










[bookmark: _Toc30949396]ABSTRACT
The aim of this project is to develop the Yamaha WR 250 CAM train model, measuring and designing all components, running a simulation on SOLIDWORKS, in order to make the simulation as accurate as possible, real exhaust gases pressure and forces were calculated an imported into the software. Using the “Import Motion Loads” feature an FEA analysis was executed on the exhaust valve, few FEA tests were carried out leading to new designs and material, including fatigue evaluation using S/N curves.
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INTRODUCTION AND WORK METHODOLOGY
[bookmark: _Toc30949398]WORKING PROCEDURE
In order to design all the relevant components of the CAM train was necessary to disassemble the Yamaha WR 250-F cylinder head and measuring with accuracy each component.
[image: ]
Figure 1 Disassembling Yamaha WR 250-F
[image: ]Figure 2 Disassembling Yamaha WR 250-F















Once all the measurements of components were taken, the Yamaha WR 250-F OEM manual was researched used to check the accuracy of the data measured by hand with and getting as much the information as possible to build the assembly.
[bookmark: _Toc30949399]YAMAHA WR 250-F CYLINDER HEAD CONFIGURATION
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Figure 3 WR 250 GYTR cylinder head
 [image: ]
Figure 4 Cylinder head Assembly picture (Yamaha Motorcycles, 2016)
	NUMBER
	PART NAME
	Q’TY

	1
	Valve bucket
	4

	2
	Shim
	4

	3
	 Valve collet (cotter)
	8

	4
	Valve retainer
	4

	5
	Spring
	4

	6
	 Valve stem seal 
	4

	7
	Valve spring seat
	4

	8
	Intake valve
	2

	9
	Exhaust valve
	2

	
	Cylinder head
	1

	
	Intake cam shaft
	1

	
	Exhaust cam shaft
	1



[bookmark: _Toc30949400]CAMSHAFT, CAM PROFILE DESIGN METHODOLOGY
As explained previously the final goal was to do an FEA analysis on the exhaust valve thus being the valves driven by the cam shaft, it was necessary to obtain a cam profile as accurate as possible.
A first practical work was done measuring the cam profile degree by degree as follows.

[image: ]
Figure 5 Measuring CAM lobe profile

Figure 6 Exhaust lift graph
Being aware that is possible to import X, Y, Z coordinates in SOLIDWORKS, a mathematical analysis was done to “transform” the lift data obtained in X,Y,Z coordinates as follows.
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Figure 7 CAM lobe, XYZ points
X and Y POSITIONS:



Using Excel, a XYZ tables were produces as follows:
[image: ]
Figure 8 CAM profile EXCEL model



Figure 9 Intake, exhaust XYZ points in graph
The XYZ table of points were then imported in Solidworks as follows:
[image: ]
Figure 10 Importing the data into SOLIDWORKS generating the CAM profile
[bookmark: _Toc30949401]SOLIDWORKS ASSEMBLY AND MOTION STUDY
[bookmark: _Toc30949402]FULL ASSEMBLY
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Figure 11 Yamaha WR 250F CAM train full assembly
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Figure 12 Yamaha WR 250F CAM train full assembly
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Figure 13 CAM train section view
The assembly required a lot of mates thus, several folders were created to make the file tidy and easy to understand.
[image: ]
Figure 14 Mates in folders
In order to create an automatized assembly few equations were added creating relation between parts, below and example of the relation between retainer and shim, if the internal diameter of the retainer changes shim will follow automatically. Same thing will happen if the CAM shaft changes dimension, the bearing will follow.
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Figure 15 Shim linked to the retainer by equation
Figure 16 Creating global variables
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Figure 17 Bearing height equation
[image: ]
Figure 18 Camshaft and bearing relation
[bookmark: _Toc30949403]MOTION STUDY
In the motion study one rotary motor was applied to each camshaft, a solid body contact was applied between she CAM lobe surface and the top surface of the bucket, in order to make the simulation as accurate as possible a research on real value of free length and spring stiffnesses was done and input values in the simulation.
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Figure 19Yamaha official manual valve spring data (Yamaha Motorcycles, 2016)
Due to a simulation error the value of the exhaust spring rate was changed to 24 N/mm.
Once all the parameters were set correctly and the simulation ran smoothly an investigation on the contact forces between cam lobe and bucket was done to see what force the followers were facing.
 Picture below (Figure 13) represents  the force expressed between an camshaft lobe and bucket, it’s visible that the maximum force occurs at every M.O.P. (maximum opening  point), as the contact area between the two components decreases so the pressure is concentrated in a smaller area.

