[image: Image result for uwtsd]Malcolm McDonald





CON-ROD ACCELERATIONS, FORCES, DISPLACEMENT
M6X00410
 (
October 28, 2019
University Of Wales Trinity Saint David, school of engineering
     
)


Abstract

  The main emphasis of this study is to create a simulation model to determine the accelerations, velocities and displacement of the piston/con-rod assembly using the forces that are acting on the assembly. From this model it will be determined what effect these forces have on the con-rod from a design perspective. Additionally, exploring the different effects materials would have on the assembly and showing these effects when a standard production engine is modified to increase performance.
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 In the table below, data acquired by Ford on their Sigma 1.6 Eco Boost engine can be seen. This data has been collected by using know engine geometry, in addition to various sensors, such as a cylinder pressure sensor using a piezoelectric element. From this data the following techniques were implement to gain more information about the characteristics of the engine, along with the effects on the connecting rod. Noting all calculation carried out were in SI unit with some conversions to lower decimal form e.g meters in millimetres for ease of analysis.  
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 From the Ford Sigma data, it is first required to highlight the peak pressure within each RPM range (1000-6000 revolution per minute). Due to this been the main force acting on the piston and therefor effecting the other forces in the assembly. Though Ford calculated the average pressures within theses cycles it is the true highest point which is required. The average could be used but this removes or dampens the effect of cyclic variation (uncontrolled changes with the air/fuel mixture and its effects on the internal conditions of the engine).  Its was found at 5700 RPM the engine generated its peak pressure. This was also supported from publicly released ford data showing at this point in the RPM it also made its peak power output.
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By the use of the following equation the gas force acting on the piston was calculated;


(P=Pressure, d=Bore diameter)

The results were then plotted graphically and a linear trendline extrapolated to simulate the effect of increasing the RPM, therefore modifying the engine. 
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It can be seen that there is a direct correlation between gas force and the power the engine makes. The reason behind Ford lowing the pressure at lower RPM is to control detonation of the charged mixture as the flame front spreads.
At 7000 RPM according to the trend the engine was predicted to make 53918.37 N of gas force or 110 Bar of pressure. By dividing this by the highest pressure found in the original data a factor was created in which the original data per degree of crank rotation (-360 to 360 degrees) could be multiplied by, for the purpose of showing the effects this would have on the modified engine.
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With the data collected above for both engines the following equations and measurements were used to gain a better understanding on the forces acting on the piston/con-rod assembly per degree of crank rotation.
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From the calculation made above a spreadsheet was created showing all calculation relative to crank angle. With the exception to some absolute results used for modelling the connecting rod.[image: ][image: ] 
[bookmark: _Toc23546391]Finding and Analysis

[bookmark: _Toc23546392]Inertial Loads
 [image: ]



The following points of interest can be seen in the graphical data above;
· Due to the force of inertia being a derivative of the 1st and 2nd order forces these control the behaviour of the force.
· Increasing the RPM increases the magnitude of the 1st and 2nd order forces and therefore the inertia.
· The flat part of the curve around BDC is down to the fact the piston moves slower in the bottom half of the stroke than the top. Due to the mathematical relationship between the con-rod angle and the crank angle.
· The disruption in the wave at BDC is due to the opposing 1st and 2nd order forces. This disruption increases in magnitude as the RPM is increased. This would cause a unwanted vibration of the engine. To counter act this, effect a shaft rotating twice that of engine speed would need to be implemented to counter act the frequency of the 2nd order force which is twice the 1st order.
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For the purpose of these calculation the following equations were implemented.
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· It can be seen from the results the con-rod experiences the most stress as a result of the gas force of combustion. Mean it has the higher risk of failure currently. Add to this risk would be if were to be any addition fluid enter the system e.g. water or excessive fuel(flooding) due to the uncompressible nature of liquids. 
· It is clear from the graphs the points in the two cycles which forces are acting on the rod the most. TDC exhaust inertia has the greatest force whereas on TDC ignition, combustion is the driving force. 
· There’s little deviation between the net force and the force acting on the con-rod. The little deviation is down to the force exerted on the skirt and therefore the force of friction.

