University of Wales Trinity Saint David 

School of Engineering 

[bookmark: BRANCH_0]Con-Rod Acceleration, Forces, Displacements
 Advanced Engine Design 
M6X00410

 Ryan James 0751093

30.10.2019

Contents
1	Introduction	1
1.1	Aims	1
1.2	Objectives	1
2	Modified Engine	2
2.1	Increase RPM	2
2.2	Increase Boost Pressure	2
3	Peak Gas Forces (A)	3
4	Inertia Loads as a Function of Crank angle (B)	4
4.1	First and second order	4
4.2	Total Inertia forces	5
5	Highest Net Compressive Force on Rod (C)	6
6	Maximum Net Tensile Load on Rod (D)	8
7	Maximum Compression and Tensile Stress on Rod (E)	9
8	Safety Factors for compressive and Tensile from UTS (F)	9
9	Displacement Compression and Stretch in Rod (G)	10
10	Changing Rod Material Titanium (H)	11
11	Conclusion	12
12	Extra Work	13
12.1	New CSA	13
12.2	New Mass of Piston	13
12.3	Inertia Torque	14
12.3.1	Inertia Torque Single Plane	14
12.3.2	Inertia Torque cross plane	15
12.3.3	Crank Inertia Torque Single and Cross Plane	16
12.4	Gas Torque Single plane and Cross Plane	16
12.5	Crank Torques Cross and Single Plane	17
12.5.1	Single and cross at 6000RPM	17
12.5.2	Single and cross at 14000RPM	18
12.5.3	Single and Cross at 14000RPM with Bike Geometry Pressures and Piston Mass	18
12.6	Long Bang, Big Bang and 3 Cylinder	20
12.7	Torque and Work Losses Due to Friction	20
12.8	Power	21
12.9	Power and Torque	22
12.10	Mean Effective Pressures	22
13	References	23
14	Appendices	23
14.1	MATLAB Script	23
14.1.1	For Calculations (Con_Rod.m)	23
14.1.2	For Graphs	31


Figure 1 Modified Engine	2
Figure 2 Peak Gas Force	3
Figure 3 Max Gas Force	4
Figure 4 Inertia first and second order	5
Figure 5 Total Inertia Forces	6
Figure 6 Rod and Gas Force Modified engine	7
Figure 7 Rod Force per degree	7
Figure 8 Peak Compressive Force	8
Figure 9 Absolute Peak Tensile Force	8
Figure 10 Peak Stresses	9
Figure 11 Compression and Stretch	11
Figure 12 Titanium and Steel Con-rod Displacements	12
Figure 13 Displacement in Rod for Different Piston masses	14
Figure 14 Inertia Torques Single Plane at 6000RPM	15
Figure 15 Inertia Torques Cross Plane Crank at 6000RPM	15
Figure 16 Total Crank Inertia Torque at 6000RPM for both cross plane and single plane	16
Figure 17 Gas Torque Crank for cross and single plane at 6000RPM	17
Figure 18 Crank Torques for cross and single plane at 6000RPM	17
Figure 19 single and cross plane torque totals at 14000RPM	18
Figure 20 Crank Torques Total cross and single plane at 14000RPM with Bike Geometry, Forces and Masses	19
Figure 21 Total Crank Torque Long Bang Big Bang and 3 cylinders	20
Figure 22 Total Torque, Friction Loss and Torque after Losses	20
Figure 23 Power Graph with indicated Brake and Friction losses	21
Figure 24 Torque and Power compared	22
Figure 25 Mean Effective Pressures	22

Table 1 Engine Geometry	1
Table 2 Con-Rod Material	1
Table 3 Titanium Properties	1
Table 4 Beryllium Density	2
Table 5 Aluminium Density	2
Table 6 Safety Factor Standard and Modified	10
Table 7 Safety Factors for steel and Titanium Rods	12
Table 8 Displacement steel and titanium	12
Table 9 Bike Geometry and masses	19





Ryan James	 Con-Rod Acceleration, Forces, Displacements 	0751093

5

[bookmark: _Toc23739808]Introduction
[bookmark: _Toc23739809]Aims
The Aim of this assignment is to gain an understanding in some of the design considerations for a con-rod due to the forces exerted in operation (Manning , 2012).
[bookmark: _Toc23739810]Objectives
Use engine pressure data and geometry to simulate the forces to understand the tolerances and safety factors that were used in the original design process, then change the material and calculate how this would impact the original design.
[bookmark: _Toc23739872]Table 1 Engine Geometry
	Part
	Value
	Source

	Rod Length (L)
	134mm
	Measured

	Crankshaft Throw (R)
	40.7mm
	

	Piston Assembly Mass
	347.3g
	

	Rod Cross-Sectional Area
	139.65mm²
	

	Bore Diameter
	79mm
	(Ford, 2015)



[bookmark: _Toc23739873]Table 2 Con-Rod Material
	Powdered Steel
	Value
	Source

	E
	200KN/mm2
	(AZO Materials, 2016)

	UTS
	750N/mm2 
	

	Density 
	78000kg/m3
	(Engineers Edge)



[bookmark: _Toc23739874]Table 3 Titanium Properties
	Titanium
	Value
	Source

	E
	133.8 KN/mm2
	(Aerospace)

	UTS
	950 N/mm2
	



[bookmark: _Toc23739875]Table 4 Beryllium Density
	Beryllium 
	Value
	Source

	Density
	1850kg/m3
	(Engineers Edge)



[bookmark: _Toc23739876]Table 5 Aluminium Density
	Aluminium 
	Value
	Source

	Density
	2700kg/m3
	(Engineers Edge)



[bookmark: _Toc23739811]Modified Engine
To see if the material has greater displacement at higher loads the engine data has been modified in two ways.
[bookmark: _Toc23739812]Increase RPM
This will increase the acceleration on moving parts within the engine thus increasing inertia.
[bookmark: _Toc23739813]Increase Boost Pressure
This will increase the gas force pressing upon the piston and through the con-rod.
[image: ]
[bookmark: _Toc23739847]Figure 1 Modified Engine
The modified pressure and RPM can be seen in Figure 1. This is purely for increasing forces on the con-rod as in reality, different fuels would be required to stop detonation, a larger variable turbo would be required to give the pressures seen, different ignition timing (Smith & Wenner, 1977) and the engine would need different moving parts for the forces at the higher RPM’s.
[bookmark: _Toc23739814]Peak Gas Forces (A)
[image: ]
[bookmark: _Toc23739848]Figure 2 Peak Gas Force
Figure 2 shows the Gas Force was increased throughout the crank angles. The Gas Force was obtained from the following formula:

This is just from: pressure=
[image: ]
[bookmark: _Toc23739849]Figure 3 Max Gas Force
Figure 3 shows the maximum Gas Forces which act on the piston crown.
[bookmark: BRANCH_3][bookmark: _Toc23739815]Inertia Loads as a Function of Crank angle (B)
[bookmark: _Toc23739816]First and second order
Inertia is calculated from Newtons second law     
 The first order acceleration  ∴ First order Inertia Force = 
Second order acceleration due to the rod is a =  ∴ Second order Inertia Force  
From the above formula the second order will have double the frequency of the first (2cos). 
[image: ]
[bookmark: _Toc23739850]Figure 4 Inertia first and second order
Figure 4 shows the first and second order inertia forces. The first order is due to the crank speed the graph shows they increase in amplitude with engine speed as the acceleration increases (Bosch, 2000) and the frequency is the same as the crank speed (1rpm 1 Hz). The second order forces occur at double crank speed (1rpm 2Hz) these are due to angle the rod goes through because of the relationship between the Rod length and the crank throw. If the rod was longer, they would have a lower amplitude but if the rod was shorter there would be additional forces and extra calculations would be needed for their harmonics. Any increase in mass would increase the inertia forces. 
[bookmark: _Toc23739817]Total Inertia forces 
The total inertia forces are just the first and second order combined or piston acceleration times mass.