[image: ]
[bookmark: _Ref29741834]Figure 20 Contact force between cam and bucket before exhaust gas pressures

[bookmark: _Toc30949404]FROM CONTACT FORCE TO FEA ANALYSIS
It was decided to simulate a “real scenario”, applying not only the contact force but simulating the valve working in the engine, to do that, some real pressure data from a Ford 1.6L Eco-boost were used, utilizing the highest RPM data available (6000 RPM). 
Being aware that these pressures don’t reflect a real 250cc engine, as they come from a (400cc cylinder) the first FEA test results will be key to determine if the pressure data used are too high or not. The pressure trend was plotted in through the exhaust stroke (+180° to +360°) as follows:

Figure 21 Exhaust stroke Pressure against crank position
With the final aim of importing the pressure data into SOLIDWORKS simulation, the crank position data were transposed into rotation time (seconds) using the following relation:



Figure 22 Figure 14 Exhaust stroke Pressure against crank rotation time [s]
Using SOLIDWORKS measuring tool the exact exhaust valve area was obtained and the relative forces acting on the valve due to chamber pressure were then calculated and plotted.
[image: ]
Figure 23 Exhaust valve area 1
[image: ] 
Figure 24  Exhaust valve area 2


Where:
F: force acting on the valve
P: pressure inside the chamber in the exhaust stroke
A: Area of the flat face of the valve (A1+A2)












EXHAUST FORCE LOCATION AND DIRECTION
[image: ]
Figure 25 Exhaust gas forces direction

Figure 26 Exhaust gas force trend
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Figure 27 Screenshot of pressure, forces and time data
The force-time data were saved as a txt file and finally successfully imported in SOLIDWORKS motion simulation.

[image: ]
Figure 28 Importing exhaust forces into SOLIDWORKS
[bookmark: _Toc30949405]IMPORT MOTION LOADS
[bookmark: _Toc30949406]LOAD BEARING FACES
In order to simulate the exhaust valve with the most accurate methodology, the “Import motion load” feature was used, this feature requires to select a “Load bearing face”, which represents where the analysed part is fixed (constrained), in this study the top and bottom of the shim faces were selected as is where the valve and bucket pushes against throughout the motion.
[image: ]
Figure 29 Selecting shim's back face
As the import motion loads feature allows to export forces values at different time frames, the M.O.P time frame was exported as it represents the worst case scenario that the exhaust valve is experiencing, maximum contact force from the CAM and a fair big amount of gas force, around 300 N. The analysed frame corresponds to 0.3 seconds and it’s visible in the picture below.
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Figure 30 Time frame analysed (0.30S)
The actual corresponding frame number to 0.3 seconds in the simulation is 13.8th, the software doesn’t allow to use decimal numbers so 14th was used.
[bookmark: _Toc30949407]CORRECT TIME FRAME
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Figure 31 Import motion loads time frame
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Figure 32 Exhaust gas force imported into FEA page
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Figure 33 CAM contact force imported
Figure 34 Importing force data points into the simulation
[bookmark: _Toc30949408]EXHAUST VALVE MATERIAL INVESTIGATION
Before starting the FEA analysis on the valve different researches were done, regarding which are the most suitable materials for exhaust and intake valves. The most common materials used for internal combustion engine are high-strength chromium-nickel alloys, stainless steels and Titanium alloys.
More specifically exhaust valves are usually made of 21-2N or 21-4N stainless steel which resist to high working temperatures and have a good wear resistance (Federal Mogul, 2016).
Here the 21-2N material properties (Azom Materials, 2020).

[image: ]
Figure 35 21-2N material properties (Azom Materials, 2020)

As the 21-2N or 21-4N were not available on Solidworks, AISI 4340 Alloy steel was used as it has similar values of Tensile strength and Module of Elasticity to the 21-2N.
[bookmark: _Toc30949409]EXHAUST VALVE FEA TEST  1 (EXTERNAL LOADS APPLIED)
[bookmark: _Toc30949410]FORCES AND CONSTRAINS
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Figure 36 Test 1 scenario







[bookmark: _Toc30949411]RESULTS PICTURES
STRESS:
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Figure 37 Stress results
DISPLACEMENT
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Figure 38 Displacement
STRAIN
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Figure 39 Strain
[bookmark: _Toc30949412] TEST1-ANALYSIS
As mentioned previously the first simulation helped also to understand if the scenario was realistic or not. Analysing the results, it was understood that the valve would break too easily as the stresses experienced by the valve were way bigger even than the UTS in this scenario, this first simulation explained that this scenario was not realistic for the following reason.
At first the idea was that the data imported did not represents the pressure inside a 250 engine, then it was decided to practically check in the workshop the size and the design of the 1.6L Ford in order to see it was very different compering to the Yamaha. As the valves are not too different in design it was realized that the simulation didn’t reflect the real working  as the valve was just  constrained at the top (collect area), while in a real engine it’s hold in place by the cylinder head and its seat, it was then carried a new simulation adding the seat constrain as follow.
[bookmark: _Toc30949413]EXHAUST VALVE FEA TEST  2 (NEW CONSTRAIN)
[bookmark: _Toc30949414]FORCES AND CONSTRAINS
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Figure 40 Loads and constraints second simulation








[bookmark: _Toc30949415]RESULTS PICTURES
STRESS:
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[bookmark: _Ref30159869]Figure 41 TEST2 stress results











