was able to determine the time it takes to complete 1 cycle: Figure 8 Key point time input


Equation 2 Time per Cycle

The time it takes to do 1 revolution was multiplied by 2 to give the time in takes to turn 720 degrees (full cycle)

[bookmark: _Toc30686941]3.2.2. Gas Forces

The gas force was the chosen forces for the simulation due to the fact that they are the main driving force in the engine that will have the largest effect on the piston as well as generating inertial force in the study.
These values were determined by the pressure data provided by triumph multiplied by the bore area of 74mm this is expressed as:

Equation 3 Gas force
Before being able to import the gas forces as a load into the motion simulation the time per degree is needed so Solidworks can determine at which time in the cycle the forces are applied.
Therefore:    
1.15741E-05 s
Equation 4 Time per degree

Calculating the time per degree allowed the author to determine the key time at each degree which was associated to change in crank angle via:

Equation 5 Time per degree @ each degree

with this variable and the gas force calculated a separate CSV file was saved and imported into solid works through the Data points option as seen in Figure 7 Gas force Import

[bookmark: _Ref30617094]Figure 9 Gas force Import




[bookmark: _Toc30686942]3.4. Frames per second

Once the key time for the motion simulation has been input as well as the motor for RPM the frames per second need to be input for smooth simulation, according to Brandon Donnelly at GSC software for a smooth simulation the frames per second should be set on the speed at which things are moving with a typical frames per second threshold of 32 frames  per second, however when considering a cycle time of less than 0.01 seconds the sim will need to operate over 5 seconds for a smooth sim according to GSC 32frames *5seconds gives a minimum requirement of 160 frames .
This is then divided by the key time the sim is running for, for this study this gives a value of 38,554 Frames per second, the author then played with this value in an attempt to export graphs at 720 Frames and there fore a frame per degree, the final frames per seconds used was 47,010 which was the closest the author was able to reach at 723 frames.  (Donnelly, 2018)

[bookmark: _Toc30686943][bookmark: _Ref30690532]4.Motion loads

Once the simulation was fully defined and all redundant mates removed the author was able to run the simulation to obtain accurate results from the simulation as well as the motion loads needed for FEA 
Before exporting motion loads for FEA the author plotted a graph of reaction forces in the same mate location as the area of study for FEA to generate results which should align with calculated rod force. This was achieved through exporting the graphic data for analysis.  


Figure 10 Exported Solidworks Reaction Force Graph

The highlighted red area can be discounted in the study. This is due to it being the reaction force from gas force at 14400RPM being applied to a static object rather than one rotating at 14400 RPM this leads to massively excessive & unrealistic reaction forces. the green areas are the realistic peak forces as well as coinciding with where the author should find peak inertia and compressive forces therefore the green areas are the area in which forces for study were taken from. Table 1 Solidworks Reaction forces Against Real data





As can be seen in Table 1 Solidworks Forces in Comparison to Real Data, the values of the reaction force are within 10% and 12% accurate to the real data. Note that the Graphic values are inverted due to being reaction forces which represents compressive and tensile forces as inverted values.
The mass of the initial part also needs to be considered due to its mass being only 72% accurate the peak inertia will be to large and compressive to low, therefore the mass of the part considered is input into excel to validate that the simulation was producing realistic results for the mass of the piston, this was repeated for validation of the real mass later in the study.

Once the Frames at which peak forces are acting were determined an analysis through the mate in the area of study allows for the calculation of motion loads as seen in Figure 10 Load bearing Faces. A mate in the area of study is defined as an analysis mate where the load bearing faces are defined for example figure 10 shows the Gudgeon pin holes highlighted as the load baring faces this is due to the fact that these faces are the areas in which all the force will be translated through to the rest of the system
[bookmark: _Ref30623574]Figure 11 Load bearing Faces











