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[bookmark: _Toc103535217]Introduction 
Designing components for ICE requires an understanding of forces. The aim of this study is to use real pressure data and geometric measurement from a 1.6L Ford Sigma engine to retrieve component Fatigue Safety Factor (FSF) using first principles to find the stresses derived from the acceleration and velocity of the engine components. Using this data, critical analysis of the engine’s components and resultant impact on the life cycle and fatigue of the engine.
Following this, analytical methodology by means of interpolation will be used to increase the engine speed to 9000RPM to understand the change in component stresses and resultant FSF. As a result, a new factor of safety will be calculated for the components for an engine operating at this speed and a critical analysis of the resultant data.
In order to maintain the majority of the engine’s geometry, with the new rev range, redesign the components in question to achieve as close to the original FSF or better. This redesign could consist of manufacturing methods to reduce stress concentration points or a change in material to account for the change in forces and deformation.

Forces and Stress
Using kinematic equations, the forces and resultant stresses for engine components can be determined and analyses to assess for ‘over engineered’ components and opportunity to redesign the components for weight loss, greater performance or following increased RPM range, to redesign to suit new parameters.
Forces


[image: ]
Figure 1 - Cylinder Pressures (B.Williams,2025)
The above figure shows the cylinder pressures across the operating RPM range, from idle to 6000RPM. The peak pressure is at around 60bar which is at its highest at 400RPM, at which it starts to slowly decrease as it approaches 6000RPM. This will be due to the reduced ignition phase at the highest RPM. Giving less time for the flame to propagate as efficiently at 4000RPM.
Further proof of the flame propagation and gas force losses at 6000RPM is supported in figure 2 below. Clearly the peak Tensile force, is decreasing between 4000-6000RPM during ignition (13 degrees Crank angle) but it is increasing during this range during the compression and exhaust stroke displayed either side of this ignition moment. This is due only to the greater inertia force occurring at this rotational velocity.
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Figure 2 - Net Force Tensile (B. Williams, 2025)
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Figure 3 - Frictional Force (B. Williams, 2025)
Clearly as the engine approaches 6000RPM, there are other factors that reduce performance such as greater frictional loses and frictional force from the piston walls and the cylinder walls as displayed in figure 3 above. The peak at 13 degrees of crank is expected since this is when the air/fuel mixture is ignited, but interestingly there are significant forces during the compression and exhaust stroke at 6000RPM which do not occur during the lower RPM ranges. This will be due to the combination of higher cylinder temperatures causing typical engine component expansions, in particular the piston. Combined with the reduction in flame front to overcome the frictional force present between these two boundaries.
Stress
Since the data for forces has been extracted from the engine, this can be applied to the engine component area to better understand the stress each component is under using Stress = F/A.
The components that will be the scope of this analysis will be the connecting rod, Gudgeon pin and Connecting Rod Bolts. 
Connecting Rod
The connecting rod experiences the greater alternating state between tensile and compressive stress loadings during the engine cycle. It faces its greatest compressive Stress during the ignition phase due to the peak force as displayed in figure 1 and its greatest tensile stress during the exhaust phase, due to the cylinder pressure being lower on the piston crown, allowing larger KE from the initial PE to be used. The figure 4 below shows where those stresses are greatest and when the alternating state occurs.
[image: ]Figure 4 - Connecting Rod Goodman Diagram (B. Williams, 2025)
Table 1 – Connecting Rod Stress Coefficients
	
	Units = N/mm^2

	
	
	
	