DISPLACEMENT
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Figure 42 TEST2 displacement results
STRAIN
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Figure 43 TEST2 strain results
[bookmark: _Toc30949416]TEST2-ANALYSIS
The following table contains the relevant results of the TEST1 and TEST 2:
[image: ]
Figure 44 Test 1 vs Test 2 result
Looking to the data collected and from the picture is clearly visible that adding the right constrain completely improved the results of the simulation, the maximum stress was reduced of over 18%, in TEST 1 the valve was deforming up to 11 mm while now  just 0.15mm, the strained decreased too.
Analysing the second test it’s visible that the maximum stress occurs in the section localized in between valve stem and the valve diameter face, exactly on the radius. In this location the stresses are above the value of Yield strength of the material thus it was decided to redesign the component. It’s necessary to adopt the Yields limit in automotive and especially when it comes to design engine parts as the it represents the point where the material stop its elastic behaviour (Bosch, 2014).
If the stresses in the valve overcome this limit, it could deform permanently, changing the correct clearance volume, rising possibility of collision with the piston.

[image: ]

Figure 45 Max stress location
An engine valves experiences periodic stresses, before the new design a “Fatigue evaluation”, to determine the “life” of the valve.
[bookmark: _Toc30949417]FATIGUE EVALUATION
Using the S/N graph, it’s possible to calculate the number of cycles in relation to the maximum stress of the material used. 
Here the AISI 4340 steel S/N graph used for the evaluation:
[image: ]
Figure 46 AISI 4340 S/N curves (Nascimento, 1999)
Looking at the graph is visible that the first design wouldn’t even be able to resist under 10^4 cycles.
[bookmark: _Toc30949418]NEW DESIGN
In order to get to the best design few steps were done, making a design change and doing an FEA test to see how the change affected the stresses.
[bookmark: _Hlk30156551][bookmark: _Toc30949419]NEW DESIGN STEP-1: INCREASED BASE RADIUS
The first change had the aim to decrease the stresses where the maximum stress occurs:
The radius was increased from 10mm to 13mm
[image: ]
Figure 47 New design step1

[image: ]
Figure 48 New design step 1 stress results
The increase of the radius slightly decreased the maximum stress (1296.4 Mpa) moving it up slightly, while displacement remained (0.15 mm), thus another strategy was used as follows.
[bookmark: _Toc30949420]NEW DESIGN STEP-2: INCREASED BASE RADIUS PLUS INITIAL STEM DIAMETER INCREASED
In the second design step radius was increased to 15mm and the initial STEM diameter was increased of 17%, from 2.23 to 2.7mm, for distance along the valve axis of 18,5 mm.
[image: ] [image: ]
Figure 49 New design step 2
[image: ]
Figure 50 New design step 2 results
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Figure 51 Step 2 displacement results
The changes made were successful, as the maximum stress decreased significantly, to a maximum of 782 Mpa. The new design would also have better fatigue behaviour, the valve could resist up to 10^4.5 cycles.
[image: ]
Figure 52 AISI 4340 S/N curve
[bookmark: _Toc30949421]NEW DESIGN STEP-3: WEIGHT REDUCTION
The previous design change had a reduction of stresses as a pro, but the addition of material increased the weight of the valve up to 28,85 grams, the initial design weighted 24,57 grams. 
As the valve showed very low stresses on the top face and along the initial STEM diameter (Figure 28), it was decided to create a hole along the valve as follows and reduce the height of the conical section on the bottom of the valve as visible in Figure 36 (grey initial design, blue new design). Hollow valves are common in the engines which rise a lot in temperature, the hole allows the heat to escape. (Ward, 2011)
The new design weights 27.87 grams, saving 4% in weight. 
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[bookmark: _Ref30160140]Figure 53 Valve before and after design changes
[image: ]
Figure 54 Section view of new design exhaust valve
The FEA analysis was updated, showing very similar results as in the previous step design as expected.
[image: ]
Figure 55 Design step 3 stress results
Although the new design showed an overall big degrease of the stresses, it still had a maximum stress concentration of 785 Mpa, thus it was decided to change the material to a Ti-6Al-4V, which is a common titanium alloy for automotive application in order to make sure the stresses stay below Yield limit (Nippon Steel, 2017).


[bookmark: _Toc30949422]FINAL DESIGN AND NEW MATERIAL ANALYASIS
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Figure 56 Final design FEA
[image: ]
Figure 57 Final design displacement results
The Ti-6Al-4V has a higher Yield limit (827,4 Mpa), compere to the AISI 4340, thus the maximum stress of 788.7 has to be considered safe for this automotive application. Important to say that using Ti-6Al-4V determined a small increase of the displacement up to 0.187mmm, this due to the fact that Ti-6Al-4V (104800.31 N/mm^2) has a smaller Young’s Module comparing to the AISI 4340 steel (205.500 N/mm^2), this means that the titanium valve is less stiff than a steel valve.
Here the Young’s Module formula (Meerkamm, 2014):

Where:
σ: stress applied to the material [N/mm^2]
ε: Strain [Final length-initial length]/ [initial length [no units] 

 Once the new material choice was finalized a fatigue evaluation was done again using the Ti-6Al-4V S/N curve as follows:

