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1 Introduction

The internal components of an engine play a crucial role in its performance, efficiency, and durability.
In modern powertrain design, understanding the mechanical stresses and forces acting upon these
components is essential to optimize performance and reliability. This report provides an analytical
assessment of key internal components within an internal combustion engine, specifically focusing on

the Ford EcoBoost 1.6 GTDI.

Figure 1 - Ford 1.6 GTDI EcoBoost (Ford Motor Company, no date)

The analysis includes the treatment of supplied data and stress calculations for critical components
such as the connecting rod, gudgeon pin, and bolts. Using first-principles calculations and MATLAB
simulations, the study evaluates the original design of these components under various operational
conditions, including increased RPM scenarios. The results allow for an assessment of potential design
improvements and material treatment methods, such as quenching and tempering, to enhance

durability and safety margins.

Additionally, the report investigates the implications of different crankshaft configurations—flat-plane
versus cross-plane—on engine performance, discussing their respective advantages and limitations in
high-performance applications. The findings aim to provide insights into optimizing internal engine

components for improved efficiency, longevity, and mechanical resilience.



2 Assessment of Current Engine Component Design

2.1 Data Collection

2.1.1 Base Line Data Gathering
To gain a deeper understanding of the original specifications of the Ford 1.6 engine, the provided data
was first imported into MATLAB. This allowed for more detailed analysis and visualization of the

engine's performance characteristics.

Ford Sigma Data Analysis

Contemporary Powerirain Design - ACHAGDO6
Joao Ferreira - 1902427

Load Given Data:

% Load the data from t

loadedData = load( Sigm

% Extract the table {adjust the field name if necessary)

sigmaPressureData = leadedData.sigmaPressureData;

% Rename table columns for clarity
sigmaPressureData Properties.VariableNames = {'Crank_Angle’, '1888rpn’, '2888rpm’, '3808rpm’, 4886rpn', 'S888rpe°, 'GO88rpm°};
% Define physical censtants

Piston_Mass = 258 / 1800; % Piston Mass in kg

Red_Mass = 372/1608;
Ring_Mass = O / 1888; %

m
@
=
@
=
[

c1 _» 5 / leae;
Rotat_Mass = 3131 / 188@; X Rota

Bore Dia = 79 / 1ee@; X

Rod Length in m
_Exposed_Mass = 23.28/1800;

Rod_CSAmmsg = 139.65;
L1 = 7.75/1888;

L2 = 7/1888;

D1 = 12.3/1008;

D2 = 21/1868;
Cap_Mass = 185/1888;
Bolt_Mass = 35/1808;
Head_Dia = 12.9/1808;
Cap_Int_CSAmnsq = 218;

Lengh_Sec_Thread = 27,26
Thread_Lenght = 32/1888;

% Extract Crank Angle and Pressure Data

Crank_Angle = signaPressureBata{:, 1}'; % Crank Angle in degrees

RPM_Values = [1868, 2000, 3208, 4808, &, 7080, 8083, 3898]°; % APM values correspending to columns 2 to 7
pos

sa
Pressurebata = sigmaPressureDataf:, 2:7}'; %

Figure 2 - Data Import into MATLAB

As shown in Figure 2, the initial section of code was designed to import all the provided .csv data files
into MATLAB. This included average cylinder pressure data, RPM values, and the constant values
specified in the original dataset. Importing this data established the foundation for subsequent

analysis and processing.



2.1.2 Component Geometry

Connecting-Rod Piston
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Figure 3 - Piston Kinematics Diagram (Hugo et al., 2017)

To calculate the distance from top dead centre (TDC) as the engine crank rotates, it is essential to first

understand the relationship between the crank angle and the resulting piston position.

At TDC, the connecting rod is fully aligned with the gudgeon pin and the crankshaft centreline,
resulting in maximum piston height, which equals the sum of the crankshaft radius and the connecting

rod length.

As the crankshaft rotates, the distance from TDC becomes the hypotenuse of a triangle formed by the
crankshaft radius and the connecting rod length. The direct distance between the crank centreline and
the gudgeon pin is no longer a simple sum of the radius and rod length but is instead governed by a

trigonometric relationship involving the crankshaft angle.

To compute this distance accurately, the rod angle must first be calculated. This requires resolving the
triangle formed by the crankshaft, connecting rod, and piston position using trigonometric functions

based on the crankshaft angle and the lengths of the crankshaft radius and connecting rod.

2.2 First Principles Calculations

Rod Angle

Rod_Angle = asind((Crank_Rad * sind{Crank_Angle)]) ./ Rod_Length};

Figure 4 - Connecting Rod Angle Calculation Code

Once the rod angle has been determined for each crankshaft angle, the distance from TDC can be

calculated. This is achieved by resolving the trigonometric relationship between the crankshaft radius,



the connecting rod length, and the rod angle. This calculation allows for an accurate determination of

the piston’s position relative to TDC throughout the crankshaft’s rotation.