· 
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The following point of interest can be taken from the data above;

· All calculations trend the same due to the nature of the calculations. Due to the modified results just using a factor of multiplication and the material is also just changing a factor due to the young’s modulus.
· Depending on valve clearance to the piston crown the 0.06mm extension of the con-rod may cause concern. To better understand this, said clearance would need to be known and the point in which the valves begin to float would be needed to be calculated using a matrix.
· The most concerning point in changing the material is one of fatigue. With an increase in distortion a decrease in the life of the part would occur.
· By increasing the con-rod cross sectional area around 100  would result in that seen in the production engine.
· Simulating a simple rod of titanium in Soldiworks showed compression of the materials nearly identical to the one calculated.
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There has been a greater understanding achieve concerning the motion if the piston and crank and the forces acting on this part of the assembly. From first principles a simulation model was created to predict theses forces and their effect on the con-rod. In the model the ability to see and select the correct material and design of the con-rod. This was then validated using solid works.
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Inertial Loads Acting on the Connection Rod (Modified)
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image2.emf
Crank AngleCYLPR1 CYLPR2 CYLPR3 CYLPR4 AVRG P

deg bar bar bar bar bar

-360 2.07 2.593 2.487 2.202 2.338

-359 2.057 2.606 2.513 2.189 2.34125

-358 2.057 2.606 2.513 2.176 2.338

-357 2.057 2.606 2.5 2.163 2.3315

-356 2.044 2.593 2.5 2.163 2.325

-355 2.044 2.593 2.513 2.163 2.32825

-354 2.032 2.567 2.487 2.138 2.306

-353 2.019 2.529 2.436 2.112 2.274

-352 2.006 2.503 2.461 2.099 2.26725

-351 1.98 2.477 2.397 2.061 2.22875

-350 1.954 2.452 2.333 2.036 2.19375

-349 1.916 2.413 2.294 2.01 2.15825

-348 1.89 2.375 2.243 1.959 2.11675

-347 1.864 2.323 2.192 1.92 2.07475

-346 1.839 2.285 2.166 1.882 2.043

-345 1.787 2.246 2.127 1.844 2.001

-344 1.749 2.208 2.076 1.793 1.9565

-343 1.723 2.157 2.012 1.754 1.9115

-342 1.671 2.118 1.986 1.716 1.87275

-341 1.633 2.067 1.948 1.677 1.83125

-340 1.607 2.028 1.884 1.626 1.78625

-339 1.569 1.977 1.845 1.588 1.74475

-338 1.53 1.926 1.819 1.537 1.703


image3.emf
RPM Peak Pressure (Bar)Peak Avg

1000 47.214 45.957

1500 59.764 57.864

1700 68.176 66.095

2000 74.242 72.489

2500 78.852 76.659

3000 82.53 79.791

3500 84.129 82.562

4000 86.499 84.814

4500 85.926 84.306

5000 90.154 87.235

5500 95.038 92.988

5700 98.158 95.255

6000 97.497 95.606


image4.emf
RPM Torque (Nm)Power (Kw)

1000 140 15

1500 231 36

1700 237 40

2000 240 50

2500 244 64

3000 248 78

3500 245 90

4000 245 102

4500 226 106

5000 212 110.8

5500 192 110.4

5700 187 111.7

6000 172 108
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Crank Angle(Deg)Peak Pressure (Bar)Gas Force

-360 2.703 1324.921

-359 2.691 1319.039

-358 2.678 1312.667

-357 2.691 1319.039

-356 2.691 1319.039

-355 2.678 1312.667

-354 2.665 1306.295


image7.emf
Crank Angle(Deg)Peak Pressure (Bar)Gas ForceCrank Angle RadiansRod Angle  Rod Angle DegreesRod Force Piston Side Force1st Order Inertia2nd Order Inertia

-360 2.703 1324.921 -6.283185 7.4423E-17 4.26414E-15-6199.490059 -4.6E-13 5771.443 1752.968

-359 2.691 1319.039 -6.265732 0.00530087 0.303717346 -6203.51234 -32.8838 5770.564 1751.9

-358 2.678 1312.667 -6.248279 0.01060027 0.607350706-6204.306856 -65.7661 5767.927 1748.698

-357 2.691 1319.039 -6.230825 0.01589674 0.9108161-6188.641495 -98.3751 5763.534 1743.365

-356 2.691 1319.039 -6.213372 0.02118881 1.214029555-6175.639624 -130.845 5757.384 1735.908

-355 2.678 1312.667 -6.195919 0.02647502 1.516907112-6165.311214 -163.208 5749.481 1726.337

-354 2.665 1306.295 -6.178466 0.03175391 1.819364831 -6151.29422 -195.295 5739.827 1714.662

-353 2.626 1287.179 -6.161012 0.037024 2.121318792-6146.354965 -227.511 5728.424 1700.898

