











[bookmark: _Toc23620437]ABSTRACT
The aim of this assignment is to execute calculations on a Ford 1.6 N/A engine with the help of Microsoft EXCEL several and important data have been calculated, the assignment contains eight parts, each part will be explained using screenshots and theoretical formulas.
In particular an investigation on the forces acting on the conrod and the related stresses, finally a discussion about different material conrod will be explained. 
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 THE PEAK GAS FORCES
[bookmark: _Toc23620439]PRODUCTION ENGINE
When it comes study and analyse an internal combustion engine recording the pressure data against crank position can give very important information about how the engine is working and behaving. From the pressure is possible to determine the value of the stresses whom the main engine components are subjected such as piston, con-rod and crankshaft.
In the following picture, from diagram “C”, which represents the cylinder pressure, it’s visible that the maximum pressure occurs after TDC, this phenomenon is due to the combustion process (Amann, 1985)
[image: ]
[bookmark: _Ref22483643][bookmark: _Toc23707965]Figure 1 Pressure and P-V diagram (Bosch, 2014)
 The combustion process rises pressure inside the cylinder but also the temperature, temperature is also another very important parameter especially when it comes to decide which are the best materials to use for an engine.
 Pressure, as definition, represents the force acting on a specific area if the cylinder pressure is known is possible to determine which is the force action on top of the piston crown, which is also the force acting on the connecting rod.
[image: ]
[bookmark: _Toc23707966]Figure 2 Pressure acting on the piston crown
From basic principles:

(Caligaris, 2012)
Thus:


Where:
P: pressure inside cylinder [bar] or [Pascal]
A: Area where the pressure is acting, which is the bore area in this case. [m^2] or [mm^2]
F: force acting on top of the piston crown [N]


d: bore diameter.
Using Excel, the peak gas forces of all the RPMs of the data given have been calculated and plotted (from1000 RPM to 6000). 


Knowing that the value of the bore area remains constant, the peak forces value is strictly dependent on the pressure value, to find “Pmax” the function “Maximum” out in the column of the average pressure, data has been used.

[bookmark: _Toc23620440]MODIFIED ENGINE
The assignment expected to calculate the peak gas forces for the production engine (data given) and for a Modified engine, to simulate the latter an increase of 20% of the average mean pressure have been implemented and the maximum engine speed has been increased up to 7500 rpm for the calculation of inertia loads and stresses, simulating a turbocharger. For several calculations where a comparation between standard engine and modified engine was needed a communal speed of 6000 RPM has been used.
[bookmark: _Toc23620441]RESULTS
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[bookmark: _Toc23707967]Figure 3 Peak gas forces on production and modified engine


[bookmark: _Toc23707968]Figure 4 Peak gas forces on production engine and modified engine against RPMs

The above graph shows that higher value of peak gas forces occurs in the modified engine as expected, it has higher values of pressure. Another fact to notice is that both overall max values of gas force occurs at 6000 RPM.

[bookmark: _Toc23620442]INERTIAL LOADS AND PISTON ACCELERATION
When it comes to design or analyse an engine all the forces have to be taken in account, the piston is a mass moving inside the cylinder, it doesn’t move with constant velocity thus it has an accelerated motion, piston acceleration creates inertia forces which create a resistance to the motion.
The acceleration of the piston is defined by the following formula:

 (Bosch, 2014)
Where:
a: piston acceleration [m/s^2]
R: crank radius [m]
ω: angular velocity [rad/sec]
L: conrod length [m]










 ACCELERATIONS GRAPHS:

[bookmark: _Ref22470389][bookmark: _Ref22470376][bookmark: _Toc23707969]Figure 5 Piston first order, second order and total acceleration

In Figure 4 is visible that, first order line has a sinusoid pattern, it’s also noticeable that it repeats once per rotation of the crank peaking at TDC and BDC. Another important fact about the 1st order, is the trend of its sign, looking at the graph it’s visible that the sign changes half of crank rotation (180°), starting being positive at  -360° then negative from -270° to -90° then positive from -90° to +90. 
The Second order acceleration has a sinusoid line too but it repeats once per half of crank rotation, the Second order term has to be taken in consideration when it comes to vibrations analysis as it’s in function of rod length and crank angle (shorter is the rod wider will be the crank angle and more the vibrations) combining both 1st and 2nd  order the total acceleration is obtained.







ACCELERATION DURING PISTON STROKE:

[bookmark: _Ref22483650][bookmark: _Toc23707970]Figure 6 Piston acceleration and displacement
Figure 5 has been plotted to show how the piston accelerates and decelerates during its stroke, it’s visible that maximum values of acceleration are reached at TDC and BDC when the piston is ending its stroke.
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[bookmark: _Toc23707971]Figure 7 Inertia loads on rod and crank angle at 1000 and 6000 RPM
A first analysis has been done compering the loads on the engine running at low speed (1000 RPM) and high speed (6000 RPM), the above graph shows that inertia forces in the rod increases with the rising of engine speed, this is due to the fact that angular velocity rises and the acceleration grows consequently .
 


[bookmark: _Ref22653804][bookmark: _Ref22653799][bookmark: _Toc23707972]Figure 8 Inertia loads on production and modified engine
 From Figure 7 it’s visible that the modified engine (turbo simulation) higher values of inertia forces that’s due to a bigger engine speed (7500 RPM)  which leads to a bigger acceleration.

[bookmark: _Toc23620444]COMPRESSIVE AND TENSILE FORCES TREND
Imagining a system which considers all the forces acting upwards and downwards:
[image: ]
Where:
Fg: GAS force [N]
Fin: Inertia force [N]
Fr: resultant force [N]

If Fr is bigger than “zero” (positive), the resultant will be a compressive force that compresses the rod.
If the resultant force Fr is smaller than “zero” (tensile load), the rod is experiencing a “stretch” which means that the inertia forces is “winning” against the gas force.
The trend o Fr has been plotted in the following graph.






[bookmark: _Ref22655787][bookmark: _Toc23707973]Figure 9 Compressive load on production and modified engine
From Figure 8 is noticeable that both engines have the same trend throughout the engine cycle, important fact to highlight is that they both peak at 19°after TDC that’s is due to the combustion process which leads to a rise of the gas force. The modified engine has a bigger value of max compressive force due to higher values of Fgas. In order to plot a valid comparison between the two engines, the modified data have been plotted simulating its running at 6000 RPM.
[image: ]
[bookmark: _Toc23707974]Figure 10 Highest compressive loads data








[bookmark: _Toc23707975]Figure 11 Tensile load on production and modified engine
The higher values of tensile occur in the phases when valves are open so pressure in the chamber is very low, more specifically the highest values occurs at the end of the exhaust stroke (red circle) a fair value of tensile force verifies also in the intake phase (blue circle).
It’s also visible that the modified engine has a smaller tensile load than the production engine that’s due to the 20% increase of pressure that it has so the gas force, acting downward, opposes more aggressively to the Inertia force).
[image: ]
[bookmark: _Toc23707976]Figure 12 Production engine and modified engine tesile loads

[bookmark: _Toc23620445]NET FORCES AND FORCES ON ROD
Analysing deeply the engine mechanics with the following diagram it’s understandable that the net (compressive or tensile) forces are not quite the same as the actual force acting on the rod, this is due to the fact that the rod is not always vertical but its angle varies as the crank angle varies.

