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[bookmark: _Toc224135622][bookmark: _Toc224442950]Abstract
This report presents the fatigue and stress of Ford 1.6L GTDi EcoBoost engine's bottom-end components using MATLAB, incorporating slider-crank kinematics and in-cylinder pressure data. Components such as the connecting rod bolt, Gudgeon pin, and conrod midpoint were tested under cyclic loading at 6000 and 9000 RPM. Fatigue safety factors, assessed via the Goodman criterion, identified the conrod bolt as the critical component. A geometry-based redesign increased the tensile stress area by 5.7%, restoring baseline safety at higher speeds. Material upgrades to 1200 MPa steel enhanced fatigue performance without adding weight. Comparisons of crankshaft torque between flat and cross-plane configurations showed identical average torque but a 202.8% increase in peak-to-peak torque ripple for the cross-plane setup.
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[bookmark: _Toc224442955]1.0  Introduction
The internal combustion engine is vital to motorsport powertrains, where components endure cyclic loads far exceeding those in passenger cars. 
Chmielowiec, Woś and Czyżewski (2025) established that, unlike static loads, inertia and combustion forces on bottom-end parts accumulate over millions of cycles, making fatigue the primary failure mode. The connecting rod (Conrod) assembly is prone to fatigue, with its bolt, Gudgeon pin, and midpoint experiencing axial tension, bending, and hoop stress. Their fatigue margins depend on design and engine speed; inertial forces grow with the square of RPM, so small increases greatly affect fatigue limit reliability. The importance of bottom-end design extends beyond motorsport applications; Brankov (2020) demonstrated that range-extender ICE units used in electric vehicles face similar cyclic loading challenges, highlighting the relevance of bottom-end fatigue analysis across established and emerging powertrain architectures.
This study uses geometry and crank-angle pressure data from a Ford 1.6L GTDi EcoBoost engine, applying slider-crank kinematics and a bolt-stiffness model. Cyclic stresses at 6000 RPM were extrapolated to 9000 RPM. Fatigue safety factors based on the Goodman criterion. The crankshaft torque comparison between flat-plane and cross-plane configurations evaluates their suitability for different applications. 

[bookmark: _Toc224135624][bookmark: _Toc224442956]2.0  Methodology and Assumptions
[bookmark: _Toc224135625][bookmark: _Toc224442957]2.1  Engine Geometry and Input Data
The study employed a MATLAB single-cylinder model of the Ford 1.6L GDTi EcoBoost engine, with in-cylinder pressure data converted from bar to SI units. Key parameters included a 79mm bore, 40.7mm crank radius, 134mm con-rod length, and a piston-conrod mass of 0.347kg. Piston kinematics were modelled using the standard slider-crank analytical approach described by Mendes, Meirelles and Zampieri (2008) and grounded in classical engine kinematics theory (Challen and Baranescu, 1999).
[bookmark: _Toc224135626][bookmark: _Toc224442958]2.2  Stress and Fatigue Analysis Approach
The axial stresses on the con-rod bolt and midpoint were computed using a bolted-joint stiffness model that included inertial separation forces under preload. The Gudgeon pin was analysed in bending from load transfer. Stress histories determined mean and alternating stresses, and fatigue safety factors were calculated with the Goodman criterion, using the endurance limit approximated as 0.45 x UTS for steels (Lee et al., 2005; Dowling, 2013).
[bookmark: _Toc224135627][bookmark: _Toc224442959]2.2.1  Bolt Tightening Torque Specification
Following the VDI 2230 systematic calculation procedure for high-duty bolted joints (VDI Richtlinien, 1977), validated by Cardoso et al. (2020), the tightening torque for the M8x1.0 bolt to achieve the target preload was calculated, accounting for thread and under-head friction. Table 1 shows representative values for various friction coefficients. 




[bookmark: _Toc224433098]Table 1 — Tightening Torque vs Thread Friction Coefficient
	μ_t
	T_lead (N·m)
	T_thread (N·m)
	T_head (N·m)
	T_total (N·m)
	% Lead
	Assembly Margin

	0.10
	5.01
	13.37
	23.71
	42.09
	11.9
	1.168

	0.12
	5.01
	16.04
	23.71
	44.76
	11.2
	1.128

	0.15
	5.01
	20.05
	23.71
	48.77
	10.3
	1.067

	0.18
	5.01
	24.06
	23.71
	52.79
	9.5
	1.006


[bookmark: _Toc224135628]