-352 2.575 1262.18 -6.143559 0.04228383 2.422685104-6143.648495 -259.7 5715.276 1685.061


image8.emf
S

 ∆
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S
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Finertia Net Force C Rod DistortionStress Strain Force Friction

00.0001143.901227 18905.567524.4114-6199.49006 -0.0406 -33.330592 -0.000303 -4.61386E-14

0.0001140.0001264.324037 18900.667522.4646-6203.42518 -0.0406 -33.352217 -0.0003032 -3.288384403

0.0002410.000139 4.74553 18885.997516.6255-6203.95828 -0.0406 -33.356488 -0.0003032 -6.576609326

0.0003790.0001515.165577 18861.567506.8989-6187.85956 -0.0405 -33.272266 -0.0003025 -9.837508021

0.000530.0001635.584051 18827.377493.2927-6174.25335 -0.0404 -33.202364 -0.0003018 -13.08446815

0.0006940.0001756.000824 18783.467475.8178-6163.15062 -0.0404 -33.146834 -0.0003013 -16.32076919

0.0008690.0001886.415769 18729.877454.4883-6148.19327 -0.0403 -33.071474 -0.0003006 -19.52947986

0.001057 0.0002 6.82876 18666.647429.3213-6142.14281 -0.0403 -33.044919 -0.0003004 -22.75106442

0.0012560.000212 7.23967 18593.817400.3371-6138.15713 -0.0402 -33.030368 -0.0003003 -25.96995964

ݏሷ
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image14.emf
Engine Cycle Simulation Software

Vehicle: Car P Max 98.37558 Crank AngleCrank Angle (rad)Rod Angle (rad)Rod Angle °Piston Pos (S)Volume (cc)Volume m³Δ VolumePressure (Bar)Combustion (Bar)

Make: Ford T max 4031.339

Model: Sigma -180 -3.14159 -4.53305E-17 -2.6E-15 0.081402 438.5121 0.000439 0.003328 1.035 1.035

Type 4 Stroke -179 -3.12414 -0.006457435 -0.36998 0.081403 438.5155 0.000439 -0.035 1.034988 1.034988

Configuration Inline -178 -3.10669 -0.012913173 -0.73987 0.081396 438.4805 0.000438 -0.07336 1.035116 1.035116

Fuel System Injection -177 -3.08923 -0.019365514 -1.10956 0.081381 438.4071 0.000438 -0.11176 1.035384 1.035384

Number Cylinders 4 -176 -3.07178 -0.025812762 -1.47896 0.081358 438.2953 0.000438 -0.1502 1.035794 1.035794

Comp Ratio:1 11.1 -175 -3.05433 -0.032253217 -1.84797 0.081327 438.1451 0.000438 -0.1887 1.036344 1.036344

Bore  M 0.079 -174 -3.03687 -0.03868518 -2.2165 0.081289 437.9564 0.000438 -0.22725 1.037036 1.037036

Stroke  M 0.0814 -173 -3.01942 -0.045106952 -2.58444 0.081243 437.7292 0.000438 -0.26587 1.037871 1.037871

Bore RadiusM 0.0395 -172 -3.00197 -0.051516832 -2.9517 0.081188 437.4633 0.000437 -0.30455 1.038849 1.038849

Crank RadiusM 0.0407 -171 -2.98451 -0.057913119 -3.31818 0.081126 437.1588 0.000437 -0.34331 1.039971 1.039971

Con Rod LengthM 0.11 -170 -2.96706 -0.064294112 -3.68378 0.081056 436.8155 0.000437 -0.38215 1.041238 1.041238

Capacity cc 1596 -169 -2.94961 -0.070658108 -4.04841 0.080978 436.4333 0.000436 -0.42108 1.042651 1.042651

Cyl Volumecc 399 -168 -2.93215 -0.077003402 -4.41197 0.080892 436.0122 0.000436 -0.46009 1.044213 1.044213

Cyl Volumem^3 0.000399 -167 -2.9147 -0.08332829 -4.77436 0.080798 435.5521 0.000436 -0.4992 1.045923 1.045923

Clearance Volcc 39.5049505 -166 -2.89725 -0.089631065 -5.13548 0.080697 435.0529 0.000435 -0.53841 1.047784 1.047784

Clearance VolM^3 3.9505E-05 -165 -2.87979 -0.095910021 -5.49524 0.080587 434.5145 0.000435 -0.57772 1.049797 1.049797