Distance From TDC
Dist_Fram_TDC = [Crank_Rad + Rod_Length) - [(Crank_Rad * cosd{Crank_Angle) + Rod_Length * cosd(Rod_Angle)):

Dist_From_TDC_mm = Dist_From_TDC/1866;

X Plot Dist_From_TDC ws Crank_Angle

figure;

plot({real{Crank_Angle), real{Dist_From_TDC), 'Linedidth®, 1.5);
ilabel( ' Crank Angle (Degrees)”);

ylabel( 'Distance I

title("Piston Dis TOC Crank angle’)

grid on;

X Set x-axis limits from 6 to 728

slim([-36@ 368]):
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Figure 6 - Distance from TDC vs Crank Angle

This data can then be plotted against the crankshaft angle, as shown in Error! Reference source not
found.. This visualization provides a clear representation of the piston’s position relative to TDC

throughout the crankshaft’s rotation.

Using this information and the RPM values, the piston velocity can be calculated and plotted.



Velocity
Crank_Ang_Vel = RPH_Values .* ((2 .* pi) ./ 68);
Piston_Velocity = Crank_Rad * Crank_Ang_Vel * sind(Crenk_Angle) + ((Crank_Rad*2 * Crank_Ang_Vel) / (2 * Rod_Length)} * sind{2 * Crank_fagle);

Piston_Vel GRGARPM = (Piston Velscity(G, :)) .* 1088;

% Create Plot with Dual Y-Axes

Figure;

i<: Piston Distamce from TDC

t(Crank_Angle, Dist_From_TDC_mm, "LineWidth', 2, ‘Color’', get{gea, ‘¥lolor'));
ylabel( 'Piston Distant om TDC (mn)");

% Right Y-Axis: Pisten Velocity at GBE@ RPM

yyaxis right

plot{Crank_sngle, Piston_Vel GOGERRM, 'LineWidth®, 2, ‘Co
ylabel( 'Piston Velocity (mm/s)");

or', get{gea, '¥Coler'));

E Set right y-axis te scientific notation (18°4)
ax = gea;

ax.YAxis(2).Exponent = 4;

ytickformat( E.1f"};

% X-Axis: Crank Angle
xlabel('Crank Angle (degrees)’);

% Title and Grid

title( " Piston Positien vws Piston Velocity @ Ged RPM');
grid on;
% Set x-axis limits from @ to 728 degrees

x1lim([-360 368]);

Figure 7 - Piston Velocity Code for Calculations and Plot

After calculating the piston velocity across the RPM range and plotting it against the distance from
TDC, it becomes evident that the velocity peaks just before the piston reaches TDC. Following this
peak, the velocity rapidly transitions into the negative direction as the piston accelerates toward BDC,
as seen in Figure 8. This behaviour reflects the dynamic nature of the crank-rod mechanism and the

influence of crankshaft rotation on piston motion.
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Figure 8 - Piston Position vs Piston Velocity @ 6000 RPM



Piston acceleration can then be determined by taking the derivative of the previously calculated piston
velocity. This provides insight into the forces acting on the piston throughout the crankshaft cycle,

helping to analyse the dynamic loading and stress on the engine components.

Acceleration

Piston_Accel = Crank_Rad .* Crank_Ang_Vel.*2 .* cosd{Crank_sngle} + ...
{(Crank_Rad.*2 / Red_Length) .* Crank_Ang_Vel.*2 .* cosd{2 .* Crank_Angle});

E Create meshgrid for Crank_aAngle and RPM_Values
[Crank_Angle Grid, RPM_Grid] = meshgrid{Crank_sngle, RPM_Values);

E 3D Surface Plot

figure;

surt(RPM_Grid, Crank_Angle Grid, Piston_Accel, 'Edgelolor”, 'none’j;
colormap] ' jet');

colorbar; X Show color scale

xlabel( 'RPH"};

ylabel( 'Crank Angle (®)°);

Zlabel( 'Acceleration (mmfs*2})");

title( "Piston Acceleration vs Crank Angle and RPM");
grid on;

view(135, 38); X Adjust view angle if deslired

E Invert the RPM (x-axis) direction
set{geca, 'XDir'; "reverse’);

E Set RPM steps of 128
Xbicks(1220:12@3 nax(RPM_Values)};

Figure 9 - Piston Acceleration Calculation Code and Plot

44
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Figure 10 - Piston Acceleration vs Crank Angle and RPM



Reciprocating Mass

Recip_Mass = Piston_Mass + Pin_Mass + (Rod_Mass/3);

Figure 11 - Reciprocating Mass Calculation Code

The reciprocating mass can be calculated by summing the masses of the piston, the gudgeon pin, and
one-third of the connecting rod mass. This value is essential for determining the piston’s inertia force,

which can be calculated using the product of the reciprocating mass and the previously obtained

piston acceleration.

Piston Inertia Force

Fiston_Intertia Force = Recip Mass .* Pliston_Accel;

Figure 12 - Piston Inertia Force Calculation Code

The gas force can be calculated as the product of the cylinder pressure data and the piston crown
area. This allows for the calculation of the net force acting on the piston by combining the gas force
with the inertia force. From this, the rod force can be determined, providing a complete picture of the

forces transmitted through the connecting rod during the engine cycle.

Gas Force

ka5 Fordie = Pressurelata .* Piston_Area;

Figure 13 - Gas Force Calculation Code

Net Force
Fiston_Intertia_Force Resized = reshapelPiston_Intertia Force(l:(&6*728)), 6, 728);
Met Forde = Gas_Forde - Plston_Intertlia_Force Resized;

Figure 14 - Net Force Calculation Code

Rod Force

Rod_Force = Net_Force ./ cosd(Rod_Angle);

Figure 15 - Rod Force Calculation Code



To calculate the forces exerted on the sides of the bore walls, the rod angle and the net force acting
on the piston must be considered. The lateral or side force can be determined by resolving the net

force into components along the axis of the connecting rod and perpendicular to the cylinder wall.