[image: ]
[bookmark: _Toc23707977]Figure 13 Force acting on the rod


Both values of Fnet and Frod have been calculated and plotted as follows.

[bookmark: _Ref23514321][bookmark: _Ref23514294][bookmark: _Toc23707978]Figure 14 Net force and resultant force on rod
The graph in Figure 13 highlights the difference between Frod and Fnet (vertical), it’s interesting to see that the trigonometric formula works as the two respective values are exactly the same at every point where the conrod is straight (-360,-180,0…) (blue arrows). A fair difference occurs at 100°of crank angle which is the area where the Ø (rod angle) is reaching it’s maximum value (≈17°). As the value of Frod is inversely proportional to Cos (Ø), it reaches a bigger number than Fnet (red circle).









[bookmark: _Toc23620446]CONROD MEASURMENT FOR AREA CALCULATION

[image: ]
[bookmark: _Toc23707979]Figure 15 Measuring conrod
Measuring the conrod dimension using a Vernier caliper it was then possible to determine the rod cross section area as follows.








[bookmark: _Toc23620447]COMPRESSIVE AND TENSILE STRESSES.
[bookmark: _Toc23620448]CONROD ANALYS AND COMPRESSION STRESSES.
[image: ]
[bookmark: _Toc23707980]Figure 16 Conrod cross section area calculation
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[bookmark: _Toc23707981]Figure 17 Compressive and tensile stresses
[bookmark: _Toc23620449]SAFETY FACTORS 
[image: ]
[bookmark: _Toc23707982]Figure 18 Safety factors calculations
[bookmark: _Toc23620450]RESULTS
[image: ]
Analysing the results obtained, it’s possible to say that the rod is definitely compressive more loaded than tensile, that’s due to high values of gas pressure, moreover the 20% increasing in pressure  done at the start (modified engine) determines an increase of 25% in the compressive stress ( 336 N/mm^2 against 414.3 N/mm^2).

Another fact to highlight is that the difference in tensile load between production engine and modified engine found in section 2.2 page 14 reappears now with less stress in the modified engine, which make totally sense as forces and stresses are directly proportional.
The compressive safety factor in the modified engine (1.8) is smaller than the production one (2.2) as  the modified engine represents a scenario where the factory (Ford) would take a less safe position boosting the engine and mounting  the same conrod.

[bookmark: _Toc23620451]MAXIMUM COMPRESSION DISTANCE AND STRETCH ON ROD
[image: ][bookmark: _Toc23707983]Figure 19 Compressive and tensile loads (Meerkamm, 2014)
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[bookmark: _Toc23707984]Figure 20 Rod representation and compressive distance calculations

[image: ]
[bookmark: _Toc23707985]Figure 21 stretch distance calculations
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[bookmark: _Toc23707986]Figure 22 Steel conrod results












[bookmark: _Toc23620452]MATERIAL ANALYSIS
[bookmark: _Toc23620453]TITANIUM CONROD EXAMPLE
In order to decide the “right” material and support the data chosen with evidence an investigation on Titanium alloys used in the automotive industry has been done.
The alloy titanium Ti-6Al-4V has been decided, this material is used for the Bugatti Veyron 16.4 (Wagner, 2007).
Ti-6Al-4V PROPERTIES:
[image: ]
[bookmark: _Toc23707987]Figure 23 Ti-6Al-4V mechanical properties (Arcam EBM, 2010)
The Young’s Module value of 120 Gpa (120*10^3 N/mm^2) and UTS of 1020 Mpa have been used to carry out calculations of maximum compression distance, stretch and safety factors as follows.
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[bookmark: _Toc23707988]Figure 24 Titanium conrod calculations
[bookmark: _Toc23620454]TITANIUM CONROD VS STEEL CONROD
[image: ]
[bookmark: _Toc23707989]Figure 25  Titanium conrod and steel conrod results

[bookmark: _Toc23707990]Figure 26 Stretch on the two rods

[bookmark: _Toc23707991]Figure 27 Compressive distance on two rods
Considering that the Titanium Ti-6Al-4V conrod has more strength the new safety factor calculated rises from 2.2 to 3 simulating a safer condition. 
After the calculation further analysis have been carried out and it’s quite visible from the graphs above that the titanium rod is less stiff having bigger values of stretch and compressive distance. The titanium rod stretches around 41% more than the steel one and it compresses of around 39%. These percentages don’t represent a real case scenario as if the factory would change the conrod material would also change its design as the lower Young’s module value needs a stiffer design.
However, in our experiment the increase and degrees of the rod length would change the engine mechanics modifying slightly the compression ratio values. Also, the increase in length will affect the clearance between piston crown and the valves.
Usually a factories uses titanium conrod for on cars with very high speed working engines, Porche GT3,Bugatti Veyron 16.4, Corvette Z06 are the examples, the pros of using titanium is weight saving and high strength but it obviously more expensive than steel. (Precision, 2018).



[bookmark: _Toc23620455]EXCEL SOFTWARE 
Click to open:
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[bookmark: _Toc23707992]Figure 28 Excel file screenshot
[image: ]
[bookmark: _Toc23707993]Figure 29 Excel file screenshot
[bookmark: _Toc23620456]CONCLUSIONS
 The objectives set in the abstracts have been achieved, lots of knowledge and understanding about how the forces inside conrods behave.
Using excel and plotting the graphs was possible to see that theoretical formulas work in reality (piston displacement and acceleration, conrod angle, crank angle).
Finally, the researches done on conrod materials helped to understand why some factories prefer using specific materials on specific vehicles.
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PEAK GAS FORCES VS RPM
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PISTON ACCELERATION (mm/s^2)


PISTON DISPLACEMENT
(mm)