	Mean Stress
	Actual Range
	Allowable Range
	Safety Factor

	-59.4
	220.2696
	728.4813
	3.3



Using the data in Table 1 the Factor of Safety (FSF) of the connecting rod can be calculated. The general rule of thumb unless its in extreme motorsport, is a FSF above 1. However, there may be reason to elevate it above this figure due to cases such as, a component lasting the life of a vehicle. since this is an automotive engine not used for motorsport applications, there is good reason to have a safety factor >1. However, this connecting rod having a factor of 3.3 is excessive and would be considered over engineered. Another contributing factor that I suspect to be the reason of an inflated factor is the manufacturing nature of this engine. Since the Ford Sigma is a mass-produced engine, the Con Rods would be cast and produced with a consideration of material imperfections. Since it is the objective of the manufacturer to produce mass with lesser cost and time expenditure. Therefore, by introducing a higher FSF from the start, there is lesser need to machine or treat any imperfections and still meet the component objective to withstand fatigue and last the life of the vehicle and/or engine.
Gudgeon Pin
During the engine cycle the Gudgeon pin is comparable to a beam with the tensile and compressive force nature it experiences. To better understand this beam like nature comparisons can be made between tensile and compressive forces in figure 6.
Forces & Moments
[image: ]
Figure 5 - Point of Analysis (A) of the Gudgeon Pin (B. Williams, 2025)[image: ]
Figure 6 - Stress & Moment at the Gudgeon Pin (B. Williams, 2025)
Clearly as shown in figure 6, for the majority of the engine cycle, the Gudgeon pin is a compressive moment at point A (figure 5), reaching highs of 19MPa of force during the ignition period. However, significant stresses of 4MPa of tensile force during the exhaust-inlet phase due to the aforementioned high inertia values and lack of pressure.
Using this resultant stress, the factor of safety of the Gudgeon pin can be calculated to establish if this component is suitable for this significant cyclical loading. 
Goodman Diagram & Factor of Safety
[image: ]
Figure 7 - Gudgeon Pin Goodman Diagram (B. Williams, 2025)
Table 2 -Gudgeon Pin Goodman Diagram Legend (B. Williams, 2025)
	
	Units = N/mm^2

	
	
	
	

	Mean Stress
	Actual Range
	Allowable Range
	Safety Factor

	-7.79E+07
	2.33E+08
	9.70E+08
	4.1625996

	
	
	
	



Similar to the Con Rod, the Gudgeon Pin has an UTS of 1000N/mm^2. However, it experiences significantly lower stresses to the Con Rod. This is due to multiple factors, the length of the Gudgeon pin being smaller, creating a lesser moment being the most significant. Clearly as well as the Connecting Rod, the Gudgeon pin experiences more compressive stress than tensile stress.

Connecting Rod Bolts
Connecting rod bolts, are different in application since they experience a force past its yield point. These bolts are called stretch bolts. Due to this, the bolts are not reusable, however, depending on the stiffness of the bolt due to material it has a different operational force to when the engine is static. This extra force is determined by the stiffness value (k), resulting in the maximum force the bolt is loaded under during engine operation. Below is the current Factor of safety and stress values of the connecting rod bolts (Figure 8).
[image: ]
Figure 8 - Connecting Rod Stress Diagram (B, Williams, 2025)
Table 3 – Stress Figures represented on Goodman Diagram (B. Williams, 2025)
	
	Units = N/mm^2

	
	
	
	

	Mean Stress
	Actual Range
	Allowable Range
	Safety Factor

	7.74E+02
	7.74E+01
	2.93E+02
	3.78397666

	
	
	
	


Clearly from the figure 8 above, the bolt is always ibn tensile mean and alternating stress. While it averages 774N/mm^2 of stress this reaches highs of around 820N/mm^2 and lows of around 740N/mm^2. This cyclical loading stresses result in the current FSF of the bolt to be 3.78. this is high for an engineered part; however, this would be a mass-produced component and one that is tightened past its yield point. The manufacturer may take this nature of the stretch bolt into consideration when accounting for cyclical loading and fatigue.
Engine modifications
Since the current engine components are overly engineered and the engine pressure and efficiency tails off at 4000RPM, there is scope here to increase the engine rev range to achieve greater torque output with the same standard engine components. 
Increasing the Engine RPM range up to 9000RPM
An increased RPM range up to 9000RPM is common for motorcycles, however, achievable with an inline 4 automotive engine. This feat has been achieved by Honda with their Type R VVT engines. The figure 9 below displays the increase in pressure resultant of the same engine earlier in this study running at 9000RPM.
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Figure 9 - Extrapolated RPM Range (B. Williams, 2025)
Linear extrapolation was used rather than a polynomial since polynomial extrapolated figures are always rising which does not follow the trend of the real engine pressures after 4000RPM. Therefor, this is a better method to assume what the pressure will be at this extended RPM range. However, what is not accounted for is the ignition timing that would be present at these higher ranges. Clearly from the figure 9 above, the engine is experiencing significant pressure loss, this is due to the flame front being too short, due to the ignition timing being too late. Therefore, advancement would allow for an earlier spark, greater flame front, higher pressure data and more efficient engine.
This common place in engines of this RPM range such as the Honda Type R engine range, using VVT technology for performance at higher RPM range.