From the equation the maximum inertia forces must be when  (crank angle) = 0 as cos 0 = cos 2= 1 and cos of any other number x 2 is less than 1. Therefore, peak inertia force is at TDC. 
[image: ]
[bookmark: _Toc23739851]Figure 5 Total Inertia Forces
Figure 5 shows the first and second order forces combined. the total inertia has the frequency of the first order, but the forces below zero have squared off similarly to a Fourier series with a ripple effect. The peak positive forces have increased as the first and second order combined.
This is just the piston acceleration multiplied by the mass of the piston assembly. It can be obtained from either the acceleration formula or measuring piston travel if volume per degree data is available.
[bookmark: BRANCH_5][bookmark: _Toc23739818]Highest Net Compressive Force on Rod (C)
To calculate the rod, force the rod angle must be calculated from the following formula.
Rod angle =                                   
The rod force is to find compression and tension in the rod is calculated by removing the inertia from the gas force then dividing by . 

As the maximum gas force is always after TDC then dividing by  will give a number less than 1 which will increase rod force. The later the peak gas pressure the higher the rod compressive force.
[image: ]
[bookmark: _Toc23739852]Figure 6 Rod and Gas Force Modified engine
The highest compressive force is a combination of the Gas Force, Inertia Force and the angle of the Rod. The inertia forces are taken off the Gas as can be seen when the piston is coming up to TDC at combustion, the Gas Force on the rod is reduced buy the accelerating mass of the piston up the bore. Therefore, even though gas compressive forces are increasing from 6000 to 7500rpm, rod forces are decreasing as the higher inertia forces are cutting down the rod forces.
[image: ]
[bookmark: _Toc23739853]Figure 7 Rod Force per degree 
Figure 7 shows for both modified and standard rod force, the high compressive and negative tensile are visible.
[image: ]
[bookmark: _Toc23739854]Figure 8 Peak Compressive Force
This is the Maximum rod force for each RPM. These are the highest positive values from Figure 7. They are the peak compressive forces the Rod will see.
[bookmark: BRANCH_6][bookmark: _Toc23739819]Maximum Net Tensile Load on Rod (D)
This is the negative rod force from the rod force calculations. Inertia forces are the only driving force for these.
[image: ]
[bookmark: _Toc23739855]Figure 9 Absolute Peak Tensile Force
There is no Tensile force at lower RPMs as the inertia force isn’t great enough to overcome the gas force (in calculations any force below 0 was discarded with an if statement). This shows the force increases at an exponential rate with RPM. Figure 7 showed this force occurred at TDC at the end of the exhaust stroke when there is less pressure forcing against the piston as it accelerates up the bore.
[bookmark: BRANCH_7][bookmark: _Toc23739820]Maximum Compression and Tensile Stress on Rod (E)
The maximum tensile and compressive stresses occur at the highest negative and positive rod force on the point of the rod with the thinnest cross-sectional area. From measurements the minimum CSA is 139.65mm. therefore, the units for stress are N/mm2 

[image: ]
[bookmark: _Toc23739856]Figure 10 Peak Stresses
[bookmark: BRANCH_8]In figure 10 the tensile stresses have not been absolute to show how that as the inertia force increases the Rod compressive force decreases therefore the stresses follow the same trend. As previously discussed, there is no stress at lower RPMs due to low inertia forces. As before the compressive stress is higher than the tensile as the gas forces are higher than inertia.
[bookmark: _Toc23739821]Safety Factors for compressive and Tensile from UTS (F)
From the stress calculated the original design safety factor can be estimated. For this the calculated max compressive and tensile stress will be divided into the ultimate tensile stress. This is the maximum stress the material can receive in tension before deforming (necking) past it’s elastic limit. Alternatively, the ultimate buckling stress could have been used but the rod is more likely to see buckling stress due to side acceleration that has not been considered in this report.
[bookmark: _Toc23739877]Table 6 Safety Factor Standard and Modified
	
	Standard
	Modified

	Tensile
	17.6152
	6.9295

	Compressive
	2.5099
	2.5499


As table 6 shows compression is the driving factor as its stress is higher. Tension has the largest change in safety factor as stress goes up exponentially with RPM as discussed before.
[bookmark: BRANCH_9][bookmark: _Toc23739822]Displacement Compression and Stretch in Rod (G)
To calculate the displacement the young’s modulus of the material needs to be used. This is the relationship between force and change in length. There are data sheets for materials where that relationship is given per 1mm2. 

 Rearranging the change in length can be calculated.


[image: ]
[bookmark: _Toc23739857]Figure 11 Compression and Stretch
From the graph (figure 11) there is very little change in compression, from standard to modified even though the gas forces are increased, because of the previously discussed reasons with inertia cancelling gas forces at higher RPMs. As expected, the compression is higher due to higher gas forces (if the gas forces weren’t higher than Inertia the engine wouldn’t be able to reach the RPM). The stretch in the rod increases from 0.02853mm to 0.07252 which is less than 3 thou total at 9000RPM. This is unlikely to cause any clearance issues on the turbo charged petrol engine in question as the clearance distance is higher than a diesel due to its lower compression ratio to avoid knock. 
[bookmark: BRANCH_10][bookmark: _Toc23739823]Changing Rod Material Titanium (H)
To further understand the effect the material selection has on Clearances and safety factors the con-rod material was changed for titanium. Steel has a 49% Higher young’s modulus than Titanium ∴ Titanium is expected to have a 49% increase in displacement, for the same CSA. The UTS of Titanium is 26% higher than Steel ∴ the safety factor is expected to be 26% higher.
[image: ]
[bookmark: _Toc23739858]Figure 12 Titanium and Steel Con-rod Displacements
[bookmark: _Toc23739878]Table 7 Safety Factors for steel and Titanium Rods
	Safety Factors From UTS
	Standard Steel 
	Standard Titanium 
	Modified Steel
	Modified Titanium 

	Tensile
	17.6152
	22.3126
	6.9295
	8.7773

	Compressive
	2.5099
	3.2299
	2.5499
	3.1792


[bookmark: _Toc23739879]Table 8 Displacement steel and titanium
	Displacement max (mm)
	Standard Steel 
	Standard Titanium
	Modified Steel
	Modified Titanium 

	Tensile
	0.02853mm
	0.04264mm
	0.07252mm
	0.1084mm

	Compressive
	0.1971mm
	0.2946mm
	0.2002mm
	0.2993mm



As expected, the results match the percentage increase predicted. This shows that if accurate material information is available and data is available on expected loads it is possible to predict the change in displacement and safety factors. Temperatures inside the cylinders would make a difference to the materials characteristics which would need to be investigated further.
[bookmark: _Toc23739824] Conclusion
· In this report the only rod forces considered have been stretch and compression due to gas forces and piston acceleration, there are other forces with side acceleration at the big end of the rod due to the crank rotation that also affect the con-rod. 
· When considering a material cyclic displacement changes will cause the material to heat up and will increase the chance of fatigue failure (Affonso, 2006).
· Engine operational temperatures of parts need to be considered as the young’s modulus quoted is for room temperature.
· The smallest CSA on the con-rod is the bolts itself on the big end. These will see the acceleration forces of the piston and the con-rod therefore it may be more advantageous to go for a Titanium Rod reducing the reciprocating mass.
· The modelling of the rod was inaccurate as the CSA was the smallest point and the rest of the rod is considerably thicker for the change in length calculation.
[bookmark: _Toc23739825]Extra Work
[bookmark: _Toc23739826]New CSA
If tolerances are a major concern when changing from a Steel to a Titanium Rod the formula for change in Length Could be rearranged to find a new cross-sectional area using the original change in Length.