Tot Volumem^3 0.0004385 -164 -2.86234 -0.102163449 -5.85353 0.080469 433.9368 0.000434 -0.61714 1.051964 1.051964

n comp 1.55 -163 -2.84489 -0.108389639 -6.21027 0.080343 433.3197 0.000433 -0.65667 1.054287 1.054287

n exp 1.3 -162 -2.82743 -0.114586881 -6.56534 0.080209 432.663 0.000433 -0.69632 1.056768 1.056768

Wiebe a 5 -161 -2.80998 -0.120753462 -6.91866 0.080067 431.9667 0.000432 -0.73609 1.05941 1.05941

Wiebe m 2 -160 -2.79253 -0.126887671 -7.27013 0.079917 431.2306 0.000431 -0.77599 1.062214 1.062214

Start CombDeg -12 -159 -2.77507 -0.132987793 -7.61964 0.079758 430.4546 0.00043 -0.81601 1.065183 1.065183

Ignition DelDeg 5 -158 -2.75762 -0.139052113 -7.9671 0.079592 429.6386 0.00043 -0.85615 1.068321 1.068321

Bdur Deg 48 -157 -2.74017 -0.145078916 -8.31241 0.079417 428.7824 0.000429 -0.89644 1.071629 1.071629

Density AirKg/m^3 1.167 -156 -2.72271 -0.151066486 -8.65547 0.079234 427.886 0.000428 -0.93685 1.075111 1.075111

Mass Air Kg 0.00048615 -155 -2.70526 -0.157013106 -8.99619 0.079043 426.9492 0.000427 -0.9774 1.07877 1.07877

Mass FuelKg 3.6746E-05 -154 -2.68781 -0.162917058 -9.33446 0.078844 425.9718 0.000426 -1.01809 1.082609 1.082609
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Type 4 Stroke RPM Torque (Nm)Power (Kw)

Configuration Inline Material

Titanium

Conrod 267.4 g 1000 140 15

Fuel System Injection Density 4500Kg/m^3 Conrod Cap 103.8 g 1500 231 36

RPM Peak Pressure (Bar)Peak Avg Gas ForceNumber Cylinders 4 Young's Modulus 110000N/mm^2 Bolts 35.19 g 1700 237 40

Comp Ratio

10.1

:1 UTS 950N/mm^2 Conrod Total 406.39 g 2000 240 50

1000 47.214 45.95723142.744Bore 

0.079

M Stiffness K 152686.57N/mm Piston + Rings 263.19 g 2500 244 64

1500 59.764 57.864 29294.34Bore Area 0.00490167 M^2 Compression 0.27mm Gaudgeon Pin 80.22 g 3000 248 78

1700 68.176 66.095333417.625Stroke 

0.0814

M Stretch 0.040634268mm Circlip 0.77 g 3500 245 90

2000 74.242 72.488536390.978Bore Radius 0.0395 M Acc TDC 18905.55639Rad/s^2 Piston Total 398 g 4000 245 102

2500 78.852 76.658538650.648Crank Radius 0.0407 M Acc BDC -10096.67093Rad/s^2 4500 226 106

3000 82.53 79.791340453.482Con Rod Length

0.134

M F I TDC 7524.411443Kg/m^2 5000 212 110.8

3500 84.129 82.561541237.259Capacity 1596 cc F I BDC -4018.475029Kg/m^2 W.D 83.20261J/cylinder 5500 192 110.4

4000 86.499 84.814342398.955Cyl Volume 399 cc ConR Cross Sectional Area

186

mm^2 Power Loss/Cylinder3952.124J/s 5700 187 111.7

4500 85.926 84.306342118.089Cyl Volume 3.99E-04 m^3 Nominal Stress 223.003984N/mm^2 Total Loss 15.8085Kw 6000 172 108

5000 90.154 87.23544190.515Clearance Vol43.84615385cc Static Safety Factor 4.260013579

5500 95.038 92.988346584.491Clearance Vol4.38462E-05m^3 Static Safety Factor -28.4802161

5700 98.158 95.25548113.812Tot Volume 4.43E-04 m^3 Net Compressive Force 41478.74102N

6000 97.497 95.60647789.811Piston mass 0.398 Kg Net Tensile Stress -6204.306856N

RPM

5700

Rev/m Comp Stress 223.003984N/mm^2

Angular V ω

596.9026042Rad/s Tensile Stress -33.35648847N/mm^2

 μ 0.1

Crank Angle(Deg)Peak Pressure (Bar)Gas ForceCrank Angle RadiansRod Angle  Rod Angle DegreesRod Force Piston Side Force1st Order Inertia2nd Order Inertia S