To import the motion loads ready for FEA the Frames of study found earlier in Table 1 Solidworks Forces in Comparison to Real Data the part of study needs to be defined in the panel seen in Figure 11 Importation of motion loads as well as the frame , the author decided rather than generate a multiple frame study to study just the 2 frames at which maximum tensile and compressive loads are found, this was due to the fact that if the part doesn’t fail at these frames then theoretically it should withstand any other force across the cycle due to the fact these two frames represent the highest force.[bookmark: _Ref30624017]Figure 13 Importation of motion loads (Max Tensile)
Figure 13 Importation of Motion loads (max Compression)


[bookmark: _Toc30686944]5. FEA Methodology

With the motion loads imported into the chosen part the author was able to begin FEA analysis of the part, firstly the material of the piston need to be confirmed to be in the motion simulation to ensure its mass was considered, meshing then needs to be conducted for the study. 

[bookmark: _Toc30686945]5.1. Meshing

To obtain accurate as possible results the mesh needed to be as fine as possible as seen in Figure 13 Mesh Control, to avoid meshing problems the author selected the curvature-based mesh option due to the curved nature of the design it allows for a more accurate meshing & results.

[bookmark: _Ref30626866]Figure 14 Mesh Control
















[bookmark: _Toc30686946]6. Initial FEA Results

The results found from the initial FEA of the solid body design seen in Figure 14 & Figure 15  demonstrated the areas of concentrated stress around the Gudgeon pin hole in the highlighted areas as to be expected. The results show that the part in both cases are well within yield, however this demonstrated the need for fillets to reduce stress concentrations as well as the need to reduce material.
[bookmark: _Ref30627387]Figure 15 FEA under Tensile Load











The areas highlighted in figures 14 & 15 show the areas of most concern when developing the design, Due to these results the author undertook improvement of the design by firstly reducing the material in the blue (low stress) areas while reinforcing the areas of stress concentration.


[bookmark: _Ref30627474]Figure 16 FEA under Compressive load



[bookmark: _Toc30686947]7. Refinement Design methodology

the initial refinements that were conducted were a series of cuts into the head, this was done by converting the entities of the inner piston ring groove and offsetting by 1mm to ensure the cuts don’t venture into the piston ring grooves, contrary to the layout of the design tree these cuts were sketched later after the initial solid body design was tested to insure clearance of Gudgeon pin hole however was moved up in the design tree to make the design process simpler. 
At this stage a physical piston head was obtained allowing for the measurement of the finer components in refinement.

Figure 18 Groove offset and sketch cuts
[bookmark: _Ref30683153]Figure 18 mass reduction Extrude cut








· Figure 17 shows the extrude cut which was extruded to just above the second piston ring groove this also defined the ribs to the Gudgeon pin retainer as supports  
Figure 19 Inner head Mass reduction cut

Figure 18 shows the centre cut to reduce mass in the lower body this was determined through measuring lower body wall thicknesses which was determined to be 2mm offset this was then only extrude cut as far as the lower face of the oil ring groove to prevent the breaching of the groove walls.

Figure 20 Gudgeon pin Hole reinforcement



Figure 19 shows the reinforcement of the Gudgeon pin hole after the centre mass reduction the author did this because the measured geometry of the head dictates a length of 12mm for the Gudgeon pin retainer. These entities were converted on both sides.
[bookmark: _Ref30686725]Figure 21 lower lip sketch profile

Figure 22





Figure 20 & 21 lower lip sketch profile shows how the lower lip profile was cut using perimeter circles to match up the inner edge of the skirt and an offset circle of 7mm from the Gudgeon pin hole as measured on the physical part.
This was sketch as then trimmer of unwanted lines using the power trim tool before extrude cutting through the entire lower body.
Fillets were then applied to all straight edges created from mass reduction cuts to reduce stress concentrations.