This Gives a new Cross-sectional area of 208.744mm for the standard engine which is again a 49% increase due to the young’s modulus. This approach can also be used for other engine modifications.
[bookmark: _Toc23739827][bookmark: BRANCH_13]New Mass of Piston
Changing the piston material without modifying its design was investigated. The piston assembly mass was converted to a volume and the density of steel and beryllium was used to change its mass. 
[image: ]
[bookmark: _Toc23739859]Figure 13 Displacement in Rod for Different Piston masses
Figure 13 shows the expected results an increased piston mass increases inertia forces and increases stretch, reducing rod compression displacement and the effect of gas force. Reducing the Piston mass has the opposite effect as can be seen.
[bookmark: _MV3BS_14][bookmark: _Toc23739828]Inertia Torque 
[bookmark: _Toc23739829]Inertia Torque Single Plane
The inertia torques from the piston mass accelerating seen at the crankshaft from the firing order on a single plane 1,3,4,2 engine can be calculated with the following formula.

This is calculated for 1 cylinder then results are repeated and offset by 180 degrees for each cylinder in firing order. The cylinders are then combined to see the resultant force.
[image: ]
[bookmark: _Toc23739860]Figure 14 Inertia Torques Single Plane at 6000RPM
In figure 14 as cylinders 1 and 4 reciprocate together their torque combines as does 3 and 4. This gives a total perceived crank torque with an amplitude that is nearly 4 times higher.
[bookmark: BRANCH_15][bookmark: _MV3BS_15][bookmark: _Toc23739830]Inertia Torque cross plane
The cross-plane crank has each cylinder in a different position with a firing order of 1,3,2,4 and offset firing from cylinder 1 of 270,180,90 then 90 degrees back to cylinder 1. 
[image: ]
[bookmark: _Toc23739861]Figure 15 Inertia Torques Cross Plane Crank at 6000RPM
The even splitting of inertia torques from having each piston in a different position has the effect of cancelling the inertia torque at the crank when looking at the green combined torque line.
[bookmark: _Toc23739831]Crank Inertia Torque Single and Cross Plane
[image: ]
[bookmark: _Toc23739862]Figure 16 Total Crank Inertia Torque at 6000RPM for both cross plane and single plane
Figure 16 shows the perceived torque at the crank is over 16times less with the cross-plane Crank.
[bookmark: _Toc23739832]Gas Torque Single plane and Cross Plane
Gas Torques at the crank can be calculated with the following formula.

Each cylinder for cross plane and single plane is repeated and totalled in a similar way to how the inertia torques were repeated and totalled.

[image: ]
[bookmark: _Toc23739863]Figure 17 Gas Torque Crank for cross and single plane at 6000RPM
The firing of the cross plane having uneven spacing creates larger peaks and troughs in the gas crank torque.
[bookmark: _Toc23739833]Crank Torques Cross and Single Plane
[bookmark: _Toc23739834]Single and cross at 6000RPM
Combining the inertia and gas torques per degree for each firing configuration will give the crank torques per degree.
[image: ]
[bookmark: _Toc23739864]Figure 18 Crank Torques for cross and single plane at 6000RPM
The range of torque (max positive to min negative) in a cross-plane configuration at 6000RPM is 1362Nm whereas the standard has a range of only 603Nm. At this RPM the cross plane would put the flywheel bolts of a low revving road car under unnecessary instantaneous Torque for the same average Torque.
[bookmark: _Toc23739835]Single and cross at 14000RPM
As the cross plane is primarily used on high revving bike engines and the advantage of it is to reduce the inertia force that has more effect at higher RPMs the RPM was increased to 14000 to see the effect
[image: ]
[bookmark: _Toc23739865]Figure 19 single and cross plane torque totals at 14000RPM
Figure 19 shows this is where cross plane can have an advantage as the reduction in amplitude of inertia torques at higher RPMs. These torques are unrealistic as the bike would have different geometry and masses for its parts.
[bookmark: _Toc23739836]Single and Cross at 14000RPM with Bike Geometry Pressures and Piston Mass
To gain a better understanding of the cross plane crank the geometry of and Yamaha R1 was used which there is a cross plane variant (the rod to crank throw ratio is 0.2 compared to the fords 0.3 which would further reduce inertia forces). The lighter mass of the R1 piston assembly was used which would further reduce inertia forces and the gas Pressures from a triumph at 14000RPM was used as this was the closest available pressure Data.

[bookmark: _Toc23739880]Table 9 Bike Geometry and masses
	Part
	Value

	Rod Length (L)
	104.6mm

	Crankshaft Throw (R)
	24.8mm

	Piston Assembly Mass
	254g

	Bore Diameter
	76mm



[image: ]
[bookmark: _Toc23739866]Figure 20 Crank Torques Total cross and single plane at 14000RPM with Bike Geometry, Forces and Masses
[bookmark: _GoBack]Figure 20 shows with this data set the advantages of a cross plane crank are less but there is a 125Nm reduction in peaks which would mean the drive train would receive less instantaneous torque. The 15% reduction in instantaneous Torque would give designers the ability to further reduce the masses of parts in race applications where they are pushed to the limit. The main advantage is reduced negative torque at high RPM.
[bookmark: _Toc23739837]Long Bang, Big Bang and 3 Cylinder
[image: ]
[bookmark: _Toc23739867]Figure 21 Total Crank Torque Long Bang Big Bang and 3 cylinders
For further interest long bang big bang and 3 cylinders. As can be seen the long bang and big bang have higher instantaneous torque and there is no advantage to high RPM Inertia torque as they both have a single plane crank.  
[bookmark: _Toc23739838]Torque and Work Losses Due to Friction
For the Torque, Friction, Power and MEP models the formulas used can be found in the MATLAB script form in the appendices highlighted in yellow to show they are the authors own work. Side friction and ring friction were accounted for.
[image: ]
[bookmark: _Toc23739868]Figure 22 Total Torque, Friction Loss and Torque after Losses
Figure 22 shows the friction losses from the ring and side wall increase with RPM as the gas forces increase. The Results for torque after losses are slightly lower than for data found online but they show the same trend and the author cannot be sure the engines are tuned the same and from the same generation. 
[bookmark: _Toc23739839]Power
[image: ]
[bookmark: _Toc23739869]Figure 23 Power Graph with indicated Brake and Friction losses
Figure 23 shows the indicated power which is the power created from the gas forces. The friction power is the power calculated from the assumptions made in the friction loss calculations. The brake power is the power at the flywheel after losses. 
[bookmark: _Toc23739840]Power and Torque
[image: ]
[bookmark: _Toc23739870]Figure 24 Torque and Power compared
Figure 24 shows the torque and power follow a similar trend to data sourced (Ford, 2009). The difference may be due to the data found or the friction model being too simple and overcalculating e.g. a to high coefficient of friction.
[bookmark: _Toc23739841]Mean Effective Pressures
[image: ]
[bookmark: _Toc23739871]Figure 25 Mean Effective Pressures
Figure 25 shows the indicated mean effective pressure which is the pressure to overcome friction and that causes force at the flywheel. The Friction pressure is the pressure to overcome friction forces. The Brake Mean Effective Pressure is the difference and is what is measured on a dyno, to calculate friction losses a Morse test is carried out where cylinders are stopped from firing so that drop in force is that of one cylinder firing and the seen force is 3 firing with 4 frictional losses. 
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[bookmark: _Toc23739843]Appendices 
[bookmark: _Toc23739844]MATLAB Script
[bookmark: _Toc23739845]For Calculations (Con_Rod.m)
clc 
clear
 