INERTIA LOADS ON ROD VS CRANK ANGLE (1000 and 6000
 A RPM)
6000	7185.8450739019618	7183.9959260058522	7178.4499650824082	7169.2116378543551	7156.2883502883233	7139.6904597444009	7119.4312639984382	7095.526987149924	7067.9967624320088	7036.8626119437713	7002.1494233285694	6963.8849234257777	6922.0996489267654	6876.8269140696366	6828.1027754104316	6775.9659937122333	6720.4579929967313	6661.6228168062962	6599.5070817277065	6534.1599282321104	6465.6329688886372	6393.9802340123588	6319.2581148102818	6241.5253040917605	6160.8427346128592	6077.2735151266279	5990.8828642142298	5901.7380419740894	5809.9082796490957	5715.464707273878	5618.4802794267807	5519.0296991732012	5417.1893402889546	5313.0371678545371	5206.6526573127067	5098.1167120839264	4987.5115798354091	4874.9207675014459	4760.4289551538186	4644.1219088225234	4526.0863923680836	4406.4100785079227	4285.1814591000402	4162.4897547881101	4038.4248241127484	3913.0770721943168	3786.5373590928593	3658.8969079513708	3530.2472130283609	3400.6799477261115	3270.2868727206146	3139.1597442991288	3007.3902230109047	2875.0697827361232	2742.2896202775605	2609.1405655786234	2475.7129926707648	2342.0967314521345	2208.3809803982303	2074.6542203042677	1941.0041291574278	1807.5174982358426	1674.2801495295746	1541.376854577044	1408.8912548088065	1276.9057834884279	1145.5015893383304	1014.7584619363284	884.75475896638693	755.56733540468804	627.27147471993112	499.94082216394207	373.64732022640163	248.46114632456812	124.45065279622627	1.6823092611969674	-119.77935258617667	-239.87179169413068	-358.53450782391985	-475.70908912024481	-591.3392570318565	-705.37090853543918	-817.75215561945572	-928.43336198786494	-1037.3671769470759	-1144.5085664429268	-1249.8148412180678	-1353.2456820634759	-1454.7631621415637	-1554.3317663618252	-1651.9184077935556	-1747.4924411039137	-1841.0256730130345	-1932.4923697616985	-2021.8692615906807	-2109.1355442344252	-2194.2728774354741	-2277.2653804896017	-2358.0996248352612	-2436.7646237045124	-2513.2518188561667	-2587.5550644154782	-2659.6706078480865	-2729.5970680995633	-2797.3354109351658	-2862.8889215179142	-2926.2631742663807	-2987.4660000368854	-3046.5074506779843	-3103.3997610083757	-3158.1573082723421	-3210.7965691299678	-3261.3360742423047	-3309.7963605145146	-3356.1999210628492	-3400.5711529740538	-3442.9363029283918	-3483.3234107600756	-3521.7622510312799	-3558.2842726983426	-3592.9225369509822	-3625.71165330751	-3656.6877140511278	-3685.88822709428	-3713.3520473599319	-3739.1193067703484	-3763.2313429355886	-3785.7306266354121	-3806.6606881897055	-3826.0660428138053	-3843.9921150562304	-3860.4851624174007	-3875.5921982487839	-3889.3609140327535	-3901.8396011440509	-3913.077072194319	-3923.1225820615678	-3932.0257487067315	-3939.8364738796217	-3946.604863816638	-3952.3811500324696	-3957.2156103078491	-3961.1584899750187	-3964.2599236021606	-3966.5698571773846	-3968.137970892205	-3969.0136026235486	-3969.2456722123943	-3968.8826066360652	-3967.9722661699629	-3966.5618716332292	-3964.6979328113812	-3962.4261781473947	-3959.7914857910596	-3956.8378160946427	-3953.6081456410043	-3950.1444028883379	-3946.4874055135797	-3942.6767995343675	-3938.751000287089	-3934.7471353362321	-3930.7009893876825	-3926.6469512761259	-3922.6179630939778	-3918.6454715265768	-3914.7593814555121	-3910.9880118890906	-3907.3580542759437	-3903.8945332547682	-3900.6207698900598	-3897.5583474405507	-3894.7270797038213	-3892.1449819772902	-3889.8282446724565	-3887.7912096158902	-3886.04634906705	-3884.6042474795768	-3883.473586029183	-3882.6611299278106	-3882.1717185401162	-3882.0082583148537	-3882.1717185401162	-3882.6611299278106	-3883.473586029183	-3884.6042474795763	-3886.04634906705	-3887.7912096158902	-3889.8282446724565	-3892.1449819772906	-3894.7270797038213	-3897.5583474405507	-3900.6207698900598	-3903.8945332547682	-3907.3580542759437	-3910.988011889091	-3914.7593814555121	-3918.6454715265768	-3922.6179630939782	-3926.646951276125	-3930.7009893876834	-3934.7471353362321	-3938.751000287089	-3942.6767995343666	-3946.4874055135801	-3950.144402888337	-3953.6081456410043	-3956.8378160946427	-3959.79148579106	-3962.4261781473947	-3964.6979328113812	-3966.5618716332292	-3967.9722661699629	-3968.8826066360652	-3969.2456722123943	-3969.0136026235482	-3968.137970892205	-3966.5698571773842	-3964.2599236021606	-3961.1584899750196	-3957.2156103078501	-3952.3811500324696	-3946.604863816638	-3939.8364738796213	-3932.0257487067315	-3923.1225820615678	-3913.0770721943181	-3901.8396011440495	-3889.3609140327521	-3875.592198248783	-3860.4851624174007	-3843.9921150562309	-3826.0660428138058	-3806.660688189706	-3785.7306266354121	-3763.2313429355886	-3739.1193067703475	-3713.352047359931	-3685.88822709428	-3656.6877140511274	-3625.7116533075096	-3592.9225369509809	-3558.2842726983431	-3521.7622510312794	-3483.3234107600751	-3442.9363029283909	-3400.571152974052	-3356.1999210628492	-3309.7963605145146	-3261.3360742423042	-3210.7965691299655	-3158.1573082723403	-3103.3997610083748	-3046.5074506779838	-2987.4660000368845	-2926.2631742663807	-2862.8889215179152	-2797.3354109351658	-2729.597068099562	-2659.6706078480838	-2587.5550644154755	-2513.2518188561667	-2436.7646237045128	-2358.0996248352631	-2277.2653804896031	-2194.2728774354741	-2109.1355442344252	-2021.8692615906791	-1932.4923697616946	-1841.0256730130302	-1747.4924411039137	-1651.9184077935543	-1554.3317663618241	-1454.7631621415651	-1353.2456820634759	-1249.8148412180662	-1144.508566442925	-1037.3671769470734	-928.43336198786631	-817.75215561945424	-705.37090853543759	-591.33925703185344	-475.70908912024026	-358.5345078239136	-239.87179169413068	-119.77935258617356	1.68230926119403	124.45065279622463	248.46114632456863	373.64732022640362	499.94082216394565	627.27147471993624	755.56733540469463	884.75475896638727	1014.7584619363323	1145.5015893383274	1276.9057834884266	1408.8912548088065	1541.3768545770454	1674.2801495295787	1807.5174982358481	1941.0041291574278	2074.6542203042695	2208.3809803982326	2342.096731452139	2475.7129926707694	2609.1405655786239	2742.2896202775623	2875.0697827361269	3007.3902230109029	3139.1597442991288	3270.2868727206151	3400.6799477261147	3530.2472130283645	3658.8969079513749	3786.5373590928671	3913.077072194319	4038.4248241127525	4162.4897547881092	4285.1814591000402	4406.4100785079245	4526.0863923680863	4644.1219088225271	4760.4289551538232	4874.9207675014459	4987.51157983541	5098.11671208393	5206.6526573127094	5313.0371678545362	5417.1893402889609	5519.0296991732039	5618.4802794267853	5715.4647072738762	5809.9082796490957	5901.7380419740894	5990.8828642142271	6077.2735151266306	6160.8427346128592	6241.5253040917642	6319.2581148102827	6393.9802340123615	6465.6329688886372	6534.1599282321131	6599.5070817277065	6661.6228168062935	6720.457992996734	6775.9659937122333	6828.1027754104325	6876.8269140696375	6922.0996489267673	6963.8849234257777	7002.1494233285712	7036.8626119437722	7067.9967624320097	7095.5269871499258	7119.4312639984382	7139.6904597444009	7156.2883502883233	7169.2116378543551	7178.4499650824082	7183.9959260058522	7185.8450739019618	7183.9959260058522	7178.4499650824082	7169.2116378543551	7156.2883502883233	7139.6904597444009	7119.4312639984382	7095.5269871499258	7067.9967624320097	7036.8626119437722	7002.1494233285712	6963.8849234257777	6922.0996489267673	6876.8269140696375	6828.1027754104325	6775.9659937122333	6720.457992996734	6661.6228168062935	6599.5070817277065	6534.1599282321131	6465.6329688886372	6393.9802340123615	6319.2581148102827	6241.5253040917642	6160.8427346128592	6077.2735151266306	5990.8828642142271	5901.7380419740894	5809.9082796490957	5715.4647072738762	5618.4802794267853	5519.0296991732039	5417.1893402889609	5313.0371678545362	5206.6526573127094	5098.11671208393	4987.51157983541	4874.9207675014459	4760.4289551538232	4644.1219088225271	4526.0863923680863	4406.4100785079245	4285.1814591000402	4162.4897547881092	4038.4248241127525	3913.077072194319	3786.5373590928671	3658.8969079513749	3530.2472130283645	3400.6799477261147	3270.2868727206151	3139.1597442991288	3007.3902230109029	2875.0697827361269	2742.2896202775623	2609.1405655786239	2475.7129926707694	2342.096731452139	2208.3809803982326	2074.6542203042695	1941.0041291574278	1807.5174982358481	1674.2801495295787	1541.3768545770454	1408.8912548088065	1276.9057834884266	1145.5015893383274	1014.7584619363323	884.75475896638727	755.56733540469463	627.27147471993624	499.94082216394565	373.64732022640362	248.46114632456863	124.45065279622463	1.68230926119403	-119.77935258617356	-239.87179169413068	-358.5345078239136	-475.70908912024026	-591.33925703185344	-705.37090853543759	-817.75215561945424	-928.43336198786631	-1037.3671769470734	-1144.508566442925	-1249.8148412180662	-1353.2456820634759	-1454.7631621415651	-1554.3317663618241	-1651.9184077935543	-1747.4924411039137	-1841.0256730130302	-1932.4923697616946	-2021.8692615906791	-2109.1355442344252	-2194.2728774354741	-2277.2653804896031	-2358.0996248352631	-2436.7646237045128	-2513.2518188561667	-2587.5550644154755	-2659.6706078480838	-2729.597068099562	-2797.3354109351658	-2862.8889215179152	-2926.2631742663807	-2987.4660000368845	-3046.5074506779838	-3103.3997610083748	-3158.1573082723403	-3210.7965691299655	-3261.3360742423042	-3309.7963605145146	-3356.1999210628492	-3400.571152974052	-3442.9363029283909	-3483.3234107600751	-3521.7622510312794	-3558.2842726983431	-3592.9225369509809	-3625.7116533075096	-3656.6877140511274	-3685.88822709428	-3713.352047359931	-3739.1193067703475	-3763.2313429355886	-3785.7306266354121	-3806.660688189706	-3826.0660428138058	-3843.9921150562309	-3860.4851624174007	-3875.592198248783	-3889.3609140327521	-3901.8396011440495	-3913.0770721943181	-3923.1225820615678	-3932.0257487067315	-3939.8364738796213	-3946.604863816638	-3952.3811500324696	-3957.2156103078501	-3961.1584899750196	-3964.2599236021606	-3966.5698571773842	-3968.137970892205	-3969.0136026235482	-3969.2456722123943	-3968.8826066360652	-3967.9722661699629	-3966.5618716332292	-3964.6979328113812	-3962.4261781473947	-3959.79148579106	-3956.8378160946427	-3953.6081456410043	-3950.144402888337	-3946.4874055135801	-3942.6767995343666	-3938.751000287089	-3934.7471353362321	-3930.7009893876834	-3926.646951276125	-3922.6179630939782	-3918.6454715265768	-3914.7593814555121	-3910.988011889091	-3907.3580542759437	-3903.8945332547682	-3900.6207698900598	-3897.5583474405507	-3894.7270797038213	-3892.1449819772906	-3889.8282446724565	-3887.7912096158902	-3886.04634906705	-3884.6042474795763	-3883.473586029183	-3882.6611299278106	-3882.1717185401162	-3882.0082583148537	-3882.1717185401162	-3882.6611299278106	-3883.473586029183	-3884.6042474795768	-3886.04634906705	-3887.7912096158902	-3889.8282446724565	-3892.1449819772902	-3894.7270797038213	-3897.5583474405507	-3900.6207698900598	-3903.8945332547682	-3907.3580542759437	-3910.9880118890906	-3914.7593814555121	-3918.6454715265768	-3922.6179630939778	-3926.6469512761259	-3930.7009893876825	-3934.7471353362321	-3938.751000287089	-3942.6767995343675	-3946.4874055135797	-3950.1444028883379	-3953.6081456410043	-3956.8378160946427	-3959.7914857910596	-3962.4261781473947	-3964.6979328113812	-3966.5618716332292	-3967.9722661699629	-3968.8826066360652	-3969.2456722123943	-3969.0136026235486	-3968.137970892205	-3966.5698571773846	-3964.2599236021606	-3961.1584899750187	-3957.2156103078491	-3952.3811500324696	-3946.604863816638	-3939.8364738796217	-3932.0257487067315	-3923.1225820615678	-3913.077072194319	-3901.8396011440509	-3889.3609140327535	-3875.5921982487839	-3860.4851624174007	-3843.9921150562304	-3826.0660428138053	-3806.6606881897055	-3785.7306266354121	-3763.2313429355886	-3739.1193067703484	-3713.3520473599319	-3685.88822709428	-3656.6877140511278	-3625.71165330751	-3592.9225369509822	-3558.2842726983426	-3521.7622510312799	-3483.3234107600756	-3442.9363029283918	-3400.5711529740538	-3356.1999210628492	-3309.7963605145146	-3261.3360742423047	-3210.7965691299678	-3158.1573082723421	-3103.3997610083757	-3046.5074506779843	-2987.4660000368854	-2926.2631742663807	-2862.8889215179142	-2797.3354109351658	-2729.5970680995633	-2659.6706078480865	-2587.5550644154782	-2513.2518188561667	-2436.7646237045124	-2358.0996248352612	-2277.2653804896017	-2194.2728774354741	-2109.1355442344252	-2021.8692615906807	-1932.4923697616985	-1841.0256730130345	-1747.4924411039137	-1651.9184077935556	-1554.3317663618252	-1454.7631621415637	-1353.2456820634759	-1249.8148412180678	-1144.5085664429268	-1037.3671769470759	-928.43336198786494	-817.75215561945572	-705.37090853543918	-591.3392570318565	-475.70908912024481	-358.53450782391985	-239.87179169413068	-119.77935258617667	1.6823092611969674	124.45065279622627	248.46114632456812	373.64732022640163	499.94082216394207	627.27147471993112	755.56733540468804	884.75475896638693	1014.7584619363284	1145.5015893383304	1276.9057834884279	1408.8912548088065	1541.376854577044	1674.2801495295746	1807.5174982358426	1941.0041291574278	2074.6542203042677	2208.3809803982303	2342.0967314521345	2475.7129926707648	2609.1405655786234	2742.2896202775605	2875.0697827361232	3007.3902230109047	3139.1597442991288	3270.2868727206146	3400.6799477261115	3530.2472130283609	3658.8969079513708	3786.5373590928593	3913.0770721943168	4038.4248241127484	4162.4897547881101	4285.1814591000402	4406.4100785079227	4526.0863923680836	4644.1219088225234	4760.4289551538186	4874.9207675014459	4987.5115798354091	5098.1167120839264	5206.6526573127067	5313.0371678545371	5417.1893402889546	5519.0296991732012	5618.4802794267807	5715.464707273878	5809.9082796490957	5901.7380419740894	5990.8828642142298	6077.2735151266279	6160.8427346128592	6241.5253040917605	6319.2581148102818	6393.9802340123588	6465.6329688886372	6534.1599282321104	6599.5070817277065	6661.6228168062962	6720.4579929967313	6775.9659937122333	6828.1027754104316	6876.8269140696366	6922.0996489267654	6963.8849234257777	7002.1494233285694	7036.8626119437713	7067.9967624320088	7095.526987149924	7119.4312639984382	7139.6904597444009	7156.2883502883233	7169.2116378543551	7178.4499650824082	7183.9959260058522	7185.8450739019618	1000	-360	-359	-358	-357	-356	-355	-354	-353	-352	-351	-350	-349	-348	-347	-346	-345	-344	-343	-342	-341	-340	-339	-338	-337	-336	-335	-334	-333	-332	-331	-330	-329	-328	-327	-326	-325	-324	-323	-322	-321	-320	-319	-318	-317	-316	-315	-314	-313	-312	-311	-310	-309	-308	-307	-306	-305	-304	-303	-302	-301	-300	-299	-298	-297	-296	-295	-294	-293	-292	-291	-290	-289	-288	-287	-286	-285	-284	-283	-282	-281	-280	-279	-278	-277	-276	-275	-274	-273	-272	-271	-270	-269	-268	-267	-266	-265	-264	-263	-262	-261	-260	-259	-258	-257	-256	-255	-254	-253	-252	-251	-250	-249	-248	-247	-246	-245	-244	-243	-242	-241	-240	-239	-238	-237	-236	-235	-234	-233	-232	-231	-230	-229	-228	-227	-226	-225	-224	-223	-222	-221	-220	-219	-218	-217	-216	-215	-214	-213	-212	-211	-210	-209	-208	-207	-206	-205	-204	-203	-202	-201	-200	-199	-198	-197	-196	-195	-194	-193	-192	-191	-190	-189	-188	-187	-186	-185	-184	-183	-182	-181	-180	-179	-178	-177	-176	-175	-174	-173	-172	-171	-170	-169	-168	-167	-166	-165	-164	-163	-162	-161	-160	-159	-158	-157	-156	-155	-154	-153	-152	-151	-150	-149	-148	-147	-146	-145	-144	-143	-142	-141	-140	-139	-138	-137	-136	-135	-134	-133	-132	-131	-130	-129	-128	-127	-126	-125	-124	-123	-122	-121	-120	-119	-118	-117	-116	-115	-114	-113	-112	-111	-110	-109	-108	-107	-106	-105	-104	-103	-102	-101	-100	-99	-98	-97	-96	-95	-94	-93	-92	-91	-90	-89	-88	-87	-86	-85	-84	-83	-82	-81	-80	-79	-78	-77	-76	-75	-74	-73	-72	-71	-70	-69	-68	-67	-66	-65	-64	-63	-62	-61	-60	-59	-58	-57	-56	-55	-54	-53	-52	-51	-50	-49	-48	-47	-46	-45	-44	-43	-42	-41	-40	-39	-38	-37	-36	-35	-34	-33	-32	-31	-30	-29	-28	-27	-26	-25	-24	-23	-22	-21	-20	-19	-18	-17	-16	-15	-14	-13	-12	-11	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	101	102	103	104	105	106	107	108	109	110	111	112	113	114	115	116	117	118	119	120	121	122	123	124	125	126	127	128	129	130	131	132	133	134	135	136	137	138	139	140	141	142	143	144	145	146	147	148	149	150	151	152	153	154	155	156	157	158	159	160	161	162	163	164	165	166	167	168	169	170	171	172	173	174	175	176	177	178	179	180	181	182	183	184	185	186	187	188	189	190	191	192	193	194	195	196	197	198	199	200	201	202	203	204	205	206	207	208	209	210	211	212	213	214	215	216	217	218	219	220	221	222	223	224	225	226	227	228	229	230	231	232	233	234	235	236	237	238	239	240	241	242	243	244	245	246	247	248	249	250	251	252	253	254	255	256	257	258	259	260	261	262	263	264	265	266	267	268	269	270	271	272	273	274	275	276	277	278	279	280	281	282	283	284	285	286	287	288	289	290	291	292	293	294	295	296	297	298	299	300	301	302	303	304	305	306	307	308	309	310	311	312	313	314	315	316	317	318	319	320	321	322	323	324	325	326	327	328	329	330	331	332	333	334	335	336	337	338	339	340	341	342	343	344	345	346	347	348	349	350	351	352	353	354	355	356	357	358	359	360	199.60680760838778	199.55544238905142	199.40138791895572	199.14476771817647	198.78578750800892	198.32473499289995	197.76197955551211	197.09797186527567	196.33324340088913	195.46840588732692	194.50415064801575	193.44124787293819	192.28054580352119	191.02296983526762	189.66952153917862	188.22127760311756	186.67938869435358	185.04507824461925	183.3196411591029	181.50444245089187	179.60091580246211	177.61056205589881	175.53494763361888	173.3757028914377	171.13452040591272	168.81315319796181	166.41341289483967	163.93716783261354	161.38634110136374	158.76290853538546	156.06889665074388	153.30638053258889	150.47748167469314	147.58436577373712	144.62924048090849	141.61435311344235	138.54198832876136	135.41446576392903	132.23413764316157	129.00338635618118	125.72462201022451	122.40027995855338	119.03281830833443	115.62471541078082	112.1784673364652	108.696585338731	105.18159330813495	101.63602522087139	98.062422584121123	94.463331881280865	90.841302020017039	87.198881786086872	83.538617305858438	79.863049520447845	76.174711674376667	72.476126821628426	68.769805351965658	65.058242540337048	61.343916122173049	57.629283897340748	53.916781365484084	50.208819395440059	46.507781931377075	42.816023738251211	39.135868189133497	35.469605096900764	31.819488592731393	28.187735053786895	24.576521082399633	20.987981539019103	17.424207631109194	13.887245060109505	10.37909222851115	6.9016985090157812	3.4569625776729498	4.6730812811028574E-2	-3.3272042385049097	-6.6631053248369634	-9.959291883997766	-13.214141364451239	-16.426090473107116	-19.593636348206633	-22.715337656095986	-25.789815610774024	-28.815754915196546	-31.791904623414617	-34.717078922724085	-37.590157835096541	-40.410087837265657	-43.175882398939578	-45.886622438709864	-48.541456697330922	-51.139602028139841	-53.680343604491604	-56.163035044185563	-58.58709845095624	-60.952024373207593	-63.257371680266694	-65.502767356535017	-67.68790621401422	-69.812550523782377	-71.876529567096597	-73.879739106891279	-75.822140780543407	-77.703761414865696	-79.524692264386474	-81.285088174066118	-82.985166667691246	-84.625206963277321	-86.205548916899289	-87.72659189645394	-89.188793586943504	-90.592668728952901	-91.938787792069817	-93.227775585079101	-94.460309804834779	-95.637119525788634	-96.7589836322243	-97.826729195313305	-98.841229797176155	-99.803403804193934	-100.71421259187525	-101.5746587236424	-102.3857840859522	-103.14866798222032	-103.86442518806518	-104.53420397043298	-105.15918407320586	-105.74057467193623	-106.27961230038345	-106.77755875156194	-107.23569895603886	-107.65533884024396	-108.03780316757644	-108.38443336511249	-108.69658533873104	-108.97562727948795	-109.22293746407583	-109.43990205221169	-109.62791288379549	-109.78836527867971	-109.92265584188468	-110.03218027708384	-110.11833121117111	-110.1824960327051	-110.22605474700568	-110.2503778506541	-110.25682422812204	-110.24673907322399	-110.22145183805449	-110.18227421203413	-110.13049813364944	-110.06739383742762	-109.99420793864053	-109.91216155818452	-109.82244849002787	-109.7262334135649	-109.62465015315497	-109.51879998706572	-109.40975000797467	-109.29853153711753	-109.18613859410226	-109.07352642433682	-108.96161008594378	-108.85126309796043	-108.743316151542	-108.63855588580805	-108.53772372988732	-108.44151481263241	-108.35057694139051	-108.26550965112639	-108.18686332510612	-108.11513838825802	-108.05078457423488	-107.99420026710803	-107.94573191852915	-107.90567354109935	-107.87426627858838	-107.85169805355027	-107.83810329278097	-107.83356273096811	-107.83810329278097	-107.85169805355027	-107.87426627858841	-107.90567354109932	-107.94573191852915	-107.99420026710803	-108.05078457423488	-108.11513838825805	-108.1868633251061	-108.26550965112639	-108.35057694139051	-108.44151481263243	-108.53772372988732	-108.63855588580807	-108.743316151542	-108.85126309796043	-108.96161008594382	-109.07352642433679	-109.18613859410226	-109.29853153711753	-109.40975000797467	-109.51879998706572	-109.62465015315497	-109.7262334135649	-109.82244849002787	-109.91216155818452	-109.99420793864053	-110.06739383742759	-110.13049813364944	-110.18227421203413	-110.22145183805451	-110.24673907322399	-110.25682422812204	-110.2503778506541	-110.22605474700565	-110.1824960327051	-110.11833121117111	-110.03218027708385	-109.92265584188468	-109.78836527867971	-109.62791288379549	-109.43990205221169	-109.22293746407583	-108.97562727948795	-108.69658533873104	-108.38443336511246	-108.03780316757641	-107.65533884024393	-107.23569895603886	-106.77755875156194	-106.27961230038345	-105.74057467193624	-105.15918407320586	-104.53420397043298	-103.86442518806518	-103.14866798222029	-102.3857840859522	-101.57465872364239	-100.71421259187524	-99.803403804193891	-98.841229797176169	-97.826729195313263	-96.758983632224272	-95.637119525788634	-94.46030980483475	-93.227775585079101	-91.938787792069817	-90.592668728952859	-89.188793586943476	-87.726591896453868	-86.205548916899275	-84.625206963277307	-82.985166667691203	-81.285088174066132	-79.524692264386502	-77.703761414865696	-75.822140780543364	-73.879739106891194	-71.876529567096526	-69.812550523782377	-67.687906214014234	-65.502767356535074	-63.257371680266722	-60.952024373207593	-58.58709845095624	-56.16303504418552	-53.680343604491505	-51.139602028139706	-48.541456697330922	-45.886622438709828	-43.175882398939549	-40.410087837265685	-37.590157835096541	-34.717078922724049	-31.791904623414577	-28.815754915196468	-25.789815610774056	-22.715337656095944	-19.593636348206587	-16.426090473107035	-13.214141364451113	-9.9592918839975937	-6.6631053248369634	-3.3272042385048182	4.6730812810946973E-2	3.4569625776729045	6.9016985090157963	10.379092228511206	13.887245060109603	17.424207631109336	20.987981539019287	24.576521082399637	28.187735053786994	31.819488592731314	35.469605096900729	39.135868189133511	42.816023738251253	46.50778193137716	50.208819395440202	53.916781365484084	57.629283897340812	61.34391612217312	65.058242540337176	68.7698053519658	72.476126821628441	76.174711674376724	79.863049520447944	83.538617305858367	87.198881786086872	90.841302020017082	94.463331881280936	98.062422584121222	101.63602522087153	105.18159330813519	108.69658533873104	112.17846733646529	115.62471541078078	119.0328183083344	122.40027995855345	125.72462201022458	129.0033863561813	132.23413764316172	135.41446576392903	138.54198832876136	141.61435311344243	144.62924048090858	147.58436577373712	150.47748167469331	153.30638053258895	156.06889665074394	158.76290853538541	161.38634110136377	163.9371678326136	166.41341289483964	168.8131531979619	171.1345204059127	173.37570289143784	175.53494763361891	177.61056205589887	179.60091580246205	181.50444245089201	183.3196411591029	185.04507824461922	186.67938869435366	188.22127760311756	189.66952153917865	191.02296983526765	192.28054580352128	193.44124787293816	194.50415064801578	195.46840588732692	196.33324340088913	197.09797186527567	197.76197955551211	198.32473499289995	198.78578750800892	199.14476771817652	199.40138791895572	199.55544238905142	199.60680760838778	199.55544238905142	199.40138791895572	199.14476771817652	198.78578750800892	198.32473499289995	197.76197955551211	197.09797186527567	196.33324340088913	195.46840588732692	194.50415064801578	193.44124787293816	192.28054580352128	191.02296983526765	189.66952153917865	188.22127760311756	186.67938869435366	185.04507824461922	183.3196411591029	181.50444245089201	179.60091580246205	177.61056205589887	175.53494763361891	173.37570289143784	171.1345204059127	168.8131531979619	166.41341289483964	163.9371678326136	161.38634110136377	158.76290853538541	156.06889665074394	153.30638053258895	150.47748167469331	147.58436577373712	144.62924048090858	141.61435311344243	138.54198832876136	135.41446576392903	132.23413764316172	129.0033863561813	125.72462201022458	122.40027995855345	119.0328183083344	115.62471541078078	112.17846733646529	108.69658533873104	105.18159330813519	101.63602522087153	98.062422584121222	94.463331881280936	90.841302020017082	87.198881786086872	83.538617305858367	79.863049520447944	76.174711674376724	72.476126821628441	68.7698053519658	65.058242540337176	61.34391612217312	57.629283897340812	53.916781365484084	50.208819395440202	46.50778193137716	42.816023738251253	39.135868189133511	35.469605096900729	31.819488592731314	28.187735053786994	24.576521082399637	20.987981539019287	17.424207631109336	13.887245060109603	10.379092228511206	6.9016985090157963	3.4569625776729045	4.6730812810946973E-2	-3.3272042385048182	-6.6631053248369634	-9.9592918839975937	-13.214141364451113	-16.426090473107035	-19.593636348206587	-22.715337656095944	-25.789815610774056	-28.815754915196468	-31.791904623414577	-34.717078922724049	-37.590157835096541	-40.410087837265685	-43.175882398939549	-45.886622438709828	-48.541456697330922	-51.139602028139706	-53.680343604491505	-56.16303504418552	-58.58709845095624	-60.952024373207593	-63.257371680266722	-65.502767356535074	-67.687906214014234	-69.812550523782377	-71.876529567096526	-73.879739106891194	-75.822140780543364	-77.703761414865696	-79.524692264386502	-81.285088174066132	-82.985166667691203	-84.625206963277307	-86.205548916899275	-87.726591896453868	-89.188793586943476	-90.592668728952859	-91.938787792069817	-93.227775585079101	-94.46030980483475	-95.637119525788634	-96.758983632224272	-97.826729195313263	-98.841229797176169	-99.803403804193891	-100.71421259187524	-101.57465872364239	-102.3857840859522	-103.14866798222029	-103.86442518806518	-104.53420397043298	-105.15918407320586	-105.74057467193624	-106.27961230038345	-106.77755875156194	-107.23569895603886	-107.65533884024393	-108.03780316757641	-108.38443336511246	-108.69658533873104	-108.97562727948795	-109.22293746407583	-109.43990205221169	-109.62791288379549	-109.78836527867971	-109.92265584188468	-110.03218027708385	-110.11833121117111	-110.1824960327051	-110.22605474700565	-110.2503778506541	-110.25682422812204	-110.24673907322399	-110.22145183805451	-110.18227421203413	-110.13049813364944	-110.06739383742759	-109.99420793864053	-109.91216155818452	-109.82244849002787	-109.7262334135649	-109.62465015315497	-109.51879998706572	-109.40975000797467	-109.29853153711753	-109.18613859410226	-109.07352642433679	-108.96161008594382	-108.85126309796043	-108.743316151542	-108.63855588580807	-108.53772372988732	-108.44151481263243	-108.35057694139051	-108.26550965112639	-108.1868633251061	-108.11513838825805	-108.05078457423488	-107.99420026710803	-107.94573191852915	-107.90567354109932	-107.87426627858841	-107.85169805355027	-107.83810329278097	-107.83356273096811	-107.83810329278097	-107.85169805355027	-107.87426627858838	-107.90567354109935	-107.94573191852915	-107.99420026710803	-108.05078457423488	-108.11513838825802	-108.18686332510612	-108.26550965112639	-108.35057694139051	-108.44151481263241	-108.53772372988732	-108.63855588580805	-108.743316151542	-108.85126309796043	-108.96161008594378	-109.07352642433682	-109.18613859410226	-109.29853153711753	-109.40975000797467	-109.51879998706572	-109.62465015315497	-109.7262334135649	-109.82244849002787	-109.91216155818452	-109.99420793864053	-110.06739383742762	-110.13049813364944	-110.18227421203413	-110.22145183805449	-110.24673907322399	-110.25682422812204	-110.2503778506541	-110.22605474700568	-110.1824960327051	-110.11833121117111	-110.03218027708384	-109.92265584188468	-109.78836527867971	-109.62791288379549	-109.43990205221169	-109.22293746407583	-108.97562727948795	-108.69658533873104	-108.38443336511249	-108.03780316757644	-107.65533884024396	-107.23569895603886	-106.77755875156194	-106.27961230038345	-105.74057467193623	-105.15918407320586	-104.53420397043298	-103.86442518806518	-103.14866798222032	-102.3857840859522	-101.5746587236424	-100.71421259187525	-99.803403804193934	-98.841229797176155	-97.826729195313305	-96.7589836322243	-95.637119525788634	-94.460309804834779	-93.227775585079101	-91.938787792069817	-90.592668728952901	-89.188793586943504	-87.72659189645394	-86.205548916899289	-84.625206963277321	-82.985166667691246	-81.285088174066118	-79.524692264386474	-77.703761414865696	-75.822140780543407	-73.879739106891279	-71.876529567096597	-69.812550523782377	-67.68790621401422	-65.502767356535017	-63.257371680266694	-60.952024373207593	-58.58709845095624	-56.163035044185563	-53.680343604491604	-51.139602028139841	-48.541456697330922	-45.886622438709864	-43.175882398939578	-40.410087837265657	-37.590157835096541	-34.717078922724085	-31.791904623414617	-28.815754915196546	-25.789815610774024	-22.715337656095986	-19.593636348206633	-16.426090473107116	-13.214141364451239	-9.959291883997766	-6.6631053248369634	-3.3272042385049097	4.6730812811028574E-2	3.4569625776729498	6.9016985090157812	10.37909222851115	13.887245060109505	17.424207631109194	20.987981539019103	24.576521082399633	28.187735053786895	31.819488592731393	35.469605096900764	39.135868189133497	42.816023738251211	46.507781931377075	50.208819395440059	53.916781365484084	57.629283897340748	61.343916122173049	65.058242540337048	68.769805351965658	72.476126821628426	76.174711674376667	79.863049520447845	83.538617305858438	87.198881786086872	90.841302020017039	94.463331881280865	98.062422584121123	101.63602522087139	105.18159330813495	108.696585338731	112.1784673364652	115.62471541078082	119.03281830833443	122.40027995855338	125.72462201022451	129.00338635618118	132.23413764316157	135.41446576392903	138.54198832876136	141.61435311344235	144.62924048090849	147.58436577373712	150.47748167469314	153.30638053258889	156.06889665074388	158.76290853538546	161.38634110136374	163.93716783261354	166.41341289483967	168.81315319796181	171.13452040591272	173.3757028914377	175.53494763361888	177.61056205589881	179.60091580246211	181.50444245089187	183.3196411591029	185.04507824461925	186.67938869435358	188.22127760311756	189.66952153917862	191.02296983526762	192.28054580352119	193.44124787293819	194.50415064801575	195.46840588732692	196.33324340088913	197.09797186527567	197.76197955551211	198.32473499289995	198.78578750800892	199.14476771817647	199.40138791895572	199.55544238905142	199.60680760838778	