7.1. Mark 2 Piston FEA

· [image: ]Before FEA on the mark 2 was possible the motion simulation needed to be re calculated for the new forces to be calculated with a piston of reduced massTable 2 Mark 2 mass % accuracy


· With the cuts made to reduce access mass the accuracy of the parts mass to the real mass has increased by 20% and this has a direct influence on the forces for example inertial force reduces with reduced mass where as compressive forces increase as seen in Figure 23 Mark 2 Exported Reaction Forces & Real Data Forces
Table 3 Mark 2 Exported Reaction Forces & Real Data Forces




Figure 23 shows the degree of accuracy between the new forces to the calculated real Data with new reciprocating mass. The accuracy of the results of tensile loads has increased by 5% and compressive loads by 2% 
once the new peak forces location was determined, the loads were exported to the mark 2 piston via the same methodology as stated earlier in section 4.Motion loadsMark 2 FEA under Tensile Force’s
Figure 23 mark 2 FEA Under compression


Figures 25 shows the mark 2 piston under the peak compressive and Tensile loads, it can be seen that the refined design now withstands tensile loads however under compressive force the lower body is well bellow yield, the figure under compressive load shows the areas that need to be reinforced.Figure 25 inner faces up to yield
Figure 25 Areas of highest stress

7.2. Final FEA iteration

For the final iteration the author had to refine the design to insure the piston withstands both peak forces
The author to improve the design was add additional material in areas such as:
· around the Gudgeon pin retainer on the inside on both sides (see Figure 26 )
· increased the outer diameter of the Gudgeon retaining hole from 3mm to 5mm 
· increase fillet size within the centre cut to create uniformly curving surfaces as this increases strength by evenly distributing stress with minimal stress concentrations. (See Figure 25 Refinement fillets)
· Material change from aluminium 4032-T61(ss) to aluminium 4032-T6, where the new material was chosen due to the fact it had a higher UTS but also a lower young’s modulus.
[bookmark: _Ref30692102]Figure 26 Inner material addition
[bookmark: _Ref30694008]Figure 27 Refinement fillets









· The author then re-calculated the masses & forces via the same method as earlier study, the area of study for tensile loads was also change to frame 722 due to this being TDC after firing which is where the highest tensile loads are found in real life. It was found by the author that the earlier frame (48) chosen’s load was unrealistic as it predicts inaccurate results.
Table 4 Solidworks Forces in Comparison to Real Data





Mesh control was used by the author in higher stress concentration area to increase accuracy of fine areas that a larger mesh will inaccurately simulate & produce results as seen in Figure 27 Fine Mesh control[bookmark: _Ref30694579]Figure 28 Fine Mesh control











8. Final FEA

Figure 28 demonstrates the final FEA of the piston head and as can be seen the yield strength is defined as 3.730e+08 and the maximum stress which is found at the tip of the crown is 3.030e+08 which shows it’s just within tolerance as desired. 
Figure 29 mark 2 iteration 2 FEA Results under compression





Figure 29 shows the final iteration of the piston under tensile load and as can be seen in the indicated area the part falls within tolerance therefore the main concern in the FEA of the mark 1 piston has been solvedFigure 30 Mark 3 iteration 2 FEA Results under compression












9. Conclusion

In conclusion the author determined that the design is able to withstand the forces applied to the piston. The main attributing factor towards successful refinement was the accuracy of the mass which produced decreasing inertial force as the mass became more accurate and therefore reducing the stress in the areas of concern of the first iteration of the design. As the compressive force became the larger concern due to increasing compressive forces due to decreasing opposing inertial force the key factors in bringing the stresses into tolerance were increasing fillet size to try and produce as uniformed curves as possible to evenly distribute the loads as well as a finer mesh in stress concentration areas to yield better results.
As for the accuracy of the results the final values for forces are within a minimum of 96% accuracy compared to the real-life results for compressive and tensile forces whereas the accuracy of mass to actual mass was as close as 92%, although the author is confident that with the addition of oil feed holes in the lower ring and refinement of the piston crown the mass will be significantly more accurate.

[bookmark: _GoBack]Link to Files on one drive found @ https://uowtsd-my.sharepoint.com/:u:/g/personal/tsykes_147408_student_uwtsd_ac_uk/ES8jcCYCX9RLqwq6qA_sGt0B_Z-L9X3_MnbYXa_iqhHbdw?e=wRUOO9
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