%% Data in Read
Pressure_Bar_o = (([xlsread('myaed1.xls','1000rpm','F3:F722'),xlsread('myaed1.xls','1500rpm','F3:F722'),xlsread('myaed1.xls','1700rpm','F3:F722'),xlsread('myaed1.xls','2000rpm','F3:F722'),xlsread('myaed1.xls','2500rpm','F3:F722'),xlsread('myaed1.xls','3000rpm','F3:F722'),xlsread('myaed1.xls','3500rpm','F3:F722'),xlsread('myaed1.xls','4000rpm','F3:F722'),xlsread('myaed1.xls','4500rpm','F3:F722'),xlsread('myaed1.xls','5000rpm','F3:F722'),xlsread('myaed1.xls','5500rpm','F3:F722'),xlsread('myaed1.xls','5700rpm','F3:F722'),xlsread('myaed1.xls','6000rpm','i3:i722')])');
 
Pressure_Bar = (([xlsread('myaed1.xls','1000rpm','F3:F722'),xlsread('myaed1.xls','1500rpm','F3:F722'),xlsread('myaed1.xls','1700rpm','F3:F722'),xlsread('myaed1.xls','2000rpm','F3:F722'),xlsread('myaed1.xls','2500rpm','F3:F722'),xlsread('myaed1.xls','3000rpm','F3:F722'),xlsread('myaed1.xls','3500rpm','F3:F722'),xlsread('myaed1.xls','4000rpm','F3:F722'),xlsread('myaed1.xls','4500rpm','F3:F722'),xlsread('myaed1.xls','5000rpm','F3:F722'),xlsread('myaed1.xls','6000rpm','g3:o722')])');
 
%% Dimensions Weights Etc 
 
alu_den = 2700;
 
ber_den = 1850;
 
ste_den = 7800;
 
rpm_o = [1000,1500,1700,2000,2500,3000,3500,4000,4500,5000,5500,5700,6000]; %creates vector for rpm range
 
rpm = [1000,1500,1700,2000,2500,3000,3500,4000,4500,5000,5500,5700,6000,6500,7000,7500,8000,8500,9000]; %creates vector for rpm range
 
Bore = 0.079; % Bore in (m) 0.076 (bike)
 
L =  0.134; % length of con rod (m) 0.1046 (bike)
 
R =  0.0407; % Crank Throw (m) 0.0248 (bike)
CSA = 139.65; % cross section area of con rod (mm^2)
 
Pm =   0.3473; % pisto mass (kg) 0.254 (bike)
 
E = 200; % (Gpa)
 
Eti = 133.8; % (GPa)
 
UTSti = 950; % (MPa)
 
UTS = 750; % (MPa)
 
Area = pi*(Bore)^2/4; % bore area 
 
mrpm =  ((repmat (rpm,720,1))'); %makes rpm into a matrix  
 
mrpm_o = ((repmat (rpm_o,720,1))');
 
u = 0.1; % coefficient of friction
 
Ring_D = 0.075;
 
Ring_h = 0.00125;
%% volumes and masses
 
vol_pist = (Pm)/(alu_den);
 
St_Pm = (vol_pist)*(ste_den);
 
ber_Pm = (vol_pist)*(ber_den);
 
 
%% Pressure N/m^2
 
Pressure_si = (Pressure_Bar).*1e5;
 
Pressure_si_o = (Pressure_Bar_o).*1e5;
 
%% Gas Force
Gas_Force_o = (Pressure_si_o).*(Area);
 
Gas_Force = (Pressure_si).*(Area);
 
%% Piston Acceleration original 
 
w1_o = (rpm_o)*(2*pi/60);
w_o = (mrpm_o)*(2*pi/60); % angular velocity of crank
td_o =  ((1./(mrpm_o))/6); % gives revs per second then degrees per second (time per degree)
ct = (1:1:720); % makes a numbered matrix to multiply time by
t_o = (td_o).*(ct); % creates accumalative time matrix
wt_o = (w_o).*(t_o); % angular velocity x accum time
Piston_acc_o = (R).*((w_o).^2).*cos(wt_o)+ ((((R).^2).*((w_o).^2).*cos(2*(wt_o)))/(L)); % piston acceleration from formula
 
Ca = (-360:1:359);
Crank_angle_o =  ((repmat (Ca,13,1)));
 
%% piston acceleration mod
 
w1 = (rpm)*(2*pi/60);
w = (mrpm)*(2*pi/60); % angular velocity of crank
td =  ((1./(mrpm))/6); % gives revs per second then degrees per second (time per degree)
t = (td).*(ct); % creates accumalative time matrix
wt = (w).*(t); % angular velocity x accum time
Piston_acc = (R).*((w).^2).*cos(wt)+ ((((R).^2).*((w).^2).*cos(2*(wt)))/(L)); % piston acceleration from formula
 
Crank_angle =  ((repmat (Ca,19,1)));
S = (R)+(L)-((R).*cosd(Crank_angle))-((L).*(1-((R)^2)./((L)^2).*sind(Crank_angle).^2).^0.5);
% Piston_acc_m = (R).*((w).^2).*cosd(Crank_angle)+(((R).*((w).^2).*cosd((Crank_angle).*2)));
%  
%% inertia Forces original
 
First_order_o = ((R).*((w_o).^2).*cos(wt_o)).*(Pm);
 
Second_order_o = ((((R).^2).*((w_o).^2).*cos(2*(wt_o)))/(L)).* (Pm);
 
Total_Inertia_o = (First_order_o)+(Second_order_o);
 
%% inertia forces modefied 
 
First_order = ((R).*((w).^2).*cos(wt)).*(Pm);
 
Second_order = ((((R).^2).*((w).^2).*cos(2*(wt)))/(L)).* (Pm);
 
Total_Inertia = (First_order)+(Second_order);
 
%% inertia forces steel original
 
First_order_o_St = ((R).*((w_o).^2).*cos(wt_o)).*(St_Pm);
 
Second_order_o_St = ((((R).^2).*((w_o).^2).*cos(2*(wt_o)))/(L)).* (St_Pm);
 
Total_Inertia_o_St = (First_order_o_St)+(Second_order_o_St);
 
%% inertia forces beryllium original 
First_order_o_ber = ((R).*((w_o).^2).*cos(wt_o)).*(ber_Pm);
 
Second_order_o_ber = ((((R).^2).*((w_o).^2).*cos(2*(wt_o)))/(L)).* (ber_Pm);
 
Total_Inertia_o_ber = (First_order_o_ber)+(Second_order_o_ber);
 
%%  Forces orig
 
Net_Force_o = (Gas_Force_o)-(Total_Inertia_o);
 
Rod_angle_o = asind(((R)/(L)).*sind(Crank_angle_o));
 
Rod_Force_o = (Net_Force_o)./(cosd(Rod_angle_o));
 
Peak_Comp_Force_o = max((Rod_Force_o)'); 
 
Peak_Tens_Force_o = min((Rod_Force_o)');
 
Peak_Tens_Force_o (Peak_Tens_Force_o > 0) = 0; 
 