Index
1 Piston Motion PROVIDE COEFFICENT OF FRICTION RESEARCH

clear, clear all, clc



d = 0.079;               % Bore Diameter (m)
r = 0.0407;           % Crank radius throw (m)  
l = 0.134;             % Con Rod Length (m)    
pistonM = 0.258;             % Piston mass (kg)
conRodM = 0.372;             % ConRod mass whole woth bolts (kg)
ringM = 0.009;               % Piston Ring masses (kg)
clipsM = 0.005;              % Clips mass (kg)
pinM = 0.080;                % Gudgeon Pin Mass (kg)

u = 0.1                     % PROVIDE COEFFICETN OF FRICTION RESEARCH

theta = (0:719)'; % Crank Angle (degrees)
RPM = [1000,2000,3000,4000,5000,6000]; % RPM


w = (RPM.*(2.*pi/60));

AC = r * sind(theta);           % Distance AC of lower triangle (m)
phi = asind(AC/l);       % Rod Angle Phi (degrees)
BC = l.*cosd(phi);
OC = r.*cosd(theta);
STDC = OC+BC;
s = (r+l) - (r.*cosd(theta)+l.*cosd(phi));

figure(1)
subplot(1,1,1)
plot(theta,s)
grid on
title 'Piston Position Relative to TDC'
xlabel 'Crank Angle (Degree)'
ylabel 'Distance from TDC (mm)'


2 Piston Velocity mm/degree
vfunc = diff(s);


% Plot 's' against 'theta' on the left axis
yyaxis left;
plot(theta, s);
ylabel('Piston Pisition from TDC (mm)');

% Plot 'v' against 'theta' on the right axis
yyaxis right;
plot(theta(1:end-1), vfunc);

% Add labels for y-axes


yyaxis right;
ylabel('Piston Velocity (mm/degree)');

% Add label for x-axis
xlabel('Crank Angle (degrees)')
grid on
title ('Piston Position and Velocity')




3 Piston Velocity using difference in plot mm/s
vfunc = vfunc.*(RPM*6);

figure;

% Plot 's' against 'theta' on the left axis
yyaxis left;
plot(theta, s);
ylabel('Piston OPisition from TDC (mm)');

% Plot 'v' against 'theta' on the right axis
yyaxis right;
plot(theta(1:end-1), vfunc(:,6));

% Add labels for y-axes


yyaxis right;
ylabel('Piston Velocity (mm/s)');

% Add label for x-axis
xlabel('Crank Angle (degrees)')
grid on
title ('Piston Position and Velocity with function')

4 Velocity using Equation
velocity = r .* w .* sind(theta) + (r.^2 .* w ./ (2 .* l)) .* sind(2 .* theta)

% Plot 's' against 'theta' on the left axis
yyaxis left;
plot(theta, s);
ylabel('Piston Pisition from TDC (mm)');

% Plot 'v' against 'theta' on the right axis
yyaxis right;
plot(theta, velocity(:,6));

% Add labels for y-axes


yyaxis right;
ylabel('Piston Velocity (mm/s)');

% Add label for x-axis
xlabel('Crank Angle (degrees)')
grid on
title ('Piston Position and Velocity')

5 Piston Acceleration usinf diff function mm/s^2

accfunc = diff(vfunc);

theta2 = theta(1:end-2);

mesh(RPM,theta2,accfunc)
ylabel('Crank Angle (degrees)')
zlabel('Acceleration mm/s^2')
xlabel('RPM')
title('Piston Acceleration')
set(gca, 'YDir', 'reverse');

figure

plot(theta(1:end-2) ,accfunc(:,4))
grid on
title 'Piston Acceleration with function'
xlabel 'Crank Angle (Degree)'
ylabel 'Acceleration mm/s^2'


6 Pistion Acceleration using Equation mm/s^2
firstorder = r .* (w.^2) .* cosd(theta)
secondorder = (r.^2 ./ l) .* (w.^2) .* cosd(2 .* theta)
acc = firstorder + secondorder 
figure

accmax=acc(:,6);
firstordermax=firstorder(:,6);
secondordermax=secondorder(:,6);

figure
plot(accmax,'DisplayName','Combined');hold on;plot(firstordermax,'DisplayName','1st Order');plot(secondordermax,'DisplayName','2nd Order');hold off;
grid on
title 'Acceleration Orders'
xlabel 'Crank Angle (Degree)'
ylabel 'Acceleration mm/s^2'
legend ('Location', 'best' )


mesh(RPM,theta,acc)
ylabel('Crank Angle (degrees)')
zlabel('Acceleration mm/s^2')
xlabel('RPM')
title('Piston Acceleration')
set(gca, 'YDir', 'reverse');