[bookmark: _Toc224442960]2.3  Assumptions and Limitations
The model’s simplification was based on assumptions due to incomplete geometric and material data. Two lever-arm scenarios limited Gudgeon pin loading without a detailed load path. The analysis focused on a single-cylinder quasi-static fatigue study, excluding residual and thermal effects. 
[bookmark: _Toc224135629][bookmark: _Toc224442961]2.3.1  Bolt Preload Sensitivity
Variations in assembly friction can alter the actual preload, in turn impacting fatigue behaviour. A preload sensitivity study was performed over a range of 60-80% of the bolt yield strength, consistent with the assembly range investigated for Conrod bolts by Jia et al. (2025), with the results listed in Table 2. 
[bookmark: _Toc224433099]Table 2 — Preload Sensitivity Study (FSF vs Yield Fraction)
	Fraction of Yield
	Inertial Force (N)
	FSF 6000
	FSF 9000
	σ Mean 6k (MPa)
	σ Alt 6k (MPa)
	σ Mean 9k (MPa)
	σ Alt 9k (MPa)

	0.60
	25,203
	1.75
	1.63
	598.2
	14.1
	603.4
	31.6

	0.70
	29,404
	1.51
	1.42
	697.2
	14.1
	702.4
	31.6

	0.75
	31,504
	1.41
	1.34
	746.2
	14.1
	751.9
	31.6

	0.80
	33,605
	1.33
	1.26
	796.2
	14.1
	801.4
	31.6


Alternating stress remains unchanged under preload, while mean stress increases in proportion. Although the FSF decreases slightly with preload, it remains above 1 at all yield fractions, so the design conclusions remain unaffected. 
[bookmark: _Toc224135630]

[bookmark: _Toc224442962]2.4  Model Validation
Table 3 shows the results from hand calculations used for model validation (Appendix A), with a maximum error of 0.313%.
[bookmark: _Toc224433100]Table 3 — Analytical Validation and Dimensional Verification (θ = 19° Crank Angle)
	Quantity
	Analytical
	MATLAB
	% Difference

	Gas Force (N)
	46,844
	46,844
	0.000

	Inertia Force @ 6000 RPM (N)
	6,606.28
	6,627
	0.313

	Net Piston Force (N)
	40,237.72
	40,233
	−0.011

	Rod Force (N)
	40,435.55
	40,431
	−0.011

	Rod Angle φ (°)
	5.67
	5.67
	0.000

	Acceleration Ratio (9000/6000)
	2.25
	2.25
	0.000

	Alternating Stress Ratio
	2.24
	2.25
	<0.1


Validation against published Ford data for the 1.6 GTDi Ecoboost 150ps engine (Figure 2.1) used a calibration factor of 1.067 anchored at peak torque (3000 RPM, 248 Nm), resulting in a mean absolute error of 6.4% across 11 RPM points. The overprediction (up to 19%) reflects the quasi-static assumption excluding high-speed breathing losses.

[image: A graph of a graph showing the performance of a car
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[bookmark: _Toc224434062]Figure 2.1 — Model Validation: Brake Torque & Power vs Ford 1.6 GTDi EcoBoost 150ps (Ford Component Sales)

[bookmark: _Toc224135631][bookmark: _Toc224442963]3.0  Baseline Stress & Fatigue Analysis
[bookmark: _Toc224135632][bookmark: _Toc224442964]3.1  Force Results
[image: A graph with a red line

AI-generated content may be incorrect.]The net axial piston force, resultant from gas pressure and inertia (Figure 3.1), peaks at 19° ATDC during expansion. During intake and exhaust, inertial forces dominate, causing tensile loading that grows with the square of speed, as established by Chmielowiec, Woś and Czyżewski (2025) in their analysis of Conrod inertia force distributions. 
[bookmark: _Toc224434063]Figure 3.1 — Net Piston Axial Force vs Crank Angle (6000 RPM)
[image: ]The conrod obliquity angle  reaches a maximum of 17.68° at 90° crank angle, generating a lateral force against the wall force:  which peaks at 4.84kN during expansion (Figure 3.2); generating a friction force (μ = 0.05) peaking at 0.242 kN. These forces cause efficiency losses, not fatigue in bottom-end parts, and are included in the earlier-described Chen-Flynn model.
[bookmark: _Toc224434064]Figure 3.2 — Piston Lateral Force and Friction Force vs Crank Angle (6000 RPM)
[bookmark: _Toc224135633][bookmark: _Toc224442965]3.2  Stress Results
[bookmark: _Toc224135634][bookmark: _Toc224442966]3.2.1  Conrod Bolt Stress
[image: A graph showing a normal distribution