(Kiesed D, 2004)[image: ]
Figure 58 Ti-6Al fatigue curve (Kiesed D, 2004)
Using Ti-6Al-4V for the exhaust valve also helped for weight reduction, having a final design of 15.72 g
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[bookmark: _Toc30949424]FINAL RESULTS COMPARATION (GAIN LOSSES PROS AND CONS)
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Figure 59 Final results comparation
The above table sum all the steps taken throughout the study, it was managed to create a design which has stresses below Yields, looking at the data is visible that the deformation data was almost totally reduced (98.3%) having a final design which deforms just 0.18mm. The new design is also lighter than the initial one by 36%.
As the assignment required to add the real masses into the assembly, the mass of each component was measured in the workshop and then input the data into Solidworks. It was interesting and rewarding see that the exhaust valve actually weights 14g, this was a sort of validation of the whole simulation done as before the start of the study I didn’t know which was the actual material of the valve, now I can tell that is not steel but is most likely to be Titanium. It was proved that the new design is slightly heavier than the original one (YAMAHA OEM) but it could resist to the stresses of a bigger engine, moreover it has the cooling hole feature.



NOTES
To check the motion simulation, just press play, do not recalculate the motion simulation as I have had some “random problems”
The assembly is called “FINAL_ASSEMBLY” can be find in the following directory: 
[image: ]
One drive link:
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YAMAHA WR 250-F INTAKE CAM PROFILE
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 PRESSURE AT SECONDS	2.7777777777777779E-5	5.5555555555555558E-5	8.3333333333333344E-5	1.1111111111111112E-4	1.3888888888888889E-4	1.6666666666666666E-4	1.9444444444444443E-4	2.2222222222222221E-4	2.5000000000000001E-4	2.7777777777777778E-4	3.0555555555555555E-4	3.3333333333333332E-4	3.6111111111111109E-4	3.8888888888888887E-4	4.1666666666666664E-4	4.4444444444444441E-4	4.7222222222222218E-4	5.0000000000000001E-4	5.2777777777777784E-4	5.5555555555555566E-4	5.8333333333333349E-4	6.1111111111111132E-4	6.3888888888888914E-4	6.6666666666666697E-4	6.944444444444448E-4	7.2222222222222262E-4	7.5000000000000045E-4	7.7777777777777828E-4	8.055555555555561E-4	8.3333333333333393E-4	8.6111111111111176E-4	8.8888888888888958E-4	9.1666666666666741E-4	9.4444444444444524E-4	9.7222222222222306E-4	1.0000000000000009E-3	1.0277777777777787E-3	1.0555555555555565E-3	1.0833333333333344E-3	1.1111111111111122E-3	1.13888888888889E-3	1.1666666666666678E-3	1.1944444444444457E-3	1.2222222222222235E-3	1.2500000000000013E-3	1.2777777777777792E-3	1.305555555555557E-3	1.3333333333333348E-3	1.3611111111111126E-3	1.3888888888888905E-3	1.4166666666666683E-3	1.4444444444444461E-3	1.4722222222222239E-3	1.5000000000000018E-3	1.5277777777777796E-3	1.5555555555555574E-3	1.5833333333333352E-3	1.6111111111111131E-3	1.6388888888888909E-3	1.6666666666666687E-3	1.6944444444444466E-3	1.7222222222222244E-3	1.7500000000000022E-3	1.77777777777778E-3	1.8055555555555579E-3	1.8333333333333357E-3	1.8611111111111135E-3	1.8888888888888913E-3	1.9166666666666692E-3	1.944444444444447E-3	1.9722222222222246E-3	2.0000000000000022E-3	2.0277777777777798E-3	2.0555555555555574E-3	2.083333333333335E-3	2.1111111111111126E-3	2.1388888888888903E-3	2.1666666666666679E-3	2.1944444444444455E-3	2.2222222222222231E-3	2.2500000000000007E-3	2.2777777777777783E-3	2.3055555555555559E-3	2.3333333333333335E-3	2.3611111111111111E-3	2.3888888888888887E-3	2.4166666666666664E-3	2.444444444444444E-3	2.4722222222222216E-3	2.4999999999999992E-3	2.5277777777777768E-3	2.5555555555555544E-3	2.583333333333332E-3	2.6111111111111096E-3	2.6388888888888872E-3	2.6666666666666648E-3	2.6944444444444425E-3	2.7222222222222201E-3	2.7499999999999977E-3	2.7777777777777753E-3	2.8055555555555529E-3	2.8333333333333305E-3	2.8611111111111081E-3	2.8888888888888857E-3	2.9166666666666633E-3	2.9444444444444409E-3	2.9722222222222185E-3	2.9999999999999962E-3	3.0277777777777738E-3	3.0555555555555514E-3	3.083333333333329E-3	3.1111111111111066E-3	3.1388888888888842E-3	3.1666666666666618E-3	3.1944444444444394E-3	3.222222222222217E-3	3.2499999999999946E-3	3.2777777777777723E-3	3.3055555555555499E-3	