Side Force

Figure 16 - Side Force Calculation Code

Once the side force is known, the frictional force can be estimated using the coefficient of friction
between the piston and the bore wall. This provides insight into the mechanical losses within the

engine and helps identify areas for potential efficiency improvements.
Side Friction
S5ide Friction = A.1 .* 5ide Force

Figure 17 - Side Friction Calculation Code

10



3 Connecting Rod Analysis

3.1 Original Connecting Rod Stresses
To calculate the connecting rod stresses in the original specification engine, the forces acting on the
rod are divided by its cross-sectional area to determine the stress values. From this the minimum

(compressive) and maximum (tensile) stresses can be extracted.

Rod Stress
Red_Stress = Red_Force ./ Rod_CSAmmsg

£ Find minimum (cor

[Compressive_Stres

[rowHin, colMin] =

Stress, rowMin, colMin);
wMax, colMax);

Stress_Allow = 2 .* EndLim .* (1 - (Stress_Mean ./ UTS));

FSF = Stress_Allow ./ Stress Range;

Figure 18 - Rod Stress Calculation Code and Display Results

From these values, the stress range and mean stress can be calculated. By comparing these stresses
to the ultimate tensile strength (UTS) and the endurance limit of the material, fatigue safety factors
can be determined. This analysis helps assess the connecting rod’s ability to withstand cyclic loading
and ensures that the design meets the required durability and performance standards.

Mimimum Compressive stress: -155.93 at Row 3, Column 2

Maximum Tensile stress: 87.72 at Row 2, Column 239

stress Range: 242,65

Mean Stress: -24.18
Factor of Safety (FSF): 2.98

Figure 19 - Original Rod Stresses and Factor of Safety

The fatigue safety factor of the original connecting rod was calculated to be 2.9. This indicates that
the connecting rod can withstand cyclic stresses up to 2.9 times higher than the expected operational

stresses before reaching failure, providing a reasonable margin of safety against fatigue.

11



3.2 Recalculate Safety Factors at Increased RPM

To assess how the connecting rod would react to increased engine speeds, we need to calculate the
pressure data for the extended RPM range, as this data is not directly provided. This can be
accomplished by mathematically extrapolating the original pressure data, assuming that the pressure

follows a predictable trend relative to changes in engine speed.

Interpolation of Pressure Data to 9000rpm

% --- Given variables (assumed loaded in your workspace) ---
% Crank_angle: Crank angle in degrees from the first coluen of sigmaPressureData
Crank_aAngle = sigmaPressureDatal:, 1}';

% RPM Values: original RPM values corresponding to columns 2 to 7 (6 valuss)
RPN _values = [1028, 18ea, 3008, 4602, 5080, 600a]';

% PressureData: Extract pressure data from sigmaPressureData

% Extract from columns 2 to 7 and transpose so rows correspond to crank angles
PressureData = sigmaPressureDatal:, 2:71°;

PressureData = Pressurebata’; ¥ Mow, size(Pressurebata) is [length{Crank_sangle} x &]

X --- Pressure at 6000 RPM (directly from original data) ---
% Multiply by 1e5 to convert to Pascals
Pressure 808 = PressureData:, &) * 1le5;

% --- Define new RPM values for extrapclaticn: 7@ee, 2008, and 2982 RPM ---
newRPM = [Té29, Sea, J@0a]';

% Preallecate matrix for interpolated pressures for new RPM values
Pressure_new = zeros(length{crank_angle}, length{newrRPM)};

X Interpclate pressure data for each crank angle across the new RPM values
for 1 = 1:length{Crank_angle)

Pressure new(i, :) = interpi{RPM values, PressureData(i, :), newRPM™, 'linear', ‘extrap'});
end

% Convert imterpclated pressures to Pascals
Pressure_new_Pa = Pressure_new * 1e5;

% --- Extract pressures for each new RPM ---
Pressure_7@e8 = Pressure_new_Pa(:, 1);
Pressure 8008 = Pressure_new_Pa(:, 2);
Pressure_9@e8 = Pressure_new_Pa(:, 3);

% --- Plot Pressure vs Crank Angle for c2ee, 7ee@, S0@@, and 3808 RPM ---
figure;

plot{Crank_angle, Pressure_&88@, 'b-', 'LineWidth', 2}; hold cn;
plot{Crank_aAngle, Pressure_7@es, 'r--', "Linewidth', 2);
plot{Crank_angle, Pressure 8862, 'g-.', "Linewidth', 2);
plot{Crank_angle, Pressure seee, 'k:', "Linewidth', 2);

xlabel( ‘Crank Angle (degrees)'};

ylabel{ 'Pressure (Pa)'};

legend( ‘2@ RPM', '728@ RPM', "Z98@ RFM®, 9088 RFN');
titlef 'Pressure vs Crank Angle at G208, 7002, S022 and 9920 RPM');
Erid on;

Figure 20 - Interpolation of Cylinder Pressures and Verification Plot

To verify the data obtained through extrapolation, a comparison plot (Figure 21) can be created
between the original test data at 6000 RPM and the newly calculated values for 7000, 8000, and 9000
RPM. This plot visually demonstrates how the extrapolated data compares to the original test data,
helping to assess the accuracy and reliability of the extrapolation method. By analysing the trends and
deviations, we can ensure that the extrapolated pressure values are reasonable and reflect the

expected behaviour of the engine at higher speeds.