AI-generated content may be incorrect.]Figure 3.3 shows the conrod bolt stresses at 6000 RPM, with a small alternating component from inertial loads and a high mean tensile component from preload. Peak stresses occur near TDC, indicating resistance to the rod cap's inertial separation. The model omits thread root concentration (Kt), which is addressed later.
[bookmark: _Toc224434065]Figure 3.3 — Conrod Bolt Stress vs Crank Angle (6000 RPM)
[bookmark: _Toc224135635][bookmark: _Toc224442967]3.2.2  Gudgeon Pin Stress
[image: A graph with a red line

AI-generated content may be incorrect.]Figure 3.4 shows the Gudgeon pin bending stresses at levers L1 and L2, which peak near firing TDC and form a nearly fully reversed cycle, indicating bending-dominated fatigue, consistent with (Kamble, 2018). Longer lever arms increase stress and bending moments. L1 and L2 stresses converge away from combustion, meaning geometric sensitivity peaks at maximum gas load. Shear stress at the pin support reaches 117.9 MPa, with combined stresses producing a von Mises stress of 282 MPa, 45% above the bending-only value.
[bookmark: _Toc224434066]Figure 3.4 — Gudgeon Pin Von Mises Stress (6000 RPM)
[bookmark: _Toc224135636][bookmark: _Toc224442968]3.2.3  Conrod Midpoint Stress
[image: A graph with a line on it

AI-generated content may be incorrect.]Figure 3.5 shows conrod midpoint stresses at 6000 RPM. The midpoint is purely under axial load, so stress: tracks the rod force directly. Peak tensile stress occurs at 15-20° ATDC with maximum piston force. Near the exhaust/intake transition, stresses become compressive as inertia reverses under low cylinder pressure. The axial-only loading differs from the bending-dominated Gudgeon pin response.
[bookmark: _Toc224434067][bookmark: _Toc224135637]Figure 3.5 — Conrod Midpoint Stress vs Crank Angle (6000 RPM)

[bookmark: _Toc224442969]3.2.4  Conrod Little-End Hoop Stress
Under inertial loading, the little-end bore is pulled apart from tension at TDC. Modelled as a thin-walled ring under diametral force. Hoop stress was given as: 
Table 4 shows the little-end Hoop Stress, peaking at 44.87 MPa tension at TDC and -24.62 MPa compression at BDC. The mean stress is 10.13 MPa, with an alternating stress of 34.74 MPa. An FSF of 11.45 suggests it's not fatigue-critical under baseline conditions.
[bookmark: _Toc224433101]Table 4 — Little-End Hoop Stress Summary
	Parameter
	Value (MPa)

	σ Max
	44.87

	σ Min
	−24.62

	σ Mean
	10.13

	σ Alternating
	34.74

	FSF Hoop
	11.45


[image: A graph with a blue line

AI-generated content may be incorrect.] TDC/BDC extremes show inertia-driven loading, with combustion pressure partially offsetting peak tension at TDC, as shown in Figure 3.6.
[bookmark: _Toc224434068]Figure 3.6 — Conrod Little End Hoop Stress vs Crank Angle (6000 RPM)
[bookmark: _Toc224135638][bookmark: _Toc224442970]3.3  Fatigue Safety Factors
Table 5 presents the max, mean, and alternating stresses at 6000 RPM, along with their respective Fatigue Safety Factors (FSF) evaluated using the Goodman criterion (Dowling, 2013).
[bookmark: _Toc224433102]Table 5 — Component Stress Summary and Goodman FSF (6000 RPM)
	Component
	Speed
	Case
	σ Max
	σ Mean
	σ Alt (MPa)
	FSF

	Conrod Bolt
	6000 RPM
	1
	760.7 MPa
	746.7 MPa
	14.1 MPa
	1.41

	Gudgeon Pin
	6000 RPM
	L1
	194.3 MPa
	82.8 MPa
	111.5 MPa
	3.02

	Gudgeon Pin
	6000 RPM
	L2
	175.5 MPa
	74.8 MPa
	100.7 MPa
	3.35

	Rod Midpoint
	6000 RPM
	1
	205.9 MPa
	87.8 MPa
	118.1 MPa
	2.86

	Little End (Hoop)
	6000 RPM
	1
	44.87 MPa
	10.13 MPa
	34.74 MPa
	11.45


The conrod bolt exhibits the highest maximum stress but the smallest alternating stress, reflecting that bolt preload governs mean stress levels.
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AI-generated content may be incorrect.]The Goodman diagrams for each component are shown in Figures 3.7–3.9, with the bolt operating closest to the failure boundary. [bookmark: _Toc224434069]Figure 3.7 — Goodman Diagram: Conrod Bolt (6000 RPM)
[bookmark: _Toc224434070]Figure 3.8 — Goodman Diagram: Gudgeon Pin at Point A (6000 RPM)