%% Force o steel
Net_Force_o_St = (Gas_Force_o)-(Total_Inertia_o_St);
 
Rod_Force_o_St = (Net_Force_o_St)./(cosd(Rod_angle_o));
 
Peak_Comp_Force_o_St = max((Rod_Force_o_St)'); 
 
Peak_Tens_Force_o_St = min((Rod_Force_o_St)');
 
Peak_Tens_Force_o_St (Peak_Tens_Force_o_St > 0) = 0; 
 
%% Force o Ber 
Net_Force_o_ber = (Gas_Force_o)-(Total_Inertia_o_ber);
 
Rod_Force_o_ber = (Net_Force_o_ber)./(cosd(Rod_angle_o));
 
Peak_Comp_Force_o_ber = max((Rod_Force_o_ber)'); 
 
Peak_Tens_Force_o_ber = min((Rod_Force_o_ber)');
 
Peak_Tens_Force_o_ber (Peak_Tens_Force_o_ber > 0) = 0; 
%% Forces Mod
 
Net_Force = (Gas_Force)-(Total_Inertia);
 
Rod_angle = asind(((R)/(L)).*sind(Crank_angle));
 
Rod_Force = (Net_Force)./(cosd(Rod_angle));
 
Peak_Comp_Force = max((Rod_Force)'); 
 
Peak_Tens_Force = min((Rod_Force)');
 
Peak_Tens_Force (Peak_Tens_Force > 0) = 0; 
%% Stresses and safety Factor Standard
 
Comp_Stress_o = (Peak_Comp_Force_o)./(CSA);
 
Tens_Stress_o = (Peak_Tens_Force_o)./(CSA);
 
Safety_Factor_o = min((UTS)./(Comp_Stress_o)');
 
Stretch_o = (Peak_Tens_Force_o)./((((E)*(CSA))/(L)));
 
Squish_o = (Peak_Comp_Force_o)./((((E)*(CSA))/(L)));
 
%% stress and S.F steel
Comp_Stress_o_St = (Peak_Comp_Force_o_St)./(CSA);
 
Tens_Stress_o_St = (Peak_Tens_Force_o_St)./(CSA);
 
Safety_Factor_o_St = min((UTS)./(Comp_Stress_o_St)');
 
Stretch_o_St = (Peak_Tens_Force_o_St)./((((E)*(CSA))/(L)));
 
Squish_o_St = (Peak_Comp_Force_o_St)./((((E)*(CSA))/(L)));
%% stress and S.F ber
Comp_Stress_o_ber = (Peak_Comp_Force_o_ber)./(CSA);
 
Tens_Stress_o_ber = (Peak_Tens_Force_o_ber)./(CSA);
 
Safety_Factor_o_ber = min((UTS)./(Comp_Stress_o_ber)');
 
Stretch_o_ber = (Peak_Tens_Force_o_ber)./((((E)*(CSA))/(L)));
 
Squish_o_ber = (Peak_Comp_Force_o_ber)./((((E)*(CSA))/(L)));
 
%% stress S.F mod
 
Comp_Stress = (Peak_Comp_Force)./(CSA);
 
Tens_Stress = (Peak_Tens_Force)./(CSA);
%Safety_Factor_o = min((UTS)./(abs(Tens_Stress))');
 
 
Safety_Factor = min((UTS)./(Comp_Stress)');
 
Stretch = (Peak_Tens_Force)./((((E)*(CSA))/(L)));
 
Squish = (Peak_Comp_Force)./((((E)*(CSA))/(L)));
%% new csa
 
csati_o = ((max((Peak_Comp_Force_o)')).*(L))./((max((Squish_o)')).*(Eti));
 
csati = ((max((Peak_Comp_Force)')).*(L))./((max((Squish_o)')).*(Eti));
 
%% friction Side or
Force_Side_o = (Net_Force_o).*tand(Rod_angle_o);
 
Friction_Force_o = (abs(Force_Side_o)).*(u);
 
Friction_Force2_o (:,720) = Friction_Force_o (:,1);
Friction_Force2_o (:,1:719) = Friction_Force_o (:,2:720);
 
S_o = (R)+(L)-((R).*cosd(Crank_angle_o))-((L).*(1-((R)^2)./((L)^2).*sind(Crank_angle_o).^2).^0.5);
S2_o (:,720) = S_o (:,1);
S2_o (:,1:719) = S_o (:,2:720);
 
D_Work_Loss_Side_o = (((Friction_Force_o)+(Friction_Force2_o))./2).*(abs((S2_o)-(S_o)));
 
Work_loss_Side_o = sum((D_Work_Loss_Side_o)');
 
 
 
%% ring friction or
Ring_Force_o = (Pressure_si_o).*pi*(Ring_D)*(Ring_h);
 
Ring_Friction_o = (Ring_Force_o).*(u);
 
Ring_Friction2_o (:,720) = Ring_Friction_o (:,1);
Ring_Friction2_o (:,1:719) = Ring_Friction_o(:,2:720);
 
D_Work_Loss_Ring_o = (((Ring_Friction_o)+(Ring_Friction2_o))./2).*(abs((S2_o)-(S_o)));
 
Work_loss_Ring_o = sum((D_Work_Loss_Ring_o)'); 
 
%% Friction Losses
T_Loss_Per_cyc_o = (Work_loss_Side_o)+(Work_loss_Ring_o);
 
%Friction_Loss_cyc_o = sum((T_Loss_Per_D_o)');
% Power_Friction_Loss_o = (Friction_Loss_cyc_o).*((rpm_o)./120);
 
Power_Friction_Loss_o = (T_Loss_Per_cyc_o).*(w1_o);%.*((rpm_o)./120);
 
%% Gas Work or
 
Gas_Force_2o (:,720) = Gas_Force_o (:,1);
Gas_Force_2o (:,1:719) = Gas_Force_o(:,2:720);
 
Work_Done_Gas_0 = (((Gas_Force_o)+(Gas_Force_2o))./2).*(((S2_o)-(S_o)));
 
Gas_WD_cyc_o = sum((Work_Done_Gas_0)');
 
%% indicated Torque or
 
Torque_Gas_o = ((Gas_Force_o).*tand(Rod_angle_o).*(R).*cosd(Crank_angle_o))+((Gas_Force_o).*(R).*sind(Crank_angle_o));
 
Torque_Inertia_o = ((Total_Inertia_o).*tand(Rod_angle_o).*(R).*cosd(Crank_angle_o))-((Total_Inertia_o).*(R).*sind(Crank_angle_o));
 
Torque_Total_o = (Torque_Gas_o)+(Torque_Inertia_o);
 
Torque_cyc_o = (sum((Torque_Total_o)')./720).*4;
 
%% brake mean torque o
BT_o = (Torque_cyc_o) - (T_Loss_Per_cyc_o);
 
%% ind power or
 
Power_cyc_W_o = ((Torque_cyc_o).*(w1_o));
 
Power_cyc_Hp_o = ((Torque_cyc_o).*(w1_o).*10^-3)./0.746;
 
%% Brake power
 
BWP = (Power_cyc_W_o)-(Power_Friction_Loss_o);
 
%% Imep 
 
imep = (Gas_WD_cyc_o)./(((R)*2)*(Area));
 
%% fmep
fmep = (T_Loss_Per_cyc_o)./((((R)*2)*(Area)));
%% bmep
bmep = imep-fmep;
 
%% Cyl offest Torque inertia inline standard 
 
% Cyl_2 (13,720) = nan
Cyl_3_IT (:,1:180) = Torque_Inertia_o (:,541:720);
Cyl_3_IT (:,181:720) = Torque_Inertia_o (:,1:540);
 