12
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Figure 21 - Pressure vs Crank Angle at 6000, 7000, 8000 and 9000 RPM

At higher engine speeds, the time available for combustion decreases, leading to less efficient
combustion and a reduction in peak cylinder pressure. This trend aligns with findings, which highlight
that increased RPM can cause changes in dynamics and the balance between compression and

expansion, ultimately reducing peak pressures at higher speeds.

For instance, research indicates that as engine speed increases, the maximum in-cylinder pressure
decreases. This phenomenon is attributed to the combustion process, which becomes less

synchronized with increasing RPM, leading to reduced pressure levels. (Anggono et al., 2019)

Therefore, the observed decrease in peak cylinder pressure at elevated RPMs aligns with established

engine performance characteristics.

13



3.3 New Connecting Rod Force Calculations

By applying the new pressure and engine speed data to the same code as before, we obtain the
following result. This allows for the analysis of how the updated pressure values at higher RPMs impact

the forces acting on the connecting rod.

New Rod Stress
Combined_PressureData = [PressureData, Pressure_new_Fa];
Gas_Force_new = Combined PressureData .* Piston_Ares;
Pisten_Intertia_Feorce Inv = Piston_Intertia Force. ;
Mew_Met_Force = Gas_rForce_new - Piston_Intertia_Force Inv;
Mew_Rod_Force = Mew_Met_Force ./ cosd{Red_angle');
Mew_Side_Force = Mew _Net_Force .* tand(Rod_angle');
Mew_Side_Friction = 8.1 .* New Side_Force;
Mew Rod_Stress = Mew Rod_Force ./ Rod_CSammsqj
% Find minimum {compressive) stress and its position
[NewCompressive_Stress, minIndex] = min{Mew Rod_Stress{:});
[rowMin, colMin] = ind2sub{size{New_Rod_Stress), minIndex);
% Find maximum (tensile) stress and its position
[MewTensile_Stress, maxIndex] = max{New_Rod_Stress(:});
[rowMax, colMax] = ind2sub{size{New_Rod_Stress), maxIndex);
% calculate stress range and mean stress
Mew _Stress_Range = NewTensile Stress - NewCompressive Stress;
Mew_Stress_Mean = (NewTensile Stress + NewCompressive_stress) / 2;
Mew_Stress_Allow = 2 .* EndLim .* (1 - (Mew _Stress_Mean ./ UTS));
Mew_FSF = Mew_Stress_allow ./ New_stress_Range;
% Display results
fprintf('9882 APM Minimum Compressive Stress: ®.2f &t Row %d, Column %d'n', MewCompressive_Stress, rowMin, colMin);
fprintf{ sesa aximum Tensile S %.2f at rRow %d, Column Xd\n', NewTensile Stress, rowMax, colMax);
fprintf{ sesa 1 stress Range » Mew_stress Range);

fprintf('oess ean stress: X.2f\n', New_Stress_Mean);
fprintf('9ee2 aPM Factor of safety SFy: %.2f\n', New_FSF);

momomoa

Figure 22 - New Rod Stress Calculations at 9000 RPM

968688 RPM Minimum Compressive Stress: -152.2B at Row 718, Column 9
9888 RPM Maximum Tensile Strescs: 124.23 at Row 381, Column 7
968688 RPM Stress Range: IT76.51

968688 RPM Mean Stress: -14.82

968688 RPM Factor of Safety (F5F): 2.4%9

Figure 23 - New Rod Stresses and Factor of Safety at 9000 RPM

As seen in Figure 23, the new safety factor of 2.49 compares relatively well with the original value of
2.90. However, there is an inconsistency in the results. The minimum compressive stress has
decreased, even though it should have remained the same as before, since this occurred on Row 3
(3000 RPM). This discrepancy raises doubts about the accuracy of the code used, as the original data
is still present and, therefore, the minimum compressive stress should have been identical. Further
analysis is required to verify the integrity of the code and ensure that the results accurately reflect the

expected behaviour.
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3.4 Connecting Rod After Treatment

There are many methods of post-treating these parts to improve their ultimate tensile strength. The
method chosen for this study was quenching and tempering of the connecting rods, as research
suggests that this process could increase the ultimate tensile strength by as much as 50%. (Howeyze

etal., 2021)

This heat treatment process involves heating the material to a high temperature and then rapidly
cooling it (quenching), followed by reheating it to a lower temperature (tempering) to achieve a
balance between hardness and ductility, ultimately enhancing the component's strength and fatigue

resistance.