[bookmark: _Toc224434071]Figure 3.9 — Goodman Diagram: Conrod Midpoint
[bookmark: _Toc224135639][bookmark: _Toc224442971]3.4  Critical Discussion
The Conrod bolt experiences the highest mean stress due to preload, with low alternating stress, aligning with bolted joint mechanics. Operating at approximately 50% of the Conrod midpoint fatigue margin and less than half of the Gudgeon pin fatigue margin. Reflecting the higher sensitivity of preload-dominated fasteners to mean stress. Gudgeon pin fatigue is bending-dominated, as indicated by fully reversed stress cycles, with larger alternating stresses increasing with lever arm length; the longer L1 arm produces the lower FSF. The Conrod midpoint is dominated by axial loads proportional to piston force. Inertia forces scale with the square of engine speed (Shenoy and Fatemi, 2006). Applying  scaling to the Goodman limit suggests a critical RPM of approximately 19,980 for the Conrod bolts, well above the operating envelope, confirming sufficient fatigue margin. Though the decreasing FSF with speed justifies the redesign analysis in section 5, the Goodman criterion is linear and conservative, at the high mean stress ratio present in the bolt (σₘ / Sᵤ) 0.68, non-linear models like Morrow or Smith-Watson-Topper (SWT), can more accurately account for mean stress effects and predict a less conservative boundary (Dowling, 2013).
[bookmark: _Toc224135640][bookmark: _Toc224442972]4.0  Extended RPM Analysis to 9000 RPM
[bookmark: _Toc224135641][bookmark: _Toc224442973]4.1  Interpolation Method
To assess component behaviour at 9000 RPM without direct pressure data, a physics-based extrapolation based on crank-slider kinematics extended dynamic loading beyond 6000 RPM, recalculating piston acceleration using analytical crank-slider acceleration: 
Since inertial forces are proportional to the square of angular velocity, as established in classical engine theory (Challen and Baranescu, 1999), the following acceleration scaling expression was used:  whilst combustion pressure was assumed to be unchanged. Piston acceleration and bolt loads were recalculated at higher rotational speeds, keeping the geometry constant. This isolates engine speed effects for analysis if combustion pressures are similar, offering a reasonable first-order estimate of high-speed fatigue despite simplifications.
[bookmark: _Toc224442974]4.2  Revised Loads & Stresses
[image: A graph showing a stress-free graph

AI-generated content may be incorrect.]The max stress at 9000 RPM increases from 760.7 to 783.5 MPa (Figure 4.1).
[bookmark: _Toc224434072]Figure 4.1 — Conrod Bolt Stress Comparison: 6000 RPM vs 9000 RPM
[bookmark: _Toc224433103]Table 6 — Conrod Bolt Stress Summary: 6000 vs 9000 RPM
	Component
	RPM
	σ Max
	σ Min
	σ Mean
	σ Alt
	FSF
	R Ratio
	Yield Margin

	Conrod Bolt
	6000
	760.7
	732.5
	746.7
	14.1
	1.41
	0.96
	1.30

	Conrod Bolt
	9000
	783.5
	720.0
	751.9
	31.6
	1.34
	0.92
	1.26

	% Change
	+50%
	+2.99%
	−1.71%
	+0.69%
	+124.1%
	−4.96%
	−4.17%
	−3.08%


[bookmark: _Toc224135642]Table 6 shows the acceleration ratio (2.25) closely matches the alternating stress scaling ratio (2.24), validating the  extrapolation method. Alternating stress more than doubles from 14.1 to 31.6 MPa while mean stress changes less than 1%, confirming preload dominance over steady tensile stress. The near-unity stress ratio indicates tensile loading primarily causes bolt fatigue, with limited stress reversal. The static yield margin stays above 1.25 at 9000 RPM, showing fatigue controls the design over static overload.
[bookmark: _Toc224442975]4.3  Fatigue Safety Factor Comparison
Table 7 shows the Bolt FSF drops from 1.41 to 1.34 at 9000 RPM. Despite more than doubling the alternating stress, preload-dominated mean stress limits FSF reduction to 5%. The bolt stays above the safety margin at 9000 RPM, but higher RPMs could increase alternating stress and risk limiting the Conrod bolt under extreme loads.
[bookmark: _Toc224433104]Table 7 — FSF Comparison
	Case
	FSF