7 Inertia Forces


d = 0.079;               % Bore Diameter (m)
r = 0.0407;           % Crank radius throw (m)  
l = 0.134;             % Con Rod Length (m)    
pistonM = 0.258;             % Piston mass (kg)
conRodM = 0.372;             % ConRod mass whole woth bolts (kg)
ringM = 0.009;               % Piston Ring masses (kg)
clipsM = 0.005;              % Clips mass (kg)
pinM = 0.080;                % Gudgeon Pin Mass (kg)

theta = (0:719)'; % Crank Angle (degrees)

u=0.1

mrec = pistonM + pinM + ringM + ((1./3).*conRodM)    % Reciprocating Mass (Kg)
finertia = mrec .* acc;

mesh(RPM,theta,finertia)
ylabel('Crank Angle (degrees)')
zlabel('Inertia Force (N)')
xlabel('RPM')
title('Piston Acceleration')
set(gca, 'YDir', 'reverse');


8 Piston Forces


p = readmatrix("1600 sigma Pressure Data.xlsx","Range",'B5:G724').*1e5;
theta = (-360:359)';
St = [0,540,180,360];
Cr = [0,];
Pcyl1 = p(:,6);
Pcyl2 = circshift(p(:,6),[540,0]);
Pcyl3 = circshift(p(:,6),[180,0]);
Pcyl4 = circshift(p(:,6),[360,0]);


figure;
plot(theta,[Pcyl1,Pcyl2,Pcyl3,Pcyl4]);
xlabel ('Crank Angle (Degree)')
ylabel('Pressure (Bar)')
legend('Cylinder 1','Cylinder 2','Cylinder 3','Cylinder 4', 'location', 'best')
grid on

pallCyls = [Pcyl1,Pcyl2,Pcyl3,Pcyl4];
pcrank = sum(pallCyls,2);


figure;
plot(theta,[Pcyl1,Pcyl2,Pcyl3,Pcyl4]);
hold on
plot(theta,pcrank,'k--')
hold off
xlabel ('Crank Angle (Degree)')
ylabel('Pressure (Bar)')
legend('Cylinder 1','Cylinder 2','Cylinder 3','Cylinder 4','Total Pressure')
grid on

area= (pi.*(d.^2))./4;                  % Piston Area (m^2)
fgas = p.*area;

mesh(RPM,theta,p);
ylabel('Crank Angle (degrees)')
zlabel('Pressure (Bar)')
xlabel('RPM')
title('Cylinder Pressures')
set(gca, 'YDir', 'reverse');

plot(theta,p(:,6));
grid on
title 'Piston Pressure @ 6000RPM'
xlabel 'Crank Angle (Degree)'
ylabel 'Pressure (Bar)'

fnettensile = fgas - finertia

mesh(RPM,theta,fnettensile);
ylabel('Crank Angle (degrees)')
zlabel('Net Force (N)')
xlabel('RPM')
title('Net Force Tensile')
set(gca, 'YDir', 'reverse');

9 Connecting Rod Force
frod = fnettensile./cosd(phi);


10 Piston Lateral Force/Frictional Force
fside = fnettensile.*tand(phi);

frictionf = fside.*u; 

mesh(RPM,theta,frictionf);
ylabel('Crank Angle (degrees)')
zlabel('Friction Force (N)')
xlabel('RPM')
title('Frictional Force')
set(gca, 'YDir', 'reverse');


11 Fatigue Safety Factors
rodcsa = 139.65;        % Cross sectional area (mm^2)
roduts = 750;           % Ultimate Tensile Strength (N/mm^2)
endlim = 0.45;       % Material Endurance Limit 

% Find the maximum value in column 6
[maxValue6000, rowIdx] = max(p(:,6));

% Display the maximum value
disp(['Maximum value in column 6: ', num2str(maxValue6000)]);

% Find the row index where the maximum value occurs in column 6
rowWithMaxValue6000 = find(p(:,6) == maxValue6000);

% Display the row index/es where the maximum value occurs
disp(['Row index/indices with maximum value in column 6: ', num2str(rowWithMaxValue6000)]);

startofcombustion = rowWithMaxValue6000; % Fmin crank angle = 19 degrees
endofcombustion = 4;                       % Fmax crank angle = -357 degrees

phimin = phi(startofcombustion,1);

accFmin = r.*w(1,6).^2.*cosd(theta(startofcombustion,1))+r.^2./l.*w(1,6).^2.*cosd(2*theta(startofcombustion,1)).*1e-03;
fmininertia = mrec.*accFmin;
fmingas = p(startofcombustion,6) .*area;
fminnet = fmingas - fmininertia;
fminrod = fminnet./cosd(phimin);
rodstressmin = (fminrod./rodcsa).*-1         % compressive (N/mm^2)