3.3333333333333275E-3	3.3611111111111051E-3	3.3888888888888827E-3	3.4166666666666603E-3	3.4444444444444379E-3	3.4722222222222155E-3	3.4999999999999931E-3	3.5277777777777707E-3	3.5555555555555484E-3	3.583333333333326E-3	3.6111111111111036E-3	3.6388888888888812E-3	3.6666666666666588E-3	3.6944444444444364E-3	3.722222222222214E-3	3.7499999999999916E-3	3.7777777777777692E-3	3.8055555555555468E-3	3.8333333333333245E-3	3.8611111111111021E-3	3.8888888888888797E-3	3.9166666666666577E-3	3.9444444444444353E-3	3.9722222222222129E-3	3.9999999999999905E-3	4.0277777777777682E-3	4.0555555555555458E-3	4.0833333333333234E-3	4.111111111111101E-3	4.1388888888888786E-3	4.1666666666666562E-3	4.1944444444444338E-3	4.2222222222222114E-3	4.249999999999989E-3	4.2777777777777666E-3	4.3055555555555442E-3	4.3333333333333219E-3	4.3611111111110995E-3	4.3888888888888771E-3	4.4166666666666547E-3	4.4444444444444323E-3	4.4722222222222099E-3	4.4999999999999875E-3	4.5277777777777651E-3	4.5555555555555427E-3	4.5833333333333203E-3	4.611111111111098E-3	4.6388888888888756E-3	4.6666666666666532E-3	4.6944444444444308E-3	4.7222222222222084E-3	4.749999999999986E-3	4.7777777777777636E-3	4.8055555555555412E-3	4.8333333333333188E-3	4.8611111111110964E-3	4.8888888888888741E-3	4.9166666666666517E-3	4.9444444444444293E-3	4.9722222222222069E-3	4.9999999999999845E-3	5.0277777777777621E-3	5.0555555555555397E-3	5.0833333333333173E-3	7.343	7.266	7.2009999999999996	7.1630000000000003	7.0990000000000002	7.0209999999999999	6.9569999999999999	6.8929999999999998	6.8410000000000002	6.7770000000000001	6.6870000000000003	6.6230000000000002	6.5579999999999998	6.4939999999999998	6.4169999999999998	6.3520000000000003	6.3010000000000002	6.2370000000000001	6.1589999999999998	6.0819999999999999	6.0309999999999997	5.9790000000000001	5.9279999999999999	5.8380000000000001	5.7859999999999996	5.7350000000000003	5.6449999999999996	5.5419999999999998	5.4779999999999998	5.4130000000000003	5.3230000000000004	5.2720000000000002	5.2080000000000002	5.13	5.0659999999999998	5.0149999999999997	4.95	4.8860000000000001	4.835	4.7830000000000004	4.7320000000000002	4.68	4.6159999999999997	4.577	4.5389999999999997	4.4740000000000002	4.423	4.359	4.32	4.2809999999999997	4.2430000000000003	4.1790000000000003	4.1269999999999998	4.0890000000000004	4.05	4.0110000000000001	3.9470000000000001	3.9209999999999998	3.8959999999999999	3.87	3.8180000000000001	3.7930000000000001	3.7669999999999999	3.7410000000000001	3.7149999999999999	3.69	3.6640000000000001	3.6379999999999999	3.625	3.6	3.5870000000000002	3.5739999999999998	3.548	3.5230000000000001	3.4969999999999999	3.484	3.4969999999999999	3.484	3.4710000000000001	3.4580000000000002	3.4449999999999998	3.4449999999999998	3.4449999999999998	3.4449999999999998	3.4449999999999998	3.4449999999999998	3.4449999999999998	3.4319999999999999	3.4449999999999998	3.4580000000000002	3.4710000000000001	3.4710000000000001	3.4580000000000002	3.4580000000000002	3.4710000000000001	3.484	3.484	3.484	3.484	3.4969999999999999	3.51	3.51	3.5230000000000001	3.5350000000000001	3.5350000000000001	3.548	3.548	3.5609999999999999	3.5739999999999998	3.5739999999999998	3.5739999999999998	3.5739999999999998	3.5870000000000002	3.5870000000000002	3.5870000000000002	3.5739999999999998	3.5739999999999998	3.5870000000000002	3.5739999999999998	3.5739999999999998	3.5609999999999999	3.5609999999999999	3.548	3.548	3.5350000000000001	3.5350000000000001	3.5350000000000001	3.5230000000000001	3.4969999999999999	3.4969999999999999	3.484	3.4710000000000001	3.4449999999999998	3.4319999999999999	3.407	3.3940000000000001	3.3809999999999998	3.355	3.33	3.3039999999999998	3.2909999999999999	3.278	3.2519999999999998	3.2269999999999999	3.2010000000000001	3.1880000000000002	3.1619999999999999	3.1240000000000001	3.0979999999999999	3.085	3.0720000000000001	3.0339999999999998	2.9950000000000001	2.9689999999999999	2.9569999999999999	2.944	2.9049999999999998	2.8660000000000001	2.8540000000000001	2.8540000000000001	2.8279999999999998	2.7890000000000001	2.7759999999999998	2.7759999999999998	2.7639999999999998	2.738	2.7250000000000001	2.7120000000000002	2.7120000000000002	2.6989999999999998	2.6859999999999999	2.6739999999999999	2.6739999999999999	2.661	2.6480000000000001	2.6349999999999998	2.6349999999999998	2.6219999999999999	2.5960000000000001	2.5840000000000001	2.5710000000000002	2.5579999999999998	2.5449999999999999	TIME (S)