 ∆S ∆S/∆t

  Finertia Net Force C Rod DistortionStress Strain Force Friction R/S/F ForceLinear Force

-360 2.703 1324.921 -6.283185 7.4423E-17 4.26414E-15-6199.490059 -4.6E-13 5771.443236 1752.968207 00.0001143.901227 18905.567524.4114-6199.49006 -0.0406 -33.330592 -0.000303 -4.61386E-14 -0.000375 -6199.4901 0

-359 2.691 1319.039 -6.265732 0.00530087 0.303717346 -6203.51234 -32.8838 5770.564217 1751.900346 0.0001140.0001264.324037 18900.667522.4646-6203.42518 -0.0406 -33.352217 -0.0003032 -3.288384403 -0.001247 -6239.684636.2593851

-358 2.678 1312.667 -6.248279 0.01060027 0.607350706-6204.306856 -65.7661 5767.927429 1748.698064 0.0002410.000139 4.74553 18885.997516.6255-6203.95828 -0.0406 -33.356488 -0.0003032 -6.576609326 -0.002278 -6276.6496 72.691275

-357 2.691 1319.039 -6.230825 0.01589674 0.9108161-6188.641495 -98.3751 5763.533674 1743.365264 0.0003790.0001515.165577 18861.567506.8989-6187.85956 -0.0405 -33.272266 -0.0003025 -9.837508021 -0.003462 -6296.8541108.994526

-356 2.691 1319.039 -6.213372 0.02118881 1.214029555-6175.639624 -130.845 5757.38429 1735.908441 0.000530.0001635.584051 18827.377493.2927-6174.25335 -0.0404 -33.202364 -0.0003018 -13.08446815 -0.004801 -6319.5688145.315423

-355 2.678 1312.667 -6.195919 0.02647502 1.516907112-6165.311214 -163.208 5749.481152 1726.336681 0.0006940.0001756.000824 18783.467475.8178-6163.15062 -0.0404 -33.146834 -0.0003013 -16.32076919 -0.00629 -6344.8397181.689051

-354 2.665 1306.295 -6.178466 0.03175391 1.819364831 -6151.29422 -195.295 5739.826666 1714.661646 0.0008690.0001886.415769 18729.877454.4883-6148.19327 -0.0403 -33.071474 -0.0003006 -19.52947986 -0.007932 -6366.1185217.925225

-353 2.626 1287.179 -6.161012 0.037024 2.121318792-6146.354965 -227.511 5728.423773 1700.897559 0.001057 0.0002 6.82876 18666.647429.3213-6142.14281 -0.0403 -33.044919 -0.0003004 -22.75106442 -0.009728 -6396.6167254.473867

-352 2.575 1262.18 -6.143559 0.04228383 2.422685104-6143.648495 -259.7 5715.275947 1685.061191 0.0012560.000212 7.23967 18593.817400.3371-6138.15713 -0.0402 -33.030368 -0.0003003 -25.96995964 -0.011658 -6429.3181291.160921

-351 2.549 1249.436 -6.126106 0.04753195 2.723379911-6125.041168 -291.026 5700.387193 1667.171836 0.0014680.0002247.648376 18511.45 7367.559-6118.12336 -0.0401 -32.930329 -0.0002994 -29.10255136 -0.013714 -6445.1692327.045872

-350 2.511 1230.809 -6.108652 0.05276688 3.023319391-6108.706407 -322.188 5683.762045 1647.251288 0.0016920.0002368.054751 18419.637331.0133-6100.20401 -0.0400 -32.842508 -0.0002986 -32.21878017 -0.015891 -6463.113362.908977

-349 2.485 1218.065 -6.091199 0.05798716 3.322419769-6082.888432 -352.532 5665.405568 1625.323819 0.0019270.0002478.458673 18318.427290.7294-6072.66441 -0.0398 -32.703701 -0.0002973 -35.25318068 -0.018183 -6470.6734398.009012

-348 2.447 1199.439 -6.073746 0.06319134 3.62059732-6059.394862 -382.647 5645.323354 1601.416143 0.0021740.0002598.860019 18207.897246.7395-6047.30086 -0.0397 -32.577392 -0.0002962 -38.26465266 -0.020591 -6480.306433.005178

-347 2.408 1180.322 -6.056293 0.06837796 3.917768376-6032.854734 -412.193 5623.52152 1575.557388 0.0024340.0002719.258665 18088.147199.0789-6018.75679 -0.0395 -32.434703 -0.0002949 -41.21929049 -0.023112 -6486.2669467.510143
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