phimax = phi(endofcombustion,1);

accFmax = r.*w(1,6).^2.*cosd(theta(endofcombustion,1))+r.^2./l.*w(1,6).^2.*cosd(2*theta(endofcombustion,1)).*1e-03;
fmaxinertia = mrec.*accFmax;
fmaxgas = p(endofcombustion,6) .*area;
fmaxnet = fmaxinertia - fmaxgas;
fmaxrod = fmaxnet./cosd(phimax);
rodstressmax = (fmaxrod./rodcsa)        % tensile (N/mm^2)

rodstressrange = rodstressmax-rodstressmin
rodstressmean = (rodstressmin+rodstressmax)./2


rodstressallow = 2.*roduts.*endlim.*(1-(rodstressmean./roduts))
rodfsf = rodstressallow./rodstressrange



12 Goodman Diagram Con Rod
rodxmin = round(rodstressmean-50,-2)
rodxandymax = round(roduts+100,2)
rodymax = 304.8169

LowerEL = [(interp1([0,roduts],[-(0.45*roduts),roduts],(rodxmin),'linear','extrap')),roduts]

rodUpperEL = [ , 750];

figure;
plot([rodxmin,roduts,roduts],[roduts,roduts,LowerEL(1,1)],'--','Color','black'); %% UTS
hold on;
axis([rodxmin,rodxandymax,LowerEL(1,1),rodxandymax]); %%
plot([rodxmin,roduts],LowerEL); % lower endurance limit
plot([rodxmin,roduts],rodUpperEL); % Upper endurance limit
line([rodstressmean,rodstressmean], [rodstressmin, rodstressmax],'Color', 'm', 'LineStyle', '-', 'LineWidth', 4);
rodallowy1 = -423.6643;
rodallowy2 = rodallowy1+rodstressallow;
line([rodstressmean,rodstressmean],[rodallowy1,rodallowy2],'Color', 'green', 'LineStyle', '-', 'LineWidth', 1);
grid on
title 'Connecting Rod'
xlabel ' Mean Stress (N/m^2)'
ylabel 'Alternating Stress (N/m^2)'
hold off;



13 Gudgeon Pin Forces
l1 = 0.00775;
l2 =0.007;
exposedpin = 0.02328;
d1 = 0.0123;
d2 = 0.021;
utspin = 1000;
endlimpin= 0.45;
mpistonparts = clipsM+ringM+pistonM;
y = d2./2;

fpininertia = exposedpin.*acc;
mpinintertia = fpininertia.*l1;
fpinpiston = mpistonparts.*acc;
fnetpin = fpinpiston - fgas;
mnetforce = ((fnetpin./2).*l2);
m = mnetforce+mpinintertia;
i=((pi./64).*((d2^4)-(d1^4)));
stressb = (m.*y)./i;
csafortau = (pi./4).*((d2^2)-(d1^2));
tau = (((fnetpin./2)+fpininertia)./csafortau);
stressresultant = (sqrt((stressb.^2)+((2.*tau).^2)));


index = stressb<0;
index2 = tau<0;
idx = (index+index2)==2
stressresultant(idx) = stressresultant(idx)*-1;

figure;
plot(theta,[stressb,tau,stressresultant]);
xlabel ('Crank Angle (Degree)')
ylabel('MPa')
legend('Sigmab','Torque','Resultant', 'location', 'best')
grid on

figure;
mesh(RPM,theta,stressresultant)
xlabel('Crank Angle (Degree)')
ylabel('MPa')
grid on

pinstressmax = max(stressresultant(:))
pinstressmin = min(stressresultant(:))
pinstressmean = (pinstressmin+pinstressmax)./2
pinstressrange = (pinstressmax-pinstressmin)
pinstressallow = ((2.*((utspin.*endlimpin).*(1-((pinstressmean./1e+06)./utspin))))).*1e+06
pinfsf = pinstressallow./pinstressrange

14 Gudgeon Pin Goodman Diagram


xminpin = round((pinstressmean./1e+06)-50,-2);
xandymaxpin = round(utspin+100,2);