P(bar)




FORCE TIME (SECONDS)

FORCE 	2.7777777777777779E-5	5.5555555555555558E-5	8.3333333333333344E-5	1.1111111111111112E-4	1.3888888888888889E-4	1.6666666666666666E-4	1.9444444444444443E-4	2.2222222222222221E-4	2.5000000000000001E-4	2.7777777777777778E-4	3.0555555555555555E-4	3.3333333333333332E-4	3.6111111111111109E-4	3.8888888888888887E-4	4.1666666666666664E-4	4.4444444444444441E-4	4.7222222222222218E-4	5.0000000000000001E-4	5.2777777777777784E-4	5.5555555555555566E-4	5.8333333333333349E-4	6.1111111111111132E-4	6.3888888888888914E-4	6.6666666666666697E-4	6.944444444444448E-4	7.2222222222222262E-4	7.5000000000000045E-4	7.7777777777777828E-4	8.055555555555561E-4	8.3333333333333393E-4	8.6111111111111176E-4	8.8888888888888958E-4	9.1666666666666741E-4	9.4444444444444524E-4	9.7222222222222306E-4	1.0000000000000009E-3	1.0277777777777787E-3	1.0555555555555565E-3	1.0833333333333344E-3	1.1111111111111122E-3	1.13888888888889E-3	1.1666666666666678E-3	1.1944444444444457E-3	1.2222222222222235E-3	1.2500000000000013E-3	1.2777777777777792E-3	1.305555555555557E-3	1.3333333333333348E-3	1.3611111111111126E-3	1.3888888888888905E-3	1.4166666666666683E-3	1.4444444444444461E-3	1.4722222222222239E-3	1.5000000000000018E-3	1.5277777777777796E-3	1.5555555555555574E-3	1.5833333333333352E-3	1.6111111111111131E-3	1.6388888888888909E-3	1.6666666666666687E-3	1.6944444444444466E-3	1.7222222222222244E-3	1.7500000000000022E-3	1.77777777777778E-3	1.8055555555555579E-3	1.8333333333333357E-3	1.8611111111111135E-3	1.8888888888888913E-3	1.9166666666666692E-3	1.944444444444447E-3	1.9722222222222246E-3	2.0000000000000022E-3	2.0277777777777798E-3	2.0555555555555574E-3	2.083333333333335E-3	2.1111111111111126E-3	2.1388888888888903E-3	2.1666666666666679E-3	2.1944444444444455E-3	2.2222222222222231E-3	2.2500000000000007E-3	2.2777777777777783E-3	2.3055555555555559E-3	2.3333333333333335E-3	2.3611111111111111E-3	2.3888888888888887E-3	2.4166666666666664E-3	2.444444444444444E-3	2.4722222222222216E-3	2.4999999999999992E-3	2.5277777777777768E-3	2.5555555555555544E-3	2.583333333333332E-3	2.6111111111111096E-3	2.6388888888888872E-3	2.6666666666666648E-3	2.6944444444444425E-3	2.7222222222222201E-3	2.7499999999999977E-3	2.7777777777777753E-3	2.8055555555555529E-3	2.8333333333333305E-3	2.8611111111111081E-3	2.8888888888888857E-3	2.9166666666666633E-3	2.9444444444444409E-3	2.9722222222222185E-3	2.9999999999999962E-3	3.0277777777777738E-3	3.0555555555555514E-3	3.083333333333329E-3	3.1111111111111066E-3	3.1388888888888842E-3	3.1666666666666618E-3	3.1944444444444394E-3	3.222222222222217E-3	3.2499999999999946E-3	3.2777777777777723E-3	3.3055555555555499E-3	3.3333333333333275E-3	3.3611111111111051E-3	3.3888888888888827E-3	3.4166666666666603E-3	3.4444444444444379E-3	3.4722222222222155E-3	3.4999999999999931E-3	3.5277777777777707E-3	3.5555555555555484E-3	3.583333333333326E-3	3.6111111111111036E-3	3.6388888888888812E-3	3.6666666666666588E-3	3.6944444444444364E-3	3.722222222222214E-3	3.7499999999999916E-3	3.7777777777777692E-3	3.8055555555555468E-3	3.8333333333333245E-3	3.8611111111111021E-3	3.8888888888888797E-3	3.9166666666666577E-3	3.9444444444444353E-3	3.9722222222222129E-3	3.9999999999999905E-3	4.0277777777777682E-3	4.0555555555555458E-3	4.0833333333333234E-3	4.111111111111101E-3	4.1388888888888786E-3	4.1666666666666562E-3	4.1944444444444338E-3	4.2222222222222114E-3	4.249999999999989E-3	4.2777777777777666E-3	4.3055555555555442E-3	4.3333333333333219E-3	4.3611111111110995E-3	4.3888888888888771E-3	4.4166666666666547E-3	4.4444444444444323E-3	4.4722222222222099E-3	4.4999999999999875E-3	4.5277777777777651E-3	4.5555555555555427E-3	4.5833333333333203E-3	4.611111111111098E-3	4.6388888888888756E-3	4.6666666666666532E-3	4.6944444444444308E-3	4.7222222222222084E-3	4.749999999999986E-3	