Quenching and Tempering Reds
Combined_PressureData = [PressureData, Pressure_new_Pa];
Gas_Force_new = Combined _PressureData .* Piston_area;
piston_Intertia_Ferce_Inv = Piston_Intertia_rorce.';
New_Net_Force = Gas_Ferce_new - Piston_Intertia_Force_Inv;
Nevi_Rod_Force = New_Net_Force ./ cosd(Rod_Angle'};
New_Side_Force = New_Net_Force .* tand(Red_angle');
Nev_side_rriction = @.1 .* Mew_Side_force;
Nevi_Rod_Stress = Mew_Rod_Force ./ Rod_CSAmmsq;
% Find minimum (compressive) stress and its position
[NewCompressive_Stress, minIndex] = min(Mew_Rod_Stress(:});
[rowein, colMin] = ind2sub{size(Mew_Rod Stress), minIndex);
% Find maximum (tensile) stress and its position
[NewTensile_stress, maxIndex] = max(Mew_Rod Stress(:});
[rowMax, colMax] = ind2sub(size(New_Rod_Stress), maxIndex);
% Calculate stress range and mean stress
New_Stress_Range = NewTensile_Stress - NewCompressive_Stress;
New_Stress_Mean = (NewTensile Stress + MewCompressive Stress) / 2;
NeW_UTS = UTS .* 1.5;
Nev_EndLim = @.45 .® New UTS;
New _Stress_Allow = 2 .* New_EndLim .* (1 - (Mew_Stress_Mean ./ Wew_UTS));

Mew_FSF = New_Stress_allow ./ New Stress_Range;

olumn Xd\n", NewCompressive_stress, rowMin, celMin);
. umn %d\n®, NewTensile_Stress, rowMax, colMax);

» New_stress_Range);
, Mew_Stress_Mean);
)i XK.2f\n", MNew_FSF);

g and Tempering
hing and Tempering

'.I; (Fsi

Figure 24 - Quenched and Tempered Rod Stress Calculations at 9000 RPM

Quenching and Tempering Minimum Compressive Stress: -152.28 at Row 718, Column 9
Quenchin d Tempering Maximum Tensile Stress: 124.23 at Row 3E1, Column 7
Quenchin d Tempering Stress Range: 276.51

Quenching and Tempering Mean 5tress: -14.82

Quenching and Tempering Factor of Safety (F5F): 3.71

Figure 25 - Quenched and Tempered Rod Stress Results at 9000 RPM

Figure 25 shows the increase in the factor of safety to 3.71 after the quenching and tempering process.
This improvement, which represents a 49% increase from 2.49 the 9000 RPM figure and a 28%
increase on the original value of 2.90, demonstrates the significant impact of heat treatment on
enhancing the material's strength and durability, leading to a higher margin of safety and better

resistance to fatigue under operational conditions.

15



4 Gudgeon Pin Analysis

4.1 Original Stresses

In this section, the stresses at the gudgeon pin are calculated using a series of steps that involve
determining the forces acting on the piston assembly and applying standard stress formulas. The goal
is to assess the bending, torsional, and resultant stresses at the gudgeon pin, which are crucial for

determining the safety and durability of the engine components.

Gudgeon Pin Stresses

% Step 1: Inertia Ferce Caleulation
= Pist_Exposed Mass .* Pisten_Accel;
= FPin_Inertia .* L1;

FPin_Pisten = Mass_Piston_Parts .* Pisten_Accel;

% Reshape arrays to fit (6, 728) without if statements
FPin_Piston_Resized = reshape(FPin_Pisten(1:(64728)), 6, 728);
FPin_Inertia_Resized = reshape(FPin_Tnertia(l:(6*728)), 6, 728);

F_Met = FPEn_Piston_Resized - Gas_Force;

2: Net Moment Calculation
= = (F_Met ./ 2} .*L2;
MPin_Inertia Resized = reshape(MPin_Tnertia(1:(6°72@)), 6, 728);

M = MNet_Force + MPin_Inertia Resized;

% Step 3: Bending Stress Caleulatien
s_Bending = (M .* L1} ./ ((pi/64) .* (D2*4 - D1%4));

% Step 4: Torsional Stress
T = ((F_Met ./ 2) + FPin_I

Y oF ((pird) .* (D242 - D1*2));

% Step 5: Resultant Stres i
Pin_Result_Stress = sgri{(Stres wing).*2 + (2 .* T).*2);
% Flip sign 5f both bending a2nd tersional stress are negative
idx = (Stress_Bending < 8) & (T < @);

Pin_Result_Stress{idx) = Pin_Result Stress{idx) * -1;
Pin_Result_Stress_Cerrect = Pin_Result Stress;

% Step 6: Find Extremes
value = Pin_Resull_Stress_Correct(f, 398);

[Pin_Stress_Max, linearIndexMax] = max(Pin_Result Stress_Correct{:));
[rowMax, colMax] = ind2sub(size(Pin_Result_Stress Correct), linearIndexMax);

[Pin_Stress Min, linearIndexMin] = min{Pin_Result Stress_Cerreet(:}):
[rewMin, colMin] = ind2sub(size(Pin_Result_Stress_Correct), linearIndexMin);

E 5tep 7: Calculate Allowable Stress and FSF
Pin_UTS = 1p8@;

Pin_Endlim = @.45 * Pin_UTS;

Pin_Stress_Mean = (Pin_Stress_Max + Pin_Stress_Min) / 2;

Pin_Stress_Range = Pin_Stress Max - Pin_Stress_Min;

Pin_Stress Allow = 2 * Pin_EndLim * (1 - (Pin_Stress_Mean / Pin_UTS));

Pin_FSF = Pin_Stress_Allow / Pin_Stress_Range;

_Max, rowMax, colMax);
ss_Min, rewMin, colMin);

Figure 26 - Code for Original Gudgeon Pin Stresses

valur at Row &, Column 298: -37252341.3E

Maximum Stress: 1922E9859.48 at Row 3, Column 2

Hinimum Stress: -58359774.54 at How 6, Column 322
Pin Stross Allowable: -2@H7522E.18

Factor of Safety (FSF): -B.12

Figure 27 - Original Stresses on Gudgeon Pin Results

The results obtained from the stress analysis indicate significant issues, with a negative factor of safety

(FSF) of -0.13 and an allowable stress that is also negative. These values suggest that the gudgeon pin
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would fail under operating conditions, which is inconsistent with expected engineering tolerances for

a well-designed component.