LowerELpin = [(interp1([0,utspin],[-(0.45*utspin),utspin],(xminpin),'linear','extrap')),utspin];
UpperELpin = [395.0000262511367 , 1000]

figure;
plot([xminpin,utspin,utspin],[utspin,utspin,LowerELpin(1,1)],'--','Color','black') %% UTS
hold on
axis([xminpin,xandymaxpin,LowerELpin(1,1),xandymaxpin]) %%
plot([xminpin,utspin],LowerELpin) % lower endurance limit
plot([xminpin,utspin],UpperELpin) % Upper endurance limit
line([(pinstressmean./1e+06),(pinstressmean./1e+06)], [(pinstressmin./1e+06),(pinstressmax./1e+06)],'Color', 'm', 'LineStyle', '-', 'LineWidth', 4)
pinallowy1 = -562.9419
pinallowy2 = pinallowy1+(pinstressallow./1e+06)
line([(pinstressmean./1e+06),(pinstressmean./1e+06)],[pinallowy1,pinallowy2],'Color', 'green', 'LineStyle', '-', 'LineWidth', 1)
grid on
title 'Gudgeon Pin'
xlabel ' Mean Stress (N/mm^2)'
ylabel 'Alternating Stress (N/mm^2)'
hold off


15 Bolt Forces
capm = 0.105;
boltx2m = 0.035;
headd = 0.0129;
capA = 210;
Ecap = 170000;
capL = 0.025;
boltA = 4243^2;
Ebolt = 210000;
boltL = 0.02726;

mrot = (2./3).*conRodM;
kcap = Ebolt .*(capA./capL);
kbolt= Ebolt.*(boltA./boltL)
finertiacap = (mrec.*r.^2./l.*w.^2.*cosd(2*theta)+(mrot.*r.*w.^2.*cosd(theta)));
finertiabolt = finertiacap./2;

fextrabolt = (finertiabolt.*kbolt)./(kbolt+kcap);


boltthreadl = 32;
utsbolt = 1100;
boltyield = 0.9.*utsbolt;
boltendlim = 0.45.*utsbolt;
outerthreadarea = ((pi.*(8^2))./4);
threadarea = ((pi.*(8-((8-7.188)))^2))./4;



stressaxial = 0.6.*boltyield;
faxial = stressaxial.*outerthreadarea;

fboltnew = faxial+max(fextrabolt(:));
boltstressmin = faxial./threadarea;
boltstressmax = fboltnew./threadarea;
boltstressmean = (boltstressmax+boltstressmin)./2;
boltstressrange = boltstressmax-boltstressmin;
boltstressallow = ((2.*boltendlim).*(1-(boltstressmean./utsbolt)));
boltfsf = boltstressallow./boltstressrange


16 Bolt Goodman Diagram



xminbolt = round(boltstressmean-50,-2);
xandymaxbolt = round(utsbolt+100,2);


LowerELbolt = [(interp1([0,utsbolt],[-(0.45*utsbolt),utsbolt],(xminbolt),'linear','extrap')),utsbolt];
UpperELbolt = [880.0000477803964 , 1100];

figure;
plot([xminbolt,utsbolt,utsbolt],[utsbolt,utsbolt,LowerELbolt(1,1)],'--','Color','black') %% UTS
hold on
axis([xminbolt,xandymaxbolt,LowerELbolt(1,1),xandymaxbolt]) %%
plot([xminbolt,utsbolt],LowerELbolt) % lower endurance limit
plot([xminbolt,utsbolt],UpperELbolt) % Upper endurance limit
line([boltstressmean,boltstressmean], [boltstressmin,boltstressmax],'Color', 'm', 'LineStyle', '-', 'LineWidth', 4)
boltallowy1 = 628.0162
boltallowy2 = boltallowy1+boltstressallow
line([boltstressmean,boltstressmean],[boltallowy1,boltallowy2],'Color', 'green', 'LineStyle', '-', 'LineWidth', 1)
grid on
title 'Connecting Rod Bolts'
xlabel ' Mean Stress (N/mm^2)'
ylabel 'Alternating Stress (N/mm^2)'
hold off
17 RPM extrapolated to 9000RPM


RPMrange9000 = readmatrix("Extrapolated_Pressure_Data.csv","Range",'A2:I721').*1e5;
RPM9000 = [1000,2000,3000,4000,5000,6000,7000,8000,9000];

w9000 = (RPM9000.*(2.*pi/60));
firstorder9000 = r .* (w9000.^2) .* cosd(theta);
secondorder9000 = (r.^2 ./ l) .* (w9000.^2) .* cosd(2 .* theta);
acc9000 = firstorder9000 + secondorder9000 ;

figure
mesh(RPM9000,theta,RPMrange9000);
ylabel('Crank Angle (degrees)')
zlabel('Pressure (Bar)')
xlabel('RPM')
title('Cylinder Pressures @9000RPM')
set(gca, 'YDir', 'reverse');

plot(theta,RPMrange9000(:,9));
grid on
title 'Piston Pressure @ 9000RPM'
xlabel 'Crank Angle (Degree)'
ylabel 'Pressure (Bar)'

fgas9000 = RPMrange9000.*area;
finertia9000 = mrec .* acc9000;

fnettensile9000 = fgas9000 - finertia9000;

figure
mesh(RPM9000,theta,fnettensile9000)
ylabel('Crank Angle (degrees)')
zlabel('Net Force (N)')
xlabel('RPM')
title('Net Force@9000RPM')
set(gca, 'YDir', 'reverse');

18 Bolt Forces at 9000RPM
mrot = (2./3).*conRodM;
kcap = Ebolt .*(capA./capL);
kbolt= Ebolt.*(boltA./boltL)
finertiacap9000 = (mrec.*r.^2./l.*w9000.^2.*cosd(2*theta)+(mrot.*r.*w9000.^2.*cosd(theta)));
finertiabolt9000 = max(finertiacap9000(:))./2;

fextrabolt9000 = (finertiabolt9000.*kbolt)./(kbolt+kcap);


boltthreadl = 32;
utsbolt = 1100;
boltyield = 0.9.*utsbolt;
boltendlim = 0.45.*utsbolt;
outerthreadarea = ((pi.*(8^2))./4);
threadarea = ((pi.*(8-((8-7.188)))^2))./4;



stressaxial = 0.6.*boltyield;
faxial = stressaxial.*outerthreadarea;

fboltnew9000 = faxial+max(fextrabolt9000(:));
boltstressmin9000 = faxial./threadarea;
boltstressmax9000 = fboltnew9000./threadarea;
boltstressmean9000 = (boltstressmax9000+boltstressmin9000)./2;
boltstressrange9000 = boltstressmax9000-boltstressmin9000;
boltstressallow9000 = ((2.*boltendlim).*(1-(boltstressmean9000./utsbolt)));
boltfsf9000 = boltstressallow9000./boltstressrange9000

19 Bolt Goodman Diagram @9000RPM
xminbolt9000 = round(boltstressmean9000-50,-2);
xandymaxbolt9000 = round(utsbolt+100,2);


LowerELbolt9000 = [(interp1([0,utsbolt],[-(0.45*utsbolt),utsbolt],(xminbolt9000),'linear','extrap')),utsbolt];
UpperELbolt9000 = [934.9999575213437 , 1100];

figure;
plot([xminbolt9000,utsbolt,utsbolt],[utsbolt,utsbolt,LowerELbolt9000(1,1)],'--','Color','black') %% UTS
hold on
axis([xminbolt9000,xandymaxbolt9000,LowerELbolt9000(1,1),xandymaxbolt9000]) %%
plot([xminbolt9000,utsbolt],LowerELbolt9000); % lower endurance limit
plot([xminbolt9000,utsbolt],UpperELbolt9000) % Upper endurance limit
line([boltstressmean9000,boltstressmean9000], [boltstressmin,boltstressmax9000],'Color', 'm', 'LineStyle', '-', 'LineWidth', 4)
boltallowy19000 = 698.1780
boltallowy29000 = boltallowy19000+boltstressallow9000
line([boltstressmean9000,boltstressmean9000],[boltallowy19000,boltallowy29000],'Color', 'green', 'LineStyle', '-', 'LineWidth', 1)
grid on
title 'Connecting Rod Bolts @9000RPM'
xlabel ' Mean Stress (N/mm^2)'
ylabel 'Alternating Stress (N/mm^2)'
hold off

20 New Bolt (L19 Steel)

boltthreadl = 32;
L19utsbolt = 1792;
L19boltyield = 0.9.*L19utsbolt;
L19boltendlim = 0.45.*L19utsbolt;
outerthreadarea = ((pi.*(8^2))./4);
threadarea = ((pi.*(8-((8-7.188)))^2))./4;



L19stressaxial = 0.6.*L19boltyield;
L19faxial = L19stressaxial.*outerthreadarea;

L19fboltnew9000 = L19faxial+max(fextrabolt9000(:));
L19boltstressmin9000 = L19faxial./threadarea;
L19boltstressmax9000 = L19fboltnew9000./threadarea;
L19boltstressmean9000 = (L19boltstressmax9000+L19boltstressmin9000)./2;
L19boltstressrange9000 = L19boltstressmax9000-L19boltstressmin9000;
L19boltstressallow9000 = ((2.*L19boltendlim).*(1-(L19boltstressmean9000./L19utsbolt)));
L19boltfsf9000 = L19boltstressallow9000./L19boltstressrange9000
21 New Bolt (L19 Steel) Goodman Diagram
L19xminbolt9000 = round(L19boltstressmean9000-50,-2);
L19xandymaxbolt9000 = round(L19utsbolt+100,2);