4.7777777777777636E-3	4.8055555555555412E-3	4.8333333333333188E-3	4.8611111111110964E-3	4.8888888888888741E-3	4.9166666666666517E-3	4.9444444444444293E-3	4.9722222222222069E-3	4.9999999999999845E-3	5.0277777777777621E-3	5.0555555555555397E-3	5.0833333333333173E-3	364.24951499999997	360.42992999999996	357.20560499999993	355.32061499999998	352.14589499999994	348.27670499999994	345.10198499999996	341.92726499999998	339.34780499999994	336.17308499999996	331.70863499999996	328.53391499999998	325.30958999999996	322.13486999999998	318.31528499999996	315.09095999999994	312.56110499999994	309.38638499999996	305.51719499999996	301.69760999999994	299.16775499999994	296.58829499999996	294.05843999999996	289.59398999999996	287.01452999999998	284.48467499999998	280.02022499999998	274.91090999999994	271.73618999999997	268.51186499999994	264.04741499999994	261.51755999999995	258.34283999999997	254.47364999999996	251.29892999999998	248.76907499999993	245.54474999999996	242.37002999999996	239.84017499999996	237.260715	234.73085999999998	232.15139999999997	228.97667999999993	227.04208499999999	225.15709499999994	221.93276999999998	219.40291499999998	216.22819499999997	214.29359999999997	212.35900499999994	210.47401500000001	207.29929499999997	204.71983499999999	202.834845	200.90024999999997	198.96565499999997	195.79093499999999	194.50120499999997	193.26107999999996	191.97134999999997	189.39188999999999	188.15176499999998	186.86203499999999	185.57230499999997	184.28257499999998	183.04244999999997	181.75271999999998	180.46298999999999	179.81812499999998	178.57799999999997	177.93313499999999	177.28826999999998	175.99853999999999	174.75841499999999	173.46868499999999	172.82381999999998	173.46868499999999	172.82381999999998	172.17895499999997	171.53408999999999	170.88922499999998	170.88922499999998	170.88922499999998	170.88922499999998	170.88922499999998	170.88922499999998	170.88922499999998	170.24435999999997	170.88922499999998	171.53408999999999	172.17895499999997	172.17895499999997	171.53408999999999	171.53408999999999	172.17895499999997	172.82381999999998	172.82381999999998	172.82381999999998	172.82381999999998	173.46868499999999	174.11354999999998	174.11354999999998	174.75841499999999	175.35367499999998	175.35367499999998	175.99853999999999	175.99853999999999	176.64340499999997	177.28826999999998	177.28826999999998	177.28826999999998	177.28826999999998	177.93313499999999	177.93313499999999	177.93313499999999	177.28826999999998	177.28826999999998	177.93313499999999	177.28826999999998	177.28826999999998	176.64340499999997	176.64340499999997	175.99853999999999	175.99853999999999	175.35367499999998	175.35367499999998	175.35367499999998	174.75841499999999	173.46868499999999	173.46868499999999	172.82381999999998	172.17895499999997	170.88922499999998	170.24435999999997	169.00423499999999	168.35936999999998	167.71450499999997	166.42477499999998	165.18464999999998	163.89491999999998	163.25005499999997	162.60518999999999	161.31545999999997	160.07533499999997	158.78560499999998	158.14073999999999	156.85100999999997	154.96601999999999	153.67628999999999	153.03142499999998	152.38655999999997	150.50156999999999	148.56697499999999	147.27724499999999	146.68198499999997	146.03711999999999	144.10252499999999	142.16792999999998	141.57266999999999	141.57266999999999	140.28294	138.34834499999999	137.70347999999998	137.70347999999998	137.10821999999999	135.81849	135.17362499999999	134.52875999999998	134.52875999999998	133.883895	133.23902999999999	132.64376999999999	132.64376999999999	131.99890499999998	131.35404	130.70917499999999	130.70917499999999	130.06430999999998	128.77457999999999	128.17931999999999	127.53445499999999	126.88958999999997	126.24472499999999	TIME (S)
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[cam MEASUREMENT x v |cam MEASUREMENT