Cyl_4_IT (:,1:180) = Cyl_3_IT (:,541:720);
Cyl_4_IT (:,181:720) = Cyl_3_IT (:,1:540);
 
Cyl_2_IT (:,1:180) = Cyl_4_IT (:,541:720);
Cyl_2_IT (:,181:720) = Cyl_4_IT (:,1:540);
 
Crank_IT = (Torque_Inertia_o)+(Cyl_3_IT)+(Cyl_4_IT)+(Cyl_2_IT);
 
%% Cyl offest Torque inertia xplane
 
% Cyl_2 (13,720) = nan
Cyl_3_ITx (:,1:270) = Torque_Inertia_o (:,451:720);
Cyl_3_ITx (:,271:720) = Torque_Inertia_o (:,1:450);
 
Cyl_2_ITx (:,1:180) = Cyl_3_ITx (:,541:720);
Cyl_2_ITx (:,181:720) = Cyl_3_ITx (:,1:540);
 
Cyl_4_ITx (:,1:90) = Cyl_2_ITx (:,631:720);
Cyl_4_ITx (:,91:720) = Cyl_2_ITx (:,1:630);
 
Crank_ITx = (Torque_Inertia_o)+(Cyl_3_ITx)+(Cyl_2_ITx)+(Cyl_4_ITx);
 
%% Cyl offest Torque gas inline standard 
 
% Cyl_2 (13,720) = nan
Cyl_3_TG (:,1:180) = Torque_Gas_o (:,541:720);
Cyl_3_TG (:,181:720) = Torque_Gas_o (:,1:540);
 
Cyl_4_TG (:,1:180) = Cyl_3_TG (:,541:720);
Cyl_4_TG (:,181:720) = Cyl_3_TG (:,1:540);
 
Cyl_2_TG (:,1:180) = Cyl_4_TG (:,541:720);
Cyl_2_TG (:,181:720) = Cyl_4_TG (:,1:540);
 
Crank_TG = (Torque_Gas_o)+(Cyl_3_TG)+(Cyl_4_TG)+(Cyl_2_TG);
 
%% Cyl offest Torque gas xplane
 
% Cyl_2 (13,720) = nan
Cyl_3_TGX (:,1:270) = Torque_Gas_o (:,451:720);
Cyl_3_TGX (:,271:720) = Torque_Gas_o (:,1:450);
 
Cyl_2_TGX (:,1:180) = Cyl_3_TGX (:,541:720);
Cyl_2_TGX (:,181:720) = Cyl_3_TGX (:,1:540);
 
Cyl_4_TGX (:,1:90) = Cyl_2_TGX (:,631:720);
Cyl_4_TGX (:,91:720) = Cyl_2_TGX (:,1:630);
 
Crank_TGX = (Torque_Gas_o)+(Cyl_3_TGX)+(Cyl_2_TGX)+(Cyl_4_TGX);
 
%% Cyl offest Torque Total inline standard 
 
% Cyl_2 (13,720) = nan
Cyl_3_TT (:,1:180) = Torque_Total_o (:,541:720);
Cyl_3_TT (:,181:720) = Torque_Total_o (:,1:540);
 
Cyl_4_TT (:,1:180) = Cyl_3_TT (:,541:720);
Cyl_4_TT (:,181:720) = Cyl_3_TT (:,1:540);
 
Cyl_2_TT (:,1:180) = Cyl_4_TT (:,541:720);
Cyl_2_TT (:,181:720) = Cyl_4_TT (:,1:540);
 
Crank_TT = (Torque_Total_o)+(Cyl_3_TT)+(Cyl_4_TT)+(Cyl_2_TT);
 
Torque_sing = sum((Crank_TT)');
 
%% long bang big bang 3 cyl
 
Cyl_2_TT3 (:,1:240) = Torque_Total_o (:,481:720);
Cyl_2_TT3 (:,241:720) = Torque_Total_o (:,1:480);
 
Cyl_3_TT3 (:,1:240) = Cyl_2_TT3 (:,481:720);
Cyl_3_TT3 (:,241:720) = Cyl_2_TT3 (:,1:480);
 
Crank_TT3 = (Torque_Total_o)+(Cyl_2_TT3)+(Cyl_3_TT3);
 
Crank_LB = ((Torque_Total_o).*2)+((Cyl_2_TT).*2);
 
Crank_BB = ((Torque_Total_o).*2)+((Cyl_4_TT).*2);
 
%% Cyl offest Torque Total xplane
 
% Cyl_2 (13,720) = nan
Cyl_3_TTX (:,1:270) = Torque_Total_o (:,451:720);
Cyl_3_TTX (:,271:720) = Torque_Total_o (:,1:450);
 
Cyl_2_TTX (:,1:180) = Cyl_3_TTX (:,541:720);
Cyl_2_TTX (:,181:720) = Cyl_3_TTX (:,1:540);
 
Cyl_4_TTX (:,1:90) = Cyl_2_TTX (:,631:720);
Cyl_4_TTX (:,91:720) = Cyl_2_TTX (:,1:630);
 
Crank_TTX = (Torque_Total_o)+(Cyl_3_TTX)+(Cyl_2_TTX)+(Cyl_4_TTX);
 
Torque_xpl = sum((Crank_TTX)');
 
%% Safety Factor Titanium 
Safety_Factor_Ti_o = min((UTSti)./(Comp_Stress_o)');
 
Stretch_Ti_o = (Peak_Tens_Force_o)./((((Eti)*(CSA))/(L)));
 
Squish_Ti_o = (Peak_Comp_Force_o)./((((Eti)*(CSA))/(L)));
 
Safety_Factor_Ti = min((UTSti)./(Comp_Stress)');
 
Stretch_Ti = (Peak_Tens_Force)./((((Eti)*(CSA))/(L)));
 
Squish_Ti = (Peak_Comp_Force)./((((Eti)*(CSA))/(L)));
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%% data in
Con_Rod
 
close all
 
%% intro Modified graphs
figure ('name','Peak Pressure 2d','NumberTitle','off')
plot(rpm,(max((Pressure_Bar)')),'linewidth',3)
hold on
plot(rpm_o,(max((Pressure_Bar_o)')),'linewidth',3)
grid on 
xlabel('RPM')
ylabel('Pressure (Bar)')
axis tight
legend ('Modified Pressure','Standard Pressure')
title ('Peak Pressure')
set(gca,'FontSize',30)
hold off
 