L19LowerELbolt9000 = [(interp1([0,L19utsbolt],[-(0.45*L19utsbolt),L19utsbolt],(L19xminbolt9000),'linear','extrap')),L19utsbolt];
L19UpperELbolt9000 = [ 1.513619266560663e+03, 1792];

figure;
plot([L19xminbolt9000,L19utsbolt,L19utsbolt],[L19utsbolt,L19utsbolt,L19LowerELbolt9000(1,1)],'--','Color','black') %% UTS
hold on
axis([L19xminbolt9000,L19xandymaxbolt9000,L19LowerELbolt9000(1,1),L19xandymaxbolt9000]) %%
plot([L19xminbolt9000,L19utsbolt],L19LowerELbolt9000); % lower endurance limit
plot([L19xminbolt9000,L19utsbolt],L19UpperELbolt9000) % Upper endurance limit
line([L19boltstressmean9000,L19boltstressmean9000], [L19boltstressmin9000,L19boltstressmax9000],'Color', 'm', 'LineStyle', '-', 'LineWidth', 4)
L19boltallowy19000 = 1.0580e+03
L19boltallowy29000 = L19boltallowy19000+L19boltstressallow9000
line([L19boltstressmean9000,L19boltstressmean9000],[L19boltallowy19000,L19boltallowy29000],'Color', 'green', 'LineStyle', '-', 'LineWidth', 1)
grid on
title 'L19 Steel Bolts @9000RPM'
xlabel ' Mean Stress (N/mm^2)'
ylabel 'Alternating Stress (N/mm^2)'
hold off
22 Inertia Torque 
torqueinertia = finertia(:,6).*tand(phi).*r.*cosd(theta)-finertia(:,6).*r.*sind(theta);

figure
plot(theta, torqueinertia)


Torquecyl1 = torqueinertia;
Torquecyl2 = circshift(torqueinertia,[-540,0]);
Torquecyl3 = circshift(torqueinertia,[-180,0]);
Torquecyl4 = circshift(torqueinertia,[-360,0]);

torqueallCyls = [Torquecyl1,Torquecyl2,Torquecyl3,Torquecyl4];
torquecrank = sum(torqueallCyls,2);



figure
plot(theta,Torquecyl1)
plot(theta,Torquecyl2)
plot(theta,Torquecyl3)
plot(theta,Torquecyl4)

figure
plot(theta,[Torquecyl1,Torquecyl2,Torquecyl3,Torquecyl4]);
hold on
plot(theta,torquecrank,'g')
hold off
xlabel ('Crank Angle (Degree)')
ylabel('Torque (Nm)')
legend('Cylinder 1','Cylinder 2','Cylinder 3','Cylinder 4','Crank Torque')
grid on
title 'Inline 4 Cylinder Inertia'


23 Cross Plane Inertia Torque

CPTorquecyl1 = circshift(torqueinertia,[0,0]);
CPTorquecyl2 = circshift(torqueinertia,[-180,0]);
CPTorquecyl3 = circshift(torqueinertia,[-90,0]);
CPTorquecyl4 = circshift(torqueinertia,[-270,0]);

CPtorqueallCyls = [CPTorquecyl1,CPTorquecyl2,CPTorquecyl3,CPTorquecyl4];
CPtorquecrank = sum(CPtorqueallCyls,2);

figure
plot(theta,CPTorquecyl1)
plot(theta,CPTorquecyl2)
plot(theta,CPTorquecyl3)
plot(theta,CPTorquecyl4)


figure
plot(theta,[CPTorquecyl1,CPTorquecyl2,CPTorquecyl3,CPTorquecyl4]);
hold on
plot(theta,CPtorquecrank,'g')
hold off
xlabel ('Crank Angle (Degree)')
ylabel('Torque (Nm)')
legend('Cylinder 1','Cylinder 2','Cylinder 3','Cylinder 4','Crank Torque')
grid on
title 'Cross Plane Inertia'

24 Crank Inertia Torque(Cross-plane v Standard)
figure
plot(theta,[torquecrank,CPtorquecrank])
xlabel ('Crank Angle (Degree)')
ylabel('Torque (Nm)')
legend('Standard','Cross Plane')
grid on
title 'Inline vs Cross Plane'
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