	Conrod Bolt — 6000 RPM
	1.41

	Conrod Bolt — 9000 RPM
	1.34


[bookmark: _Toc224434073][image: A graph with green line and blue dot
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Figure 4.2 — Goodman Diagram: Conrod Bolt at 6000 and 9000 RPM
[bookmark: _Toc224135643][bookmark: _Toc224442976]4.4  Discussion
The agreement between the acceleration ratio and stress ratio confirmed that the scaling method was valid and demonstrated that inertia governs high-speed fatigue behaviour.
The bolt becomes increasingly critical as engine speed increases due to the sensitivity of tensile forces at TDC. Preload remains an essential factor in maintaining joint integrity; however, excessive preload results in a smaller allowable alternating stress under the Goodman theory (Figure 4.2).

[bookmark: _Toc224135644][bookmark: _Toc224442977]5.0  Conrod Bolt Redesign
[bookmark: _Toc224135645][bookmark: _Toc224442978]5.1  Design Objective
The reduction in Conrod bolt safety factor at higher engine speed indicates a higher risk of long-term fatigue failure at repeatedly high loading. The redesign goal is to ensure the safety factor at 9000 RPM matches or exceeds that at 6000 RPM. 
[bookmark: _Toc224135646][bookmark: _Toc224442979]5.2  Geometry Changes
Increasing the cross-sectional area reduces tensile stress but increases inertial forces and mass, a constraint recognised in conrod optimisation (Nishanth et al., 2021). The minimum area increase to match the safety factor of the original geometry at 6000 RPM was determined using the Goodman fatigue relation  and recognising the inverse relationship between bolt stress and tensile stress area   . 
[image: A graph of a graph with red and blue lines

AI-generated content may be incorrect.]This method determined an increase from 42.43mm² to 44.85mm² (5.7%), equating to a circular diameter change from 7.35mm to 7.56mm.
[bookmark: _Toc224434074]Figure 5.1 — Conrod Bolt Stress at 9000 RPM: Original vs Redesigned Geometry
Targeting load transmission instead of nominal stress is an alternative strategy. Alternating stress in a bolted joint is governed by  (Shenoy and Fatemi, 2006). Machining the shank to a waisted diameter of 6.5mm (below the M8x1.0 thread minor diameter of 6.77mm) reduces Kb from 311,299N/mm to 243,618N/mm, which lowers C from 0.213 to 0.175. Mean stress remains unchanged as preload acts at the thread root. The revised C gives an alternating stress of 26 MPa and an FSF of 1.36 at 9000 RPM (Figure 5.1), exceeding baseline whilst reducing bolt mass by 21.7%.
[bookmark: _Toc224135647][bookmark: _Toc224442980]5.3  Revised Stress & Goodman Analysis
Table 8 summarises the key stress statistics: peak stress drops from 783.5 MPa to 741.3 MPa. Alternating stress decreases by 1.6 MPa due to a slight CSA increase; mean stress decreases by 40.7 MPa. The Goodman FSF remains at 1.41, matching the original geometry at 6000 RPM.
[bookmark: _Toc224433105]Table 8 — Bolt Redesign: Stress Comparison at 9000 RPM
	Component
	Case
	σ Max (MPa)
	σ Mean (MPa)
	σ Alt (MPa)
	FSF
	Mass vs Original

	Conrod Bolt (Original)
	9000 RPM
	783.5 
	751.9 
	31.6 
	1.34
	—

	Conrod Bolt (Redesigned)
	9000 RPM
	741.3
	711.2 
	30.0 
	1.41
	+5.7%

	Waisted Shank (6.5mm)
	—
	783.5 
	751.9 
	26.0
	1.36
	-21.7%


[image: A graph with green line and numbers

AI-generated content may be incorrect.]The redesigned geometry in the Goodman diagram (Figure 5.2) shifts left and downward, increasing the gap from stress limits and restoring fatigue margin while keeping stresses below yield.
[bookmark: _Toc224434075]Figure 5.2 — Goodman Diagram: Original vs Redesