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This report will assess two aspects that affect the volumetric efficiency of an internal combustion engine. Valve train dynamics will be assessed to evaluate the performance and any improvements that could be made. 
Inlet and exhaust manifold design will be evaluated to assess the impact it has on engine performance. These aspects will be compared to best meet the requirements of the end user.
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[bookmark: _Toc38449543]Purpose of the Valve Train.

The purpose of the valve train in an internal combustion engine is to open and close the valves to allow cylinder filling at the correct times to maximize the volumetric efficiency of the engine.

The design of the valve train has varied over time with benefits being demonstrated with different designs. The two main designs that have commonly been used are the overhead valve and the overhead cam. 

[bookmark: _Toc38449544]Overhead Valve.

The overhead valve design consists of the camshaft, which is normally located towards the bottom of the engine, acting upon push rods that actuate a rocker shaft mounted above the valves. The rocker shaft has a lever with a ratio usually of between 1.4 and 1.8, which results in an amplified force being applied to the top of the valve, which reduces the load being applied to the camshaft to open the valve. It also means because of the amplified travel a smaller cam lobe can be used, this impacts on a lower inertia of the valve train. These are seen as major advantages with this design, however there are also many negative aspects associated with this design. Due to the design of the system, many components can bring flexibility to the valve operation. The inertia that transmitted through the components can cause inaccuracy in valve operation.

“The real benefits of the OHC- operated valve mechanisms exist in the increased rigidity provided by the direct acting inverted bucket follower and end pivoting rocker follower when transferring the cam lift motion to the valve stem, as compared to the more flexible push rod and rocker arm valve actuating layout.” (Heisler, 1995).
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The overhead cam system has a camshaft fitted at the top of the engine, and usually acts directly on the top of the valve through a follower such as an inverted bucket. The reduced amount of components associated with this system gives a direct effect on the valve and reduces any flexibility within the system. This gives a lot more control on the valve operation, however due to the direct operation the cam profile lift has to mirror the required valve lift. Due to this, the cam lobes are usually bigger resulting in more inertia when in operation. There is also more force applied to the cam in an overhead cam engine when opening a valve spring with the same spring rate when compared with an overhead valve system.

Below is a comparison of valve operation between the two systems, it can be seen that the overhead cam system has a lot more control over the valve operation resulting in the valve acceleration following the cam acceleration closely. 
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	(Heisler, 1995)


[bookmark: _Toc38449546]Valve Spring Rates.

The purpose of a valve spring is to close the valve after the camshaft has opened it and to try to ensure that the cam follower stays in contact with the cam, when calculating the spring rate there is a balance to try to achieve. A strong spring will ensure that the valve stays in contact with the camshaft; however, this results in a lot of force being required to open the valve results in a high contact force. A weaker spring puts less load on the camshaft but this would result in the cam follower not following the cam as effectively, causing valve float and bounce. 

               “If the rate is very high large stresses will be imposed on the actuating components and the severe pressure between the rubbing surfaces of the cam and follower may cause scuffing due to a breakdown in the separating film or lubricant. Conversely, if the spring rate is very low there can be two side effects at high speed. Firstly, the spring will not be able to keep contact with the cam profile as the follower motion changes from acceleration to deceleration in the mid lift- to – nose region of the cam. Secondly, when the valves closes relatively small spring load will be insufficient to prevent the impact of the valve seating making it bounce and rebound”  (Heisler, 1995)

[bookmark: _Toc38449547]Valve train calculations 

Calculations were carried out into the forces acting upon a valve train system, the information was collated in excel. Graphs were then generated to illustrate the information.
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As can be seen from the above graph valve float starts to occur at 6000 RPM when the force falls below the negative on the Y axis. 

As discussed above the two key ways to reduce the valve float is to reduce the weight of the moving mass or increase the valve spring rate, or a combination of the two.

[bookmark: _Toc38449551]Reducing the mass

The initial mass of the moving components totals 0.2796 KG. With aftermarket, performance parts available made from lightweight materials such as titanium and aluminum the component mass can be reduced by 40%.

“Weight on the valve side of the rockers can be reduced a number of ways. One is to use intake and exhaust valves with smaller diameter stems. Another is to use valves with hollow stems, or if your customer has the bucks, to install lightweight titanium valves and valve spring retainers. Titanium valves are typically 40 percent lighter than steel valves, and titanium retainers are usually half the weight of stock steel retainers (7 grams versus 14 grams)”  /
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By increasing the spring rate the force acting to close the valve is increased. However, this will increase the force acting upon the camshaft. This could have a negative impact resulting in excessive wear and turning resistance on the engine.
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As can be seen above when the moving mass is reduced and the spring rate is increased the contact force remains positive demonstrating that the valve float has been rectified up to 12,000 RPM
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A well designed inlet manifold will try to provide a direct and equal flow into all cylinders, as well as trying to provide as much ram pressure from air pulses as possible. There are multiple things to consider when designing this such as RPM, engine size and output requirements. 

An exhaust manifolds design is to assist the filling of the cylinder by efficiently allowing the exhaust gasses to leave, and using pressure pulses to allow the exiting exhaust gases to create a negative cylinder pressure to aid filling. 

Tract Length

Many different physical designs have been experimented with over the years such as rectangular tract, however the majority of manifolds are tubular and the design is changed by altering the diameter and the length of the manifold tract. 

At lower RPM there are benefits to be seen from having longer intake tracts. This is due to needing more time for the pressure pulse to travel back up the tract and return to the back of the valve. If this is achieved at the correct time for the intake valve to be opening, this creates a ram effect of the air entering the cylinder. However, at higher RPM the pressure pulse is needed much sooner due to the shorter time between inlet valve opening. Designers have previously designed variable tract inlet manifolds; the most common design utilizes a butterfly valve. The butterfly valve diverts the air down a long tract at low RPM and then a shorter tract at higher RPM; this creates an effect of having two peaks of peak flow. 

[image: AutoZine Technical School]
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The internal wall diameter of the tract can vary; a narrow tract creates high velocity airflow, which is a benefit when filling the cylinder as the higher velocity can force more air in and it also aids the air fuel mixing process. However at higher RPM when there is a demand for a large quantity of air a small dimeter inlet tract can restrict the air flow, therefore a balance is needed between the two to get the optimum output.
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Smooth internal walls create less drag on the airflow passing through them, this improves the velocity of the air. 

	“ smooth internal walls, compared with those with a rough surface, produce least viscous drag on the movement of the charge – whether it is pure air or a mixture of air and fuel particles – consequently marginally higher volumetric efficiency can be obtained with smooth induction tracts”  (Heisler, 1995)

Alternatively, a rough surface finish can cause turbulence and therefore help mix air and fuel on its way to the cylinder. 

“ with rough surface finishes the tract offers considerable resistance to the flow of liquid particles suspended in the air stream near the walls, these particles then cling to the walls where they then spread and merge with each other to form films. As these films thicken, they become unstable so that they are dragged back into the main airstream and immediately new fuel particles will again accumulate before repeating the breakaway cycle.”
(Heisler, 1995)
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An inlet manifold will be designed for a 1000cc Vee four gasoline engine. The engine specification is listed below:

· Maximum torque to be achieved at 10,000RPM

· Maximum power to be achieved at 12,000RPM

· Intake Camshaft – Duration is 280 degrees Maximum opening point is 108 degrees ATDC.

· Exhaust Camshaft – Duration is 290 degrees and the maximum opening point is 105 degrees BTDC





M.O.P 108 degrees after TDC
280 degrees
68 degrees
140 degrees
140 degrees
32 degrees
TDC
BDC
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To calculate the inlet length the time taken for the engine to rotate at the desired RPM needs to be calculated. The engine speed given in the brief for the desired maximum torque is 10,000 RPM.


Time for one revolution (360 degrees): 



The angle for the engine to rotate between MOP and midway between BDC and the valve closing is 106 degrees. To calculate the time for this to happen at 10,000 RPM the below calculation can be used:



To calculate the optimum manifold length at 10,000 RPM the below formula can be used:





To achieve the first harmonic to return at the correct point at 10,000 RPM the inlet manifold trumpet would need to be 291.55 mm. However, this will only be correct for that engine speed. To achieve the first harmonic to return at a different RPM the length must be altered as can be seen below:

	RPM
	Time for first Harmonic (sec)
	Desired manifold length (mm)

	1000
	0.017666667
	2915.00

	2000
	0.008833333
	1457.50

	3000
	0.005888889
	971.67

	4000
	0.004416667
	728.75

	5000
	0.003533333
	583.00

	6000
	0.002944444
	485.83

	7000
	0.00252381
	416.43

	8000
	0.002208333
	364.38

	9000
	0.001962963
	323.89

	10000
	0.001766667
	291.50



It would not be practical to have a 2915 mm inlet manifold tract for two main reasons; it would not be possible to package this in a vehicle or motorbike and the second reason is that due to the length it would cause a restriction to the airflow. As it is not practical to use the first harmonic for every RPM, it is necessary to use the second third or fourth harmonic. 

The first harmonic is always the strongest pulse and they get gradually weaker. Because of this, it is beneficial for performance to use the first harmonic to achieve peak output. As stated in the brief, this needs to be at 10,000 RPM. The previously calculated inlet length will be used to achieve the first harmonic, the below table demonstrates at which RPM the other harmonics will influence:























As can be seen above, in the lower RPM range the fifth or sixth harmonic is being used. This will have a weaker pulse as it has travelled five or six times. However, the length of 295 mm achieves the first harmonic to return close to 10,000 RPM to achieve maximum output as required in the brief.
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152.5 degrees
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TDC
BDC
305 degrees
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80 degrees
45 degrees


























The angle for the engine to rotate between MOP and midway between BDC and the valve closing is 94.5 degrees. To calculate the time for this to happen at 10,000 RPM the below calculation can be used:



To calculate the optimum manifold length at 10,000 RPM the below formula can be used:








	RPM
	Time for first Harmonic (sec)
	Desired manifold length (mm)

	1000
	0.01575
	2598.75000

	2000
	0.007875
	1299.37500

	3000
	0.00525
	866.25000

	4000
	0.003938
	649.68750

	5000
	0.00315
	519.75000

	6000
	0.002625
	433.12500

	7000
	0.00225
	371.25000

	8000
	0.001969
	324.84375

	9000
	0.00175
	288.75000

	10000
	0.001575
	259.87500



As can be seen above, for the first harmonic to be used at a variation of RPM there would need to be a varying length of inlet tract. For the first harmonic to be used at the lower RPM the inlet manifold length would be impractical, therefore the second third or fourth harmonic may need to be used. These are calculated below: 






















As can be seen varying the cam profile has an impact on the inlet tract length, due to the airflow characteristics a shorter inlet tract will move the torque further up the RPM. Because of this this design would better suit a track with higher speeds. Alternatively, a longer inlet tract will give more torque at a lower RPM, which would demonstrate benefits on a lower speed track with more corners, allowing the torque to pull out of the corners at the lower engine speed.

The ideal situation would be to have a system, to which the valve timing and the inlet tract can be varied to get the best of both systems. Manufacturers are developing engines with both variable valve timing and variable intake tracts to try and achieve an all-round system.

“There are many successful engines that have used variable inlet lengths and current engines are still coming out with dual length intakes systems in an attempt to have your cake and eat it.  People like BMW do not go to those extremes on a fad, pulse tuning IS critical to engine performance.”
(Emerald, 2020)
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The aim of an efficient exhaust manifold is to assist in the emptying of the cylinder after combustion has taken place, this is known as scavenging. To work effectively a negative pressure pulse needs to arrive at the exhaust valve as it closes. 

290 degrees


145
145





70

40

75


BDC





The pressure pulse leaves 20 degrees after the valve opens and returns midway between TDC and the valve closing. Therefore it takes a total of 250 degrees for the pulse to travel and return. To calculate the time this takes at the required RPM of 12,000 the below calculation can be used.




The engine specified in the brief is a v4 that will require a two to one exhaust manifold, there exhaust temperatures have not been measured and will be assumed that they are 800 degrees Celsius at the port cooling to 600 degrees Celsius at the collector.



The exhaust temperature will affect the speed of sound, to calculate the speed of sound an average temperature will be calculated:

 Degrees Celsius 


To calculate the speed of sound at 700 degrees Celsius a ratio needs to be calculated between the known speed of sound at 20 degrees Celsius and the exhaust temperature.

1.8223



To calculate the optimum exhaust length for the first harmonic to return the below formula can be used:







	“ The data used as a basis for pipe length are the length of opening of the exhaust valve in degrees and the gas velocity through the valve port; as the latter can only be calculated as an average figure based on piston speed, a constant is included to bring this nearer to the anticipated initial velocity of the gas at the moment of the exhaust valve opening” 

(Phillip H. Smith, 1971)






Below are the calculated manifold lengths to achieve the first and strongest harmonic to return to have maximum effect, obviously the lengths listed are not realistic to be fitted to the engine due to space constraints. Therefore the second harmonic may have to be used. This problem has been caused by the increase in air speed due to the temperature.
	RPM
	Time for first Harmonic (sec)
	Desired manifold length (mm)

	1000
	0.041667
	12642.08333

	2000
	0.020833
	6321.04167

	3000
	0.013889
	4214.02778

	4000
	0.010417
	3160.52083

	5000
	0.008333
	2528.41667

	6000
	0.006944
	2107.01389

	7000
	0.005952
	1806.01190

	8000
	0.005208
	1580.26042

	9000
	0.00463
	1404.67593

	10000
	0.004167
	1264.20833

	11000
	0.003788
	1149.28030

	12000
	0.003472
	1053.50694



The below calculation can be used to calculate the engine RPM that would need to be reached when a specific manifold length would need to be used. For this, the manifold length will be fixed at 450 mm due to packaging restrictions.





















With the length of 450 mm to the collector, the second harmonic returns at the required RPM. 

The primary exhaust must be able to contain the same amount of gas as the cylinder to avoid pressure build up at the collector. 



Due to the exhaust gas temperature the air exiting the engine is a lot less dense, to calculate a ratio the exhaust temperature will need to be divided by the inlet temperature. 



The exhaust volume must be 250cc x 3.332 = 830 cc.

The internal exhaust diameter can be calculated with the below formula:



This can be rearranged to find the diameter:



This is a realistic diameter for the engine in specified in the brief.
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When designing an engine a manufacturer is always trying to balance the multiple aspects to try to achieve the best all round performance, this may be to be applicable to multiple racetracks or different driving conditions on the road. Another consideration for road vehicles is tight emissions regulations that need to be met.

As can be seen from the calculated results in this investigation the optimum performance characteristics cannot always be met due to packaging issues, therefore there must be a compromise to try to achieve all of these aims, which does not always result in optimum performance.

Technology introduced to engines such as variable valve timing and variable length inlet manifolds are helping to achieve a wider RPM range with more usable power and efficiency but these systems are still not perfect and a compromise has to be made when an engine is being used in multiple applications.
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A Graph To Show Velocity Against Crank Angle
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Velocity (mm/sec)
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Velocity (mm/sec)
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A Graph To Show Acceleration Against Crank Angle
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A Chart To Show Contact Force Against Crank Angle
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Contact  Force (N)



A Chart To Show Contact Force Against Crank Angle
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Contact  Force (N)



Valve Lift (mm)	-360	-358	-356	-354	-352	-350	-348	-346	-344	-342	-340	-338	-336	-334	-332	-330	-328	-326	-324	-322	-320	-318	-316	-314	-312	-310	-308	-306	-304	-302	-300	-298	-296	-294	-292	-290	-288	-286	-284	-282	-280	-278	-276	-274	-272	-270	-268	-266	-264	-262	-260	-258	-256	-254	-252	-250	-248	-246	-244	-242	-240	-238	-236	-234	-232	-230	-228	-226	-224	-222	-220	-218	-216	-214	-212	-210	-208	-206	-204	-202	-200	-198	-196	-194	-192	-190	-188	-186	-184	-182	-180	-178	-176	-174	-172	-170	-168	-166	-164	-162	-160	-158	-156	-154	-152	-150	-148	-146	-144	-142	-140	-138	-136	-134	-132	-130	-128	-126	-124	-122	-120	-118	-116	-114	-112	-110	-108	-106	-104	-102	-100	-98	-96	-94	-92	-90	-88	-86	-84	-82	-80	-78	-76	-74	-72	-70	-68	-66	-64	-62	-60	-58	-56	-54	-52	-50	-48	-46	-44	-42	-40	-38	-36	-34	-32	-30	-28	-26	-24	-22	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	22	24	26	28	30	32	34	36	38	40	42	44	46	48	50	52	54	56	58	60	62	64	66	68	70	72	74	76	78	80	82	84	86	88	90	92	94	96	98	100	102	104	106	108	110	112	114	116	118	120	122	124	126	128	130	132	134	136	138	140	142	144	146	148	150	152	154	156	158	160	162	164	166	168	170	172	174	176	178	180	182	184	186	188	190	192	194	196	198	200	202	204	206	208	210	212	214	216	218	220	222	224	226	228	230	232	234	236	238	240	242	244	246	248	250	252	254	256	258	260	262	264	266	268	270	272	274	276	278	280	282	284	286	288	290	292	294	296	298	300	302	304	306	308	310	312	314	316	318	320	322	324	326	328	330	332	334	336	338	340	342	344	346	348	350	352	354	356	358	360	8.7148799999999993E-12	1.10432E-11	1.3979400000000001E-11	1.7678300000000002E-11	2.2333300000000001E-11	2.8185499999999999E-11	3.5535200000000002E-11	4.4756E-11	5.63124E-11	7.0780799999999997E-11	8.8876599999999996E-11	1.11486E-10	1.3970500000000001E-10	1.7488899999999999E-10	2.1871300000000001E-10	2.7323999999999998E-10	3.41017E-10	4.2517400000000003E-10	5.29562E-10	6.5891199999999997E-10	8.1902699999999999E-10	1.0170200000000001E-9	1.26159E-9	1.5633899999999999E-9	1.9354299999999998E-9	2.3935799999999999E-9	2.95717E-9	3.6497699999999999E-9	4.5000300000000002E-9	5.5427300000000004E-9	6.8201300000000001E-9	8.3834199999999996E-9	1.02946E-8	1.26287E-8	1.5476299999999999E-8	1.8946700000000001E-8	2.3171899999999999E-8	2.8310599999999999E-8	3.4553900000000001E-8	4.2131199999999999E-8	5.1318200000000001E-8	6.2445100000000006E-8	7.5907599999999999E-8	9.2178999999999994E-8	1.11825E-7	1.3552000000000001E-7	1.6407099999999999E-7	1.9843499999999999E-7	2.3975299999999999E-7	2.8938000000000001E-7	3.4892700000000001E-7	4.20301E-7	5.0576099999999997E-7	6.0798100000000005E-7	7.3012199999999998E-7	8.7591100000000004E-7	1.04975E-6	1.25681E-6	1.50319E-6	1.7960499999999999E-6	2.1437899999999998E-6	2.5562600000000002E-6	3.0450099999999999E-6	3.62354E-6	4.3076099999999999E-6	5.1156300000000002E-6	6.0690800000000003E-6	7.1929199999999999E-6	8.51625E-6	1.00728E-5	1.19018E-5	1.40487E-5	1.6566E-5	1.9514600000000001E-5	2.2964700000000001E-5	2.69975E-5	3.1706199999999998E-5	3.71985E-5	4.3598099999999999E-5	5.1046800000000001E-5	5.9707499999999997E-5	6.9766900000000005E-5	8.1438600000000003E-5	9.4966500000000006E-5	1.10629E-4	1.2874499999999999E-4	1.4967600000000001E-4	1.7383200000000001E-4	2.01683E-4	2.3376000000000001E-4	2.7066299999999998E-4	3.1307500000000001E-4	3.61765E-4	4.1760499999999998E-4	4.81576E-4	5.5478299999999999E-4	6.3847100000000005E-4	7.3404000000000004E-4	8.4305800000000005E-4	9.6728700000000005E-4	1.1087E-3	1.2694900000000001E-3	1.45214E-3	1.65938E-3	1.89427E-3	2.16023E-3	2.46102E-3	2.80087E-3	3.1844099999999999E-3	3.6168099999999998E-3	4.1037499999999998E-3	4.65155E-3	5.2671200000000001E-3	5.95811E-3	6.7329299999999998E-3	7.6008100000000004E-3	8.5718600000000006E-3	9.6571699999999996E-3	1.0868900000000001E-2	1.2220200000000001E-2	1.37257E-2	1.5401E-2	1.7263299999999999E-2	1.93311E-2	2.16247E-2	2.4166E-2	2.6978499999999999E-2	3.0087900000000001E-2	3.3521599999999999E-2	3.73094E-2	4.1483100000000002E-2	4.6076899999999997E-2	5.1127699999999998E-2	5.6674599999999999E-2	6.2759700000000002E-2	6.9427799999999998E-2	7.6726500000000003E-2	8.4706600000000007E-2	9.3421900000000002E-2	0.10292999999999999	0.11329	0.124567	0.13682800000000001	0.150143	0.16458700000000001	0.18023800000000001	0.19717699999999999	0.21548999999999999	0.235265	0.25659399999999999	0.27957399999999999	0.30430299999999999	0.33088400000000001	0.35942299999999999	0.39002700000000001	0.42280899999999999	0.45788099999999998	0.49536000000000002	0.53536499999999998	0.57801400000000003	0.62342799999999998	0.67173000000000005	0.72304000000000002	0.77748200000000001	0.83517600000000003	0.89624199999999998	0.96079899999999996	1.0289600000000001	1.1008500000000001	1.1765600000000001	1.2562	1.33988	1.4276899999999999	1.5197000000000001	1.6160099999999999	1.71669	1.82178	1.93136	2.0454400000000001	2.1640799999999998	2.2872699999999999	2.4150299999999998	2.5473400000000002	2.68418	2.82551	2.97126	3.1213700000000002	3.2757399999999999	3.4342600000000001	3.5968	3.7632300000000001	3.93336	4.1070200000000003	4.2839999999999998	4.4640899999999997	4.64703	4.8325699999999996	5.0204199999999997	5.2103000000000002	5.4018800000000002	5.59483	5.7888000000000002	5.9834300000000002	6.1783299999999999	6.3731299999999997	6.5674000000000001	6.7607499999999998	6.9527299999999999	7.1429299999999998	7.3308900000000001	7.5161800000000003	7.69834	7.8769400000000003	8.0515100000000004	8.2216100000000001	8.3867999999999991	8.5466499999999996	8.7007200000000005	8.8485899999999997	8.9898600000000002	9.1241400000000006	9.2510399999999997	9.3702000000000005	9.4812799999999999	9.5839700000000008	9.6779499999999992	9.76295	9.8387200000000004	9.9050399999999996	9.9617000000000004	10.0085	10.045400000000001	10.0722	10.088800000000001	10.0953	10.0915	10.077400000000001	10.0533	10.019	9.9746699999999997	9.9205100000000002	9.8566500000000001	9.7832899999999992	9.7006300000000003	9.6089300000000009	9.5084499999999998	9.3994900000000001	9.2823700000000002	9.1574200000000001	9.0250000000000004	8.8854900000000008	8.7392699999999994	8.5867500000000003	8.42835	8.2644900000000003	8.0955999999999992	7.9221399999999997	7.7445300000000001	7.5632400000000004	7.3787099999999999	7.1913900000000002	7.0017300000000002	6.8101599999999998	6.6171300000000004	6.4230499999999999	6.2283499999999998	6.0334300000000001	5.8387000000000002	5.64452	5.4512700000000001	5.2593100000000002	5.0689700000000002	4.8805699999999996	4.6944100000000004	4.5107699999999999	4.3299300000000001	4.1521299999999997	3.9775999999999998	3.80654	3.6391499999999999	3.47559	3.31603	3.1605799999999999	3.0093700000000001	2.8624900000000002	2.7200299999999999	2.58203	2.44855	2.31962	2.1952600000000002	2.07545	1.9601999999999999	1.8494699999999999	1.7432300000000001	1.6414299999999999	1.5440100000000001	1.4509000000000001	1.36202	1.27729	1.19662	1.11991	1.04705	0.97794300000000001	0.91247100000000003	0.85052099999999997	0.79197300000000004	0.73670800000000003	0.68460500000000002	0.63554299999999997	0.58940000000000003	0.54605300000000001	0.50538099999999997	0.46726499999999999	0.43158600000000003	0.398227	0.36707499999999998	0.33801700000000001	0.310944	0.28574899999999998	0.26233000000000001	0.240587	0.22042200000000001	0.201742	0.18445900000000001	0.168485	0.15373899999999999	0.14014099999999999	0.12761700000000001	0.116094	0.105505	9.5783900000000005E-2	8.6870799999999998E-2	7.8707299999999994E-2	7.1238700000000002E-2	6.4413499999999999E-2	5.8183199999999997E-2	5.2502199999999999E-2	4.7328000000000002E-2	4.2620499999999999E-2	3.8342300000000003E-2	3.4458599999999999E-2	3.0936999999999999E-2	2.77471E-2	2.4860899999999998E-2	2.2252299999999999E-2	1.98973E-2	1.7773500000000001E-2	1.5860300000000001E-2	1.4138700000000001E-2	1.25913E-2	1.12018E-2	9.9555600000000005E-3	8.8390099999999996E-3	7.8397399999999996E-3	6.9463900000000002E-3	6.1485999999999997E-3	5.4369300000000004E-3	4.8027599999999997E-3	4.2382599999999998E-3	3.7363299999999999E-3	3.2905E-3	
Valve Lift (mm)	-360	-358	-356	-354	-352	-350	-348	-346	-344	-342	-340	-338	-336	-334	-332	-330	-328	-326	-324	-322	-320	-318	-316	-314	-312	-310	-308	-306	-304	-302	-300	-298	-296	-294	-292	-290	-288	-286	-284	-282	-280	-278	-276	-274	-272	-270	-268	-266	-264	-262	-260	-258	-256	-254	-252	-250	-248	-246	-244	-242	-240	-238	-236	-234	-232	-230	-228	-226	-224	-222	-220	-218	-216	-214	-212	-210	-208	-206	-204	-202	-200	-198	-196	-194	-192	-190	-188	-186	-184	-182	-180	-178	-176	-174	-172	-170	-168	-166	-164	-162	-160	-158	-156	-154	-152	-150	-148	-146	-144	-142	-140	-138	-136	-134	-132	-130	-128	-126	-124	-122	-120	-118	-116	-114	-112	-110	-108	-106	-104	-102	-100	-98	-96	-94	-92	-90	-88	-86	-84	-82	-80	-78	-76	-74	-72	-70	-68	-66	-64	-62	-60	-58	-56	-54	-52	-50	-48	-46	-44	-42	-40	-38	-36	-34	-32	-30	-28	-26	-24	-22	-20	-18	-16	-14	-12	-10	-8	-6	-4	-2	0	2	4	6	8	10	12	14	16	18	20	22	24	26	28	30	32	34	36	38	40	42	44	46	48	50	52	54	56	58	60	62	64	66	68	70	72	74	76	78	80	82	84	86	88	90	92	94	96	98	100	102	104	106	108	110	112	114	116	118	120	122	124	126	128	130	132	134	136	138	140	142	144	146	148	150	152	154	156	158	160	162	164	166	168	170	172	174	176	178	180	182	184	186	188	190	192	194	196	198	200	202	204	206	208	210	212	214	216	218	220	222	224	226	228	230	232	234	236	238	240	242	244	246	248	250	252	254	256	258	260	262	264	266	268	270	272	274	276	278	280	282	284	286	288	290	292	294	296	298	300	302	304	306	308	310	312	314	316	318	320	322	324	326	328	330	332	334	336	338	340	342	344	346	348	350	352	354	356	358	360	8.7148799999999993E-12	1.10432E-11	1.3979400000000001E-11	1.7678300000000002E-11	2.2333300000000001E-11	2.8185499999999999E-11	3.5535200000000002E-11	4.4756E-11	5.63124E-11	7.0780799999999997E-11	8.8876599999999996E-11	1.11486E-10	1.3970500000000001E-10	1.7488899999999999E-10	2.1871300000000001E-10	2.7323999999999998E-10	3.41017E-10	4.2517400000000003E-10	5.29562E-10	6.5891199999999997E-10	8.1902699999999999E-10	1.0170200000000001E-9	1.26159E-9	1.5633899999999999E-9	1.9354299999999998E-9	2.3935799999999999E-9	2.95717E-9	3.6497699999999999E-9	4.5000300000000002E-9	5.5427300000000004E-9	6.8201300000000001E-9	8.3834199999999996E-9	1.02946E-8	1.26287E-8	1.5476299999999999E-8	1.8946700000000001E-8	2.3171899999999999E-8	2.8310599999999999E-8	3.4553900000000001E-8	4.2131199999999999E-8	5.1318200000000001E-8	6.2445100000000006E-8	7.5907599999999999E-8	9.2178999999999994E-8	1.11825E-7	1.3552000000000001E-7	1.6407099999999999E-7	1.9843499999999999E-7	2.3975299999999999E-7	2.8938000000000001E-7	3.4892700000000001E-7	4.20301E-7	5.0576099999999997E-7	6.0798100000000005E-7	7.3012199999999998E-7	8.7591100000000004E-7	1.04975E-6	1.25681E-6	1.50319E-6	1.7960499999999999E-6	2.1437899999999998E-6	2.5562600000000002E-6	3.0450099999999999E-6	3.62354E-6	4.3076099999999999E-6	5.1156300000000002E-6	6.0690800000000003E-6	7.1929199999999999E-6	8.51625E-6	1.00728E-5	1.19018E-5	1.40487E-5	1.6566E-5	1.9514600000000001E-5	2.2964700000000001E-5	2.69975E-5	3.1706199999999998E-5	3.71985E-5	4.3598099999999999E-5	5.1046800000000001E-5	5.9707499999999997E-5	6.9766900000000005E-5	8.1438600000000003E-5	9.4966500000000006E-5	1.10629E-4	1.2874499999999999E-4	1.4967600000000001E-4	1.7383200000000001E-4	2.01683E-4	2.3376000000000001E-4	2.7066299999999998E-4	3.1307500000000001E-4	3.61765E-4	4.1760499999999998E-4	4.81576E-4	5.5478299999999999E-4	6.3847100000000005E-4	7.3404000000000004E-4	8.4305800000000005E-4	9.6728700000000005E-4	1.1087E-3	1.2694900000000001E-3	1.45214E-3	1.65938E-3	1.89427E-3	2.16023E-3	2.46102E-3	2.80087E-3	3.1844099999999999E-3	3.6168099999999998E-3	4.1037499999999998E-3	4.65155E-3	5.2671200000000001E-3	5.95811E-3	6.7329299999999998E-3	7.6008100000000004E-3	8.5718600000000006E-3	9.6571699999999996E-3	1.0868900000000001E-2	1.2220200000000001E-2	1.37257E-2	1.5401E-2	1.7263299999999999E-2	1.93311E-2	2.16247E-2	2.4166E-2	2.6978499999999999E-2	3.0087900000000001E-2	3.3521599999999999E-2	3.73094E-2	4.1483100000000002E-2	4.6076899999999997E-2	5.1127699999999998E-2	