Given the magnitude and direction of the stresses, it is evident that there is an error in the code used

in the calculations which was not tracked during this simulation.

4.2 New Connecting Gudgeon Pin Stresses

Gudgeon Pin Stresses at 9000 RPM

% Step 1: Inertia Ferce Calculatien
\_Tnertiadk = Pist_Exposed_Mass .* Piston_Accel;
\_Tnertiadk = FPin_Tnertiadk .* L1;

FPin_Piston9k = Mass_Piston_Parts .* Piston_fccel;
F_MetOk = FPin_PistenSk - Gas_Force new. '

% Met mement caleulation

MMet_ForceSK = (F_NetSk ./ 2) .* L2;

M3K = MMet_ForceSK + MPin_Inertiadk;

E Step 2: Bending 5tress Calculation
Bendingdk = (MSK .* L1) ./ ((pir6d) .= (D2*4 - D1°4)});

X Step 3: Torsional Stress Calculation
TSK = ((F_Nets¥ .f 2} + FPin_Inertiafk) ./ ((pirfd) .* (D2°2 - D1*2));

% Step 4: Resultant Stress Calculation
Pin_Result_Stressok = sgri({Stress_BendingSkK).*2 + (2 .* TSK)."2);

E Step 5: Stress Extremes and Positions
valuedk = Pin_Result StressSK(6, 398);

[Pin_Stress_Max9K, linearTndesMax9K] = max(Pin_Result_StressoK(:));
[rowMaxdk, colMexSK] = End2sub(size(Pin_Result_Stress3K), linearIndexMax3K);

[Pin_Stress_MinSK, linearIndexMingk] = min(Pin_Result_StressSk(:));
[rowMingk, colMinSK] = indZsubf{size(Pin_Result_Stresssk), linearIndexMingk);

X Step 6: Calculate Allowable Stress and F5F
_Max9K + Pin_Stress_MLnSK) [ 2;
Max9K - PLn_Stress_MingK;

Pin_Stress_MeanSK = (Pin_
Pin_Stress_Rangedk =

Pin_Stress_AllowSK = 2 .* Pin_EndLim .* (1 - (Pin_Stress_MeanSK ./ PIn_UTS));
Pin_FSFOK = Pin_Stress_AllowSK ./ Pin_Stress_Rangeok;

ximum Stress: X.2F

um Stress:

Figure 28 - Gudgeon Pin Stresses Code for 9000 RPM

ess_MaxOK, rowHax9K, colMaxgk);
ess_MIngK, rowHindK, colMindk);

This code calculates the stresses on the gudgeon pin at 9000 RPM, incorporating both bending and

torsional stresses to determine the resultant stress. However, if there are inconsistencies or unrealistic

values in these inputs, the results may lead to incorrect or non-physical outputs, as seen in the

previous analysis.

Value at Fow &, Column 398: 35IB59E7.24
Maximum Streoss: 1825335%d.98 a3t Row 7, Column
Minimum S5tress: 4134.32 at Aow 1, Column 76
Pin Stross Allowable: -4618E183.39

Factor of Safety (FSF): -B_4s

Figure 29 - Original Stresses on Gudgeon Pin Results at 9000 RPM
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The values in the stress analysis are significantly high, with the maximum stress reaching
102,633,650.96 N/mm? and the allowable stress remaining negative. These elevated values suggest
that the inputs or calculations might be off in a way that leads to unrealistic results. For example, the
force values, mass parameters, or acceleration data could be incorrectly scaled or interpreted, leading
to unreasonably high stress values. While the FSF has reduced slightly, it is still negative, reinforcing
the idea that something is wrong upstream. These unusually high stress values indicate that the
underlying assumptions or input data need to be carefully reviewed and corrected to ensure realistic

and accurate results.

4.3 Gudgeon Pin After Treatment

The simulation of material treatments, such as nitriding, was not included for the gudgeon pin, as the
upstream calculations currently yield unrealistic results. The stress values are excessively high, and
the factor of safety remains negative, suggesting potential errors or inconsistencies in the input data
or assumptions. Until these fundamental issues are resolved, simulating a material treatment would
not provide reliable or meaningful results, as the baseline calculations themselves are not yet

accurate.
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5 Bolt Analysis

5.1 Original Stresses

The following code was used to calculate the stresses acting on the rod cap bolts.