PRODUCTION ENGINE AND TURBO (modified engine) INERTIA LOADS
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STRETCH ON STEEL ROD AND TITANIUM ROD
(PRODUCTION ENGINE)
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COMPRESSIVE DISTANCE  ON STEEL ROD AND TITANIUM ROD
(PRODUCTION ENGINE)
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Figure 1: The engine power cycle
a) Course of combustion, :
V' diagram (enclosed area corresponds to indicated work),

b) Representation in the p-
¢) Representation in the p-7 or p-a diagram,

p Pressure in cylinder,
Pmax Maximum pressure, a
Ov Combustion heat,

¥ Dead volume,

¥V Engine displacement, %’,)’*S

t Time, a Crank angle,
TDC Top dead center,
BDC Bottom dead center, i

IP Ignition point.

b

Prmax

i
]





image3.jpeg




image4.tmp
PROD. ENGINE

RPM FMAX GAS FMAX GAS
1000 " 23100,50777 Nznzo,so@e
1500 2908561877 34902,7425
1700 33223,00629 39867,7156
2000 36436,69425 43724,0331
2500 38532,76487 46239,3178
3000 4010745677 48128,9481
4000 42632,29196 51158,7503
4500 42376,9433  50852,332
5000 43849,003622 52618,9123
5500 46740,992491  56089,191
5700 47880,385315 57456 4624
it [ St

OVERALL MAX N

"@" 6000 RPM





image5.png




image6.tmp
COMPRESSIVE LOADS

HIGHEST NET COMPRESSIVE FORCE HIGHEST NET COMPRESSIVE FORCE
(FMAXGAS- FIN) "@" 6000 RPM (FMAXGAS- FIN) "@" 6000 RPM

NAT  19deg MAX  51130.099954 at 19 deg FGAS
N




image7.tmp
TENSILE LOADS
TURBO. ENGINE

F GAS HIGHEST NET TENSILE FORCE F GAS HIGHEST NET TENSILE FORCE
(FMAXGAS- FIN) "@" 6000 RPM (FMAXGAS- FIN) "@" 6000 RPM
e WX smmonmens a0 g

N Nimm*2 N total N Nimm*2




image8.png




image9.jpeg




image10.png
A Yy %) - prel
T #0072 2 - o =
mr/ Z\N k7 a2 S e > AN

um Ty sy Gologrrg = M

(orlea oopon) iz TR

v.u/)z 1 Ty \~ Lﬂ\g = %QU
o] meme= T, s
Y GIGrY =
2
T wm =Y N YIS = H
N
—Swh o ;
TZ o 4= xq_m._ NGN2 Oy DSPoAG
[ESTRALS 1SS 4dWOD wustyni XU AT
\ e .
wm Yoy = = {Ghr-Sry &
7 i w [l ) = ez B RGC & & d
Vi O = Qmoi Nu ﬂ J ﬂ

~NOQIDTO /Qa_kv.vw ﬂﬁo\,\.u.v do.)a

|





image11.png
e iy ucﬁw
98 \ll.\l\,wq TR ,
2-ilve oo 7
ey
S - SN Svar
¢5'2¢05 e, "7
Dz NOO0OPosd ~
S or 2 x4 (3
ol
Tk Wy
R R S SR R e o
J«Afnw = >
s She Vg ¢
N iy oo e
¥ v Wl
L e B e )
8‘art.Fr7 o o
S TRONOPONG ®
L .
CIB55P4 1S AN SoAHaD LUK C\





image12.png
Aﬂ; o7

,,
5
|~

L

(

oS

reery)

7

«

W a oF
e
S PSS Oy

CrreL

vy

N

N~ Limay

B LA (e

SNZ]

oSS UG

<sonoa h

vmudm

(




image13.tmp
STEEL ROD uTs 750 N/mm*2

"@"6000 RPM E 170 N/mm*2
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N N N/mm*2 |S.F. N/mm*2 |S.F.
PRODUCTION ENGINE 41716.86 5832.531191  336.43 2.229314 47.03654 15.94505

MODIFIED ENGINE 51373.28152 5563.269523 414.3007 1.81028 44.86508 16.71679
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STEEL ROD uTs 750 N/mm*2

"@"6000RPM___E 170 N/imm*2
F MAX tensile COMPRESSIVE TENSILE K stiffness |[Alicompil Al tens

_ o0 STRESS max comp (stretch)
N N N/mm*2 |S.F. N/mm*2 |S.F. N/mm mm mm
PRODUCTION ENGINE 41716.86 5832.531191 336.43 2.229314 47.03654 15.94505| 155440.29 -0.265 0.037
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MECHANICAL PROPERTIES

Arcam Ti6Al4V, Ti6Al4V, Ti6AI4V,
Typical Required** Required ***
Yield Strength (Rp 0,2) 950 MPa 758 MPa 860 MPa
Ultimate Tensile Strength (Rm) 1020 MPa 860 MPa 930 MPa
Elongation 14% >8% >10%
Reduction of Area 40% >14% >25%
Fatigue strength* @ 600 MPa >10,000,000 cycles
Rockwell Hardness 33 HRC
Modulus of Elasticity 120 GPa

*After Hot Isostatic Pressing **ASTM F1108 (cast material) ***ASTM F1472 (wrought material)

The mechanical properties of materials produced in the EBM process are comparable

to wrought annealed materials and are better than cast materials.
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