5.6674599999999999E-2	6.2759700000000002E-2	6.9427799999999998E-2	7.6726500000000003E-2	8.4706600000000007E-2	9.3421900000000002E-2	0.10292999999999999	0.11329	0.124567	0.13682800000000001	0.150143	0.16458700000000001	0.18023800000000001	0.19717699999999999	0.21548999999999999	0.235265	0.25659399999999999	0.27957399999999999	0.30430299999999999	0.33088400000000001	0.35942299999999999	0.39002700000000001	0.42280899999999999	0.45788099999999998	0.49536000000000002	0.53536499999999998	0.57801400000000003	0.62342799999999998	0.67173000000000005	0.72304000000000002	0.77748200000000001	0.83517600000000003	0.89624199999999998	0.96079899999999996	1.0289600000000001	1.1008500000000001	1.1765600000000001	1.2562	1.33988	1.4276899999999999	1.5197000000000001	1.6160099999999999	1.71669	1.82178	1.93136	2.0454400000000001	2.1640799999999998	2.2872699999999999	2.4150299999999998	2.5473400000000002	2.68418	2.82551	2.97126	3.1213700000000002	3.2757399999999999	3.4342600000000001	3.5968	3.7632300000000001	3.93336	4.1070200000000003	4.2839999999999998	4.4640899999999997	4.64703	4.8325699999999996	5.0204199999999997	5.2103000000000002	5.4018800000000002	5.59483	5.7888000000000002	5.9834300000000002	6.1783299999999999	6.3731299999999997	6.5674000000000001	6.7607499999999998	6.9527299999999999	7.1429299999999998	7.3308900000000001	7.5161800000000003	7.69834	7.8769400000000003	8.0515100000000004	8.2216100000000001	8.3867999999999991	8.5466499999999996	8.7007200000000005	8.8485899999999997	8.9898600000000002	9.1241400000000006	9.2510399999999997	9.3702000000000005	9.4812799999999999	9.5839700000000008	9.6779499999999992	9.76295	9.8387200000000004	9.9050399999999996	9.9617000000000004	10.0085	10.045400000000001	10.0722	10.088800000000001	10.0953	10.0915	10.077400000000001	10.0533	10.019	9.9746699999999997	9.9205100000000002	9.8566500000000001	9.7832899999999992	9.7006300000000003	9.6089300000000009	9.5084499999999998	9.3994900000000001	9.2823700000000002	9.1574200000000001	9.0250000000000004	8.8854900000000008	8.7392699999999994	8.5867500000000003	8.42835	8.2644900000000003	8.0955999999999992	7.9221399999999997	7.7445300000000001	7.5632400000000004	7.3787099999999999	7.1913900000000002	7.0017300000000002	6.8101599999999998	6.6171300000000004	6.4230499999999999	6.2283499999999998	6.0334300000000001	5.8387000000000002	5.64452	5.4512700000000001	5.2593100000000002	5.0689700000000002	4.8805699999999996	4.6944100000000004	4.5107699999999999	4.3299300000000001	4.1521299999999997	3.9775999999999998	3.80654	3.6391499999999999	3.47559	3.31603	3.1605799999999999	3.0093700000000001	2.8624900000000002	2.7200299999999999	2.58203	2.44855	2.31962	2.1952600000000002	2.07545	1.9601999999999999	1.8494699999999999	1.7432300000000001	1.6414299999999999	1.5440100000000001	1.4509000000000001	1.36202	1.27729	1.19662	1.11991	1.04705	0.97794300000000001	0.91247100000000003	0.85052099999999997	0.79197300000000004	0.73670800000000003	0.68460500000000002	0.63554299999999997	0.58940000000000003	0.54605300000000001	0.50538099999999997	0.46726499999999999	0.43158600000000003	0.398227	0.36707499999999998	0.33801700000000001	0.310944	0.28574899999999998	0.26233000000000001	0.240587	0.22042200000000001	0.201742	0.18445900000000001	0.168485	0.15373899999999999	0.14014099999999999	0.12761700000000001	0.116094	0.105505	9.5783900000000005E-2	8.6870799999999998E-2	7.8707299999999994E-2	7.1238700000000002E-2	6.4413499999999999E-2	5.8183199999999997E-2	5.2502199999999999E-2	4.7328000000000002E-2	4.2620499999999999E-2	3.8342300000000003E-2	3.4458599999999999E-2	3.0936999999999999E-2	2.77471E-2	2.4860899999999998E-2	2.2252299999999999E-2	1.98973E-2	1.7773500000000001E-2	1.5860300000000001E-2	1.4138700000000001E-2	1.25913E-2	1.12018E-2	9.9555600000000005E-3	8.8390099999999996E-3	7.8397399999999996E-3	6.9463900000000002E-3	6.1485999999999997E-3	5.4369300000000004E-3	4.8027599999999997E-3	4.2382599999999998E-3	3.7363299999999999E-3	3.2905E-3	
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