Rod Cap
Rot_Mass = Piston_Mass + Rod_Mass + Ring_Mass + Pin_Mass + Clips_Mass + Cap_Mass + 2.* Bolt_Mass;
Fihip = Rot_Mass .* Crank_Rad .* Crank_Ang Vel.~2 .* cosd(Crank_Angle);

ForceInertia = (Recip_Mass .* Crank_Rad .* (Crank_ang_vel.~2) .* (cosd(Crank_aAngle)) + ...
(((Crank_Rad"2) ./ Rod_Length) .* (Crank_Ang Vel.*2) .* cosd(2 .* Crank_Angle)});

FTotalCap = ForceInertia + FwWhip;

FTotalCap MaxValue = max(FTotalCap(:));

MaxStressCap = FTotalCap_MaxValue ./ Cap_Int_CSAmmsq;
CapStressMean = (@ + MaxStressCap)/2;

CapStressRange = MaxStressCap - @;

CapStressAllowable = 2 * EndLim * (1 - (CapStressMean / UTS));
Cap_FSF = CapStressAllowable / CapStressRange;

% Display the results

fprintf('Maximum Stress in Cap: %.2f\n', MaxStressCap);
fprintf('Mean Stress in Cap: X.2f\n', CapStressMean);

fprintf('Stress Range in Cap: %.2f\n", CapStressRange);
fprintf('Factor of Safety (FSF) for Cap: %.2f\n', Cap_FSF);

Figure 30 - Rod Cap Stress Calculation Code

Maximum Stress in Cap: 185.71

Mean Stress in Cap: 92.85

Stress Range in Cap: 185.71

Factor of Safety (F5F) for Cap: 3.18

Figure 31 - Rod Cap Stress Results

Surprisingly, the results for this are much more in line with what is expected, unlike the gudgeon pin
results. The maximum and mean stresses appear reasonable for a rod cap under typical engine loading
conditions. The stress range is consistent with anticipated cyclic loading, and the factor of safety (FSF)
of 3.18 indicates a comfortable margin against failure. These results suggest that the rod cap is

structurally sound and not over-stressed during operation.
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Bolt
Bolt_UTS = 11@e;
vield_Bolt = @.% .* Bolt_UTS;
EndLinm_Bolt = @.45 .* Bolt_UTS;
Bolt_Axial Stress = 8.6 .* Yield Belt;
Bolt_Axial Force = Bolt_Axial Stress .* Dolt_(SAmnsq;

Effect Radius = 8.5 .* ((B + Head_Dia)/f2);

Head_Friction_Torgque = (8.12 .* Bolt_Axial Force .= Effect_Radius) / 12@8;
Thread_Friction = 8.18 .* Bolt_Axial _Force;

Tergue_Friction_Thread = (Thread_Friction .* 4) ./ 1800;

Total_Tergue = Torgque Frictien Thread + Head_Frictiss_Torgue;

Bolt_InertiaForce = Recip_Mass .* (Crank_Rad . * cosd(Crank_Anglel)) + ...

.#2) .% gosd(2 .* Crank_Angle)));

(Rotat_Mass .* (Crank_Rad .*
Bolt_InertiaFerce_perBolt = Bolt_Inertiaforee ./ 2;

Cap_Stiffness = Mod_Elas_Cap .* (Cap_Int_CSAmmsq ./ Rod_Int_Bolt);

Bolt_Stiffness = Mod_Elas_Belt .* (Bolt_CSAmmsq ./ Lengh_Sec_Thread);

Extra_BeltForce = (Bolt_InertiaForce_perBolt .* Bolt_Stiffness) ./ (Bolt_Stiffness + Cap_Stiffness);

[Max_Extra_BoltFor
[rew, eol] = indlsub{size(Extr

e, idx] = max(Extra_BoltForce(:});
BoltFarce), idx);

MewBoltForce = Max_Extra_BeltForce + Bolt_Axial_Force;

BoltStress_Min = Bolt_Axial Force ./ Bolt_CSAmmsg;
BoltStress_Max = NewdoltForce ./ Bolt_CSAmmsg;

BoltStress_Mean = (BoltStress_Max + BoltStress_Min) J/ 2;

BoltStress_Range = BoltStress_Max - BoltStress_Min;

BoltStress Allew = 2 .* Endlim_Bolt .* (1 - (BoltStress Mean ./ Belt_UTS));
BoltStress_FSF = BoltStress_Allow ./ BoltStress_Range;

Figure 32 - Bolt Stresses Code

Total Bolt Torgue: 33.95 HNm

Maximum Stress in Bolt: 655.58

Mean Stress in Bolt: 624.75

Stress Range in Bolt: &1.5@

Factor of Safety (F5F) for Bolt: 6.96

Figure 33 - Bolt Stress Results

The results for the conrod bolts demonstrate a notably high factor of safety (FSF) of 6.96, which is
significantly greater than the FSF observed for other components like the connecting rod and the cap.
This high FSF suggests that the conrod bolts are subjected to considerably lower stress levels relative
to their designed capacity, indicating a conservative design with a substantial safety margin. The
maximum stress of 655.50 MPa and the mean stress of 624.75 MPa are within acceptable limits for
high-strength fasteners, reflecting that the bolts are not operating near their material limits. The
higher FSF could be attributed to the critical nature of conrod bolts in maintaining engine integrity
under dynamic loading conditions, where failure could lead to catastrophic engine damage. Therefore,
the bolts are likely overengineered to ensure long-term durability and to accommodate potential

variations in load and operating conditions.
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6 Determine Optimal Crankshaft Configuration

To analyse the optimal crankshaft configuration, the first step is to calculate the crank torque
behaviour. Crank torque is a critical parameter that influences the engine's overall performance,
including power output, rotational stability, and efficiency. It is influenced by several factors such as
crank radius, angular velocity, piston mass, and gas forces. Figure 34 and Figure 35 outline the

approach to calculating the crank torque behaviour.