AlPHA | UFT 225] o 9| AlPHA | UFT 25200 000 o000
o[ 00000 224365 033268 o| 9| 9| 25196 044 0.00|
1[ 0.0000 224863 078524 o 1 o 25185 085 000
2[ 0.0000 224592 117756 o 2 o 25165 132 000
3| 0.0000 224452 156952 o 3| o 25133 176 000
o[ 00000 224148 1961 o 4 o 25106 220 0.00)
5[ 0.0000 223767 235189 o s o 25062 263 000
6] 0.0000 223323 274208 o 6| o 25012 307 000
7[ 0.0000 22281 313139 o 7| o 28355 351 000
[ 0.0000 22223 351978 o 5| o 20550 334 0.00|
5[ 0.0000 221582 3.50708 o B o 20517 438 000
10[ 0.0000 220885 42932 o o 26737 451 0.00|
11[ 0.0000 220083 457501 o o 26545 524 0.00|
12[ 0.0000 215233 50614 o o 20554 567 000
15[ 0.0000 218317 544320 o o 26451 610 0.00)
14] 0.0000 217333 552343 o o 20361 652 000
15[ 0.0000 216284 620154 o o 26224 695 0.00|
16] 0.0000 215169 657836 o o 26085 737 000
17[ 0.0000 213988 695288 o o 23567 775 000
18] 0.0000 212742 7.32528 o o 23527 820 000
19[ 0.0000 211431 759545 o o 23550 852 0.00)
20[ 0.0000 210056 806328 o o 23526 903 000
21[ 0.0000 208615 5.42865 o o 23365 044 000
22 0.0000 207114 879145 o o 23057 e85 000
23] 0.0000 205548 9.15157 o o 23001 1025 0.00|
24] 0.0000 203919 e.50891 o o 22835 1065 000
25 0.0000 202229 986335 o o 22650 1105 0.00|
26] 0.0000 200476 102148 o o 22453 1144 0.00|
27] 0.0000 198663 105631 o o 22250 1183 000
28] 0.0000 196789 105082 o o 22040 1220 0.0
29[ 0.0000 104856 1125 o o 215041260 0.00)
30| 0.0000 192863 115884 o o 21601 1258 0.00)
31 00000 190811 119232 o o 21371 1335
32 00000 185701 122544 o o 21136 1372
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ENGINE SPECIFICATIONS

Vaive spring
Free length (intake) 36,69 mm (1.4 in)
Limit 34,85 mm (1.37 in)
Free length (exhaust) 34.86 mm (1.37 in)
Limit 33,11 mm (130 in)
Installed length (intake) 31.40 mm (1.24 n)
Installed length (exhaust) 28.50 mm (1.12 in)
Spring rate K1 (intake) 29,65 Nimm (2.99 kgfimm, 169.30 Iflin)
‘Spring rate K2 (intake) 39.31 Nimm (4.01 kgfimm. 222,46 Ibflin)
Spring rate K1 (exhaust) 23.11 Nimm (2.36 kgfimm, 131.96 Iblin)

Spring rate K2 (exhaust) 30.88 Nimm (3.15 kgf/mm, 176.32 Ibffin)
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180 7.163 0.000111111 0.000111 355.3206
181 7.099 0.000138889 0.000139 352.1459
182 7.021 0.000166667 348.2767
183 6.957 0.000194444 345.102
184 6.893 0.000222222 341.9273
185 6.841 0.00025 339.3478
186 6.777 0.000277778 336.1731
187 6.687 0.000305556 331.7086
188 6.623 0.000333333 328.5339
189 6.558 0.000361111 325.3096
190 6.494 0.000388889 322.1349
191 6.417 0.000416667 318.3153
192 6.352 0.000444444 315.091
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The physical properties of super alloy 21-4N valve steel are given in the following table.

Properties Metric Imperial
Density 7.7 glcm® 0.278 Ib/in®

Mechanical Properties

The mechanical properties of super alloy 21-4N valve steel are displayed in the following
table.

Properties Metric Imperial
Tensile strength 950-1200 MPa 13778-17404 psi
Modulus of elasticity 215 GPa 31183 ksi
Elongation 8% 8%
Reduction 10% 10%

Hardness 32 32
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EXHAUST VALVE FEA ANALYSIS

Ti-6AI-4V

WEIGHT LOSS

TEST1 1 N/mm~2 mm N/mm~2 % mm g %
AISI 4340 STEEL 1620.4 11.6 6.46*10-3 0 0 0 0 0| 2457 0
mest2 2 [INIRKSTRESS MAXDIsP. [IAXSTRAIN. |

N/mm~2 mm
AISI 4340 STEEL 1318 0.15 4.34*10"-3 302.4 18.66 11.45 98.70689655 0.00212| 2457 0|
| NewDesiGN [SHKSHRESSH viAx Disp.  [MAXSTRAINI|
STEP 1 N/mm~2 mm
AISI 4340 STEEL 1296.4 0.15 4.34*10"-3 324 20 11.45 98.70689655 0.00212|  25.66
STEP 2 N/mm~2 mm
AISI 4340 STEEL 788 0.0952 2.59 *107-3 832.4 5137 11.5 99.17931034 0.00387| 2s.85
STEP 3 N/mm~2 mm
Weight modification 785 0.0952 2.54*10-3 835.4 51.56 11.5 99.17931034 0.003920
AIS| 4340 STEEL 27.87| 13.43101343|
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