 
%% peak gas forces 3d and 2d (A)
 
figure ('name','Gas Force 3d','NumberTitle','off')
mesh(Ca,rpm,Gas_Force,'facecolor','k','FaceAlpha',0.5,'edgecolor','y')
hold on
mesh(Ca,rpm_o,Gas_Force_o,'facecolor','k','FaceAlpha',0.5,'edgecolor','b')
grid on 
xlabel('Crank Angle (degrees)')
ylabel('RPM')
zlabel('Force (N)')
axis tight
title ('Gas Forces ')
legend ('Modified Force','Standard Force')
set(gca,'FontSize',30)
hold off
 
figure ('name','Gas Force 2d','NumberTitle','off')
plot(rpm,(max((Gas_Force)')),'linewidth',3)
hold on
plot(rpm_o,(max((Gas_Force_o)')),'linewidth',3)
grid on 
xlabel('RPM')
ylabel('Force (N)')
axis tight
legend ('Modified Force','Standard Force')
title ('Gas Forces ')
set(gca,'FontSize',30)
hold off
%% inertia 1st second combined (3D) (B)
figure ('name','1st 2nd 3d','NumberTitle','off')
mesh(Ca,rpm,First_order,'facecolor','k','FaceAlpha',0.5,'edgecolor','y')
hold on 
mesh(Ca,rpm,Second_order,'facecolor','k','FaceAlpha',0.5,'edgecolor','b')
grid on 
xlabel('Crank Angle (degrees)')
ylabel('RPM')
zlabel('Force (N)')
axis tight
title ('First Order and Second Order Forces ')
hold off
set(gca,'FontSize',30)
legend ('First Order','Second Order')
 
figure ('name','Total Inertia 3D','NumberTitle','off')
mesh(Ca,rpm,Total_Inertia,'facecolor','k','FaceAlpha',0.5,'edgecolor','R')
grid on 
xlabel('Crank Angle (degrees)')
ylabel('RPM')
zlabel('Force (N)')
axis tight
title ('Total Inertia Forces ')
set(gca,'FontSize',30)
%% Highest net comp force 3d (C)
 
figure ('name','Rod Force 3D','NumberTitle','off')
mesh(Ca,rpm,Rod_Force,'facecolor','k','FaceAlpha',0.5,'edgecolor','y')
hold on
mesh(Ca,rpm_o,Rod_Force_o,'facecolor','k','FaceAlpha',0.5,'edgecolor','b')
grid on 
xlabel('Crank Angle (degrees)')
ylabel('RPM')
zlabel('Force (N)')
axis tight
title ('Rod Force')
legend ('Modified Force','Standard Force')
set(gca,'FontSize',30)
hold off
 
figure ('name','Peak Compressive Force 2d','NumberTitle','off')
plot(rpm,Peak_Comp_Force,'linewidth',3)
hold on
plot(rpm_o,Peak_Comp_Force_o,'linewidth',3)
grid on 
xlabel('RPM')
ylabel('Force (N)')
axis tight
legend ('Modified Force','Standard Force')
title ('Peak Compressive Force')
set(gca,'FontSize',30)
hold off 
 
%% max tensile load 2d (D)
 
figure ('name','Absolute Peak Tensile Force 2d','NumberTitle','off')
plot(rpm,abs(Peak_Tens_Force),'linewidth',3)
hold on
plot(rpm_o,abs(Peak_Tens_Force_o),'linewidth',3)
grid on 
xlabel('RPM')
ylabel('Force (N)')
axis tight
legend ('Modified Force','Standard Force')
title ('Absolute Peak Tensile Force')
set(gca,'FontSize',30)
hold off
 
 
%% stress (E)
 
figure ('name','Stresses 2d','NumberTitle','off')
plot(rpm_o,Comp_Stress_o,'-*','linewidth',5)
hold on
plot(rpm,Comp_Stress,'linewidth',3)
plot(rpm_o,Tens_Stress_o,'-*','linewidth',5)
plot(rpm,Tens_Stress,'linewidth',3)
grid on 
xlabel('RPM')
ylabel('Stress (N/mm^2)')
axis tight
legend ('Standard Compressive Stress','Modified Compressive Stress','Standard Tensile Stress','Modified Tensile Stress')
title ('Peak Stress')
set(gca,'FontSize',30)
 
figure ('name','Stresses with Gas Force 2d','NumberTitle','off')
yyaxis left
plot(rpm_o,Comp_Stress_o,'linewidth',3)
hold on
plot(rpm,Comp_Stress,'linewidth',3)
plot(rpm_o,Tens_Stress_o,'*','linewidth',3)
plot(rpm,Tens_Stress,'linewidth',3)
grid on 
xlabel('RPM')
ylabel('Stress (N/mm^2)')
yyaxis right
plot(rpm_o,max((Gas_Force_o)'),'-*')
plot(rpm,max((Gas_Force)'))
ylabel ('Force (N)')
axis tight
legend ('Standard Compressive Stress','Modified Compressive Stress','Standard Tensile Stress','Modified Tensile Stress','Original Gas Force','Modified Gas Force')
title ('Stress With Gas Force')
set(gca,'FontSize',30)
 
%% x gonna give it to ya
 
figure ('name','Displacement','NumberTitle','off')
plot(rpm_o,Squish_o,'-*','linewidth',5)
hold on
plot(rpm,Squish,'linewidth',3)
plot(rpm_o,abs(Stretch_o),'-*','linewidth',5)
plot(rpm,abs(Stretch),'linewidth',3)
grid on 
xlabel('RPM')
ylabel('Displacement (mm)')
axis tight
legend ('Standard Compression in Rod','Modified Compression in Rod','Standard Tensile Stretch in Rod','Modified Tensile Stretch in Rod')
title ('Dispacement in Rod Standard and Modified')
set(gca,'FontSize',30)
hold off
 
 
%% Titanium
figure ('name','Displacement Titanium','NumberTitle','off')
xlabel('RPM')
ylabel('Displacement (mm)')
hold on
plot(rpm_o,Squish_Ti_o,'-*','linewidth',5);
plot(rpm,Squish_Ti,'linewidth',3);
plot(rpm_o,Squish_o,'-*','linewidth',5);
plot(rpm,Squish,'linewidth',3);
plot(rpm_o,abs(Stretch_Ti_o),'-*','linewidth',5);
plot(rpm,abs(Stretch_Ti),'linewidth',3);
plot(rpm_o,abs(Stretch_o),'-*','linewidth',5);
plot(rpm,abs(Stretch),'linewidth',3);
grid on 
axis tight
legend ('Standard Compression in Titanium Rod','Modified Compression in Titanium Rod','Standard Compression in Rod','Modified Compression in Rod','Standard Tensile Stretch in Titanium Rod','Modified Tensile Stretch in Titanium Rod','Standard Tensile Stretch in Rod','Modified Tensile Stretch in Rod')
title ('Dispacement in Rod Standard Modified and Titanium')
set(gca,'FontSize',25)
hold off 
 
%% mass change
 
figure ('name','Displacement Different Piston Massses','NumberTitle','off')
xlabel('RPM')
ylabel('Displacement (mm)')
hold on
plot(rpm_o,Squish_o_ber,':','linewidth',3);
plot(rpm_o,Squish_o,'linewidth',3);
plot(rpm_o,Squish_o_St,'*-','linewidth',3);
plot(rpm_o,abs(Stretch_o_St),'-*','linewidth',3);
plot(rpm_o,abs(Stretch_o),'linewidth',3);
plot(rpm_o,abs(Stretch_o_ber),':','linewidth',3);
grid on 
axis tight
legend ('Compression in Rod Beryllium Piston','Compression in Rod Standard Piston','Compression in Rod Steel Piston','Stretch in Rod Steel Piston','Stretch in Rod Standard Piston','Stretch in Rod Beryllium Piston' )
title ('Dispacement in Rod Different Piston Masses')
set(gca,'FontSize',30)
hold off 
 
%% torque in with gas
 
figure ('name','Inertia Torque single plane','NumberTitle','off')
plot(Ca,Torque_Inertia_o(13,:),'--','linewidth',3)
hold on 
plot(Ca,Cyl_3_IT(13,:),'--','linewidth',3)
plot(Ca,Cyl_4_IT(13,:),':','linewidth',3)
plot(Ca,Cyl_2_IT(13,:),':','linewidth',3)
plot(Ca,Crank_IT(13,:),'linewidth',3)
grid on 
legend ('Cyl 1','Cyl 3','Cyl 4','Cyl 2','Crank Torque')
xlabel('Crank Angle (degrees)')
ylabel('Torque (Nm)')
axis tight
title ('Inertia Torques standard 4 ')
hold off
set(gca,'FontSize',30)
 
figure ('name','Inertia Torque Cross plane','NumberTitle','off')
plot(Ca,Torque_Inertia_o(13,:),'linewidth',3)
hold on 
plot(Ca,Cyl_3_ITx(13,:),'linewidth',3)
plot(Ca,Cyl_2_ITx(13,:),'linewidth',3)
plot(Ca,Cyl_4_ITx(13,:),'linewidth',3)
plot(Ca,Crank_ITx(13,:),'linewidth',3)
grid on 
legend ('Cyl 1','Cyl 3','Cyl 2','Cyl 4','Crank Torque')
xlabel('Crank Angle (degrees)')
ylabel('Torque (Nm)')
axis tight
title ('Inertia Torques Cross Plane ')
hold off
set(gca,'FontSize',30)
 
figure ('name','Inertia Torque Cross plane and Single','NumberTitle','off')
plot(Ca,Crank_ITx(13,:),'linewidth',3)
hold on 
plot(Ca,Crank_IT(13,:),'linewidth',3)
grid on 
legend ('Cross Plane','Standard')
xlabel('Crank Angle (degrees)')
ylabel('Torque (Nm)')
axis tight
title ('Crank Torques Inertia')
hold off
set(gca,'FontSize',30)
 
figure ('name','Gas Torques Cross plane and Single','NumberTitle','off')
plot(Ca,Crank_TGX(13,:),'linewidth',3)
hold on 
plot(Ca,Crank_TG(13,:),'linewidth',3)
grid on 
legend ('Cross Plane','Single Plane')
xlabel('Crank Angle (degrees)')
ylabel('Torque (Nm)')
axis tight
title ('Crank Torques Gas')
hold off
set(gca,'FontSize',30)
 
 
figure ('name','Crank Torques Total Cross and Standard','NumberTitle','off')
plot(Ca,Crank_TTX(13,:),'linewidth',3)
hold on 
plot(Ca,Crank_TT(13,:),'linewidth',3)
grid on 
legend ('Cross Plane','Standard')
xlabel('Crank Angle (degrees)')
ylabel('Torque (Nm)')
axis tight
title ('Crank Torques Total Cross and Standard')
hold off
set(gca,'FontSize',30)
 
figure ('name','Long Bang Big Bang 3 Cyl','NumberTitle','off')
plot(Ca,Crank_LB(13,:),'linewidth',3)
hold on
plot(Ca,Crank_BB(13,:),'linewidth',3)
plot(Ca,Crank_TT3(13,:),'linewidth',3)
grid on 
legend ('Long Bang','Big Bang','3 Cyl')
xlabel('Crank Angle (degrees)')
ylabel('Torque (Nm)')
axis tight
title ('Long Bang Big Bang 3 Cyl')
hold off
set(gca,'FontSize',30)
 
 
%% Friction
 
figure ('name','Friction','NumberTitle','off')
xlabel('RPM')
ylabel('Work Done (J)')
hold on
plot(rpm_o,T_Loss_Per_cyc_o,'linewidth',3);
plot(rpm_o,Work_loss_Side_o,'linewidth',3);
plot(rpm_o,Work_loss_Ring_o,'linewidth',3);
grid on 
axis tight
legend ('Total work loss','Side Friction Loss','Ring Friction Loss')
title ('Work Losses Due To Friction')
set(gca,'FontSize',30)
hold off 
 
%% work done
 
figure ('name','Torque','NumberTitle','off')
xlabel('RPM')
ylabel('Nm')
hold on
plot(rpm_o,Torque_cyc_o,'linewidth',3);
plot(rpm_o,((Torque_cyc_o)-(T_Loss_Per_cyc_o)),'linewidth',3);
plot(rpm_o,T_Loss_Per_cyc_o,'linewidth',3);
grid on 
axis tight
legend ('Total Torque','Torque after Friction losses','Friction Loss')
title ('Work Losses Due To Friction')
set(gca,'FontSize',30)
hold off 
 
%% Torque 
figure ('name','Torque','NumberTitle','off')
xlabel('RPM')
ylabel('Nm')
hold on
plot(rpm_o,Torque_cyc_o,'linewidth',3);
plot(rpm_o,((Torque_cyc_o)-(T_Loss_Per_cyc_o)),'linewidth',3);
plot(rpm_o,T_Loss_Per_cyc_o,'linewidth',3);
grid on 
axis tight
legend ('Total Torque','Torque after Friction losses','Friction Loss')
title ('Work Losses Due To Friction')
set(gca,'FontSize',30)
hold off 
 
%% Power
figure ('name','Power','NumberTitle','off')
xlabel('RPM')
ylabel('Power (kW)')
hold on
plot(rpm_o,(Power_cyc_W_o)/1e3,'linewidth',3);
plot(rpm_o,(BWP/1e3),'linewidth',3);
plot(rpm_o,((Power_Friction_Loss_o)/1e3),'linewidth',3);
grid on 
axis tight
legend ('Indicated Power','Brake Power','Friction Power Loss')
title ('Power')
set(gca,'FontSize',30)
hold off 
 
%% power and Torque
rpower = [21,31.5,42,62,64.5,65,75.5,85.5,99,112,116,127,127,127.3,127,125.8]; % ford data power KW
rtor = [138,174,203.5,249.2,249.5,241.5,244,236.5,240,241,224.5,223.5,220,216,212,203]; % ford data torque Nm
rrpm =[1500,1750,2000,2400,2500,2600,3000,3500,4000,4500,5000,5500,5600,5700,5800,6000]; %rpm for ford data
 
figure ('name','Power and Torque 2d','NumberTitle','off')
yyaxis right
hold on
plot(rpm_o,(BWP/1e3),'linewidth',3,'color','r');
plot(rrpm,rpower)%,'linewidth',3,'color','r','-*')
ylabel ('Power (kW)')
yyaxis left
plot(rpm_o,((Torque_cyc_o)-(T_Loss_Per_cyc_o)),'linewidth',3,'color','b')
plot(rrpm,rtor)%,'linewidth',3,'color','b','-*')
grid on 
hold off
legend ('Calculated Torque','Actual Torque','Calculated Power','Actual Power')
xlabel('RPM')
ylabel('Nm')
zlabel('Force (N)')
axis tight
title ('Power and Torque ')
set(gca,'FontSize',30)

%% mep
figure ('name','Mean Effective Pressures','NumberTitle','off')
xlabel('RPM')
ylabel('Pressure (bar)')
hold on
plot(rpm_o,(imep)/1e5,'linewidth',3);
plot(rpm_o,(bmep/1e5),'linewidth',3);
plot(rpm_o,((fmep)/1e5),'linewidth',3);
grid on 
axis tight
legend ('Indicated Pressure','Brake Pressure','Friction Pressure')
title ('Mean Effective Pressures')
set(gca,'FontSize',30)
hold off 
 
 
%% gas and rod
 
figure ('name','Gas Force 3d','NumberTitle','off')
mesh(Ca,rpm,Gas_Force,'facecolor','k','FaceAlpha',0.5,'edgecolor','g')
hold on
mesh(Ca,rpm,Rod_Force,'facecolor','k','FaceAlpha',0.5,'edgecolor','r')
grid on 
xlabel('Crank Angle (degrees)')
ylabel('RPM')
zlabel('Force (N)')
axis tight
title ('Gas Force and Rod Force ')
legend ('Modified Gas Force','Modified Rod Force')
set(gca,'FontSize',30)
hold off
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