Torque

% Calculate Inertial Torque
Torque_Inertia = (ForceInertia .* tand(Rod_Angle) .* Crank Rad .* cosd(Rod_Angle)) ...
- (ForceInertia .* Crank_Rad .* sind(Rod_Angle});

% Calculate Gas Torgue
Torque_Gas = (Gas_Force_new' .* tand(Rod_angle) .* Crank Rad .* cosd(Rod_angle)) ...
+ (Gas_Force_new' .* Crank_Rad .* sind{Rod_Angle));

% Total Crank Torque
Crank_Torque = Torque Gas + Torque_Inertia;

% Average Torgue per Cycle (assuming 720 degrees per cycle)
Torque_Avg = sum(Crank_Torque') [ 720;

% Total Engine Torque (assuming a 4-cylinder engine)
Engine_Torque = Torque_ Avg * 4;

% Calculate Ring Friction Forces
Ring Force = Combined PressureData’ .* pi .* Bore Dia .* 1.5;
Ring Friction = Ring Force * ©.1; % Assuming a friction coefficient of @.1

% External Gas Forces
Gas_Force_Ext = Combined PressureData .* Piston_Area;

% Net External Forces
Net_Force_Ext = Gas_Force_Ext' - ForceInertia;

% Rod Forces
Rod_Force_Ext = Net_Force_Ext ./ cosd(Rod_Angle);

% side Forces
Side_Force Ext = Met_Force_Ext .* tand(Rod_aAngle);

% side Friction Forces
Side_Friction Ext = @.1 * Side_Force_Ext; ¥ Assuming a friction coefficient of @.1

Figure 34 - Torque Calculation Code Part 1

% Work Done by Ring Friction
Stroke_Length = max(Dist_From_TDC) - min(Dist_From_TDC);
Work_RingFriction = mean(Ring_Friction, 2) * Stroke_Length;

% Work Done by Side Friction
Work_sideFriction = mean(Side_Friction_Ext, 2) * Stroke_Length;

% Total Friction Work Losses
Ring_FrictionTotal = sum(Work RingFriction);
Work_Loss_Total = Ring_FrictionTotal + Work SideFriction;

% Work per Torque
Work_Torgue = Crank_Torque(:, 728);

% Extract RPM Values (assuming RPM_Grid is a column vector)
RPM Valuesl = RPM_Grid{:, 1);

% Ensure Work_Torque is a row vector
Work_Torguel = Work Torque(:)';

% Calculate Brake Torgue
Work_Loss_Total = Ring_FrictionTotal + Work SideFriction; ¥ Kesp this part intact
Brake_Torque = max(®, Work_Torquel® - Work Loss_Total); X Ensure no negative brake torque

% Display intermediate results for debugging
disp('Work_Torque at each RPM:');

disp(Work_Torquel);

disp('kork_Loss_Total at each RPM:");

disp(tork_Loss Total);

% Calculate Powers

Indicated_Power = Work_Torquel' .* Crank_Ang Vel; % Indicated Power

Friction_Power = Work_Loss_Total .* Crank_aAng_Vel; ¥ Friction Power
Brake_Power = Indicated Power - Friction_Power; ¥ Brake Power

Figure 35 - Torque Calculation Code Part 2
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Engine Torgque at various RPMs:

RPM_Valuesl Varz
l1aaa g.88as1581
2888 2.28835458
Jgoa @.28885025
4o0aa 2.88a8793c
Sooa @.28839261
5008 2.88683488
7608 78.899
2008 73.718
Soaa 65,538

Brake Power at various RPMs:

RPM_Waluesl Brake_Power

laaa -5.84172+85
2eaa -1.3583e+86
Joea -2.8525e+05
4688 -2.73672+86
Soea -3.42852+85
s888 -4, 1@85e+88
Foaa -4, 79802+85
soaa -5.4752e+65
Saaa -5.1595e+06

The code used for calculating the crank torque did not work properly, with torque values peaking
below 70 Nm, which is much lower than expected. Additionally, in the 1000 to 6000 RPM range, the
torque values were close to zero, as seen in Figure 35. This suggests that the torque behaviour in this
RPM range was not accurately captured, likely due to errors in force or moment calculations. The issue
could stem from incorrect data inputs or mistakes in the torque calculation formula, leading to

unrealistic results.

Due to the inability to empirically analyse the crank torque behaviour, it was not possible to fully

assess the differences between the flat-plane and cross-plane crankshaft configurations.

Flat-plane crankshafts are often favoured in high-performance engines due to their lighter weight and
reduced rotational inertia, which facilitate quicker engine acceleration and higher RPM capabilities.
Their design also enhances exhaust scavenging efficiency, contributing to improved engine

performance at elevated speeds.

However, flat-plane crankshafts can introduce increased vibrations due to secondary imbalances,

necessitating additional engineering solutions to mitigate these effects.

In contrast, cross-plane crankshafts are associated with smoother operation and higher torque at
lower RPMs, but their increased rotational mass can limit high-speed performance.

(Edtengineers.com, 2022)

For high-RPM applications such as this engine with the raised 9000 RPM, flat-plane crankshafts are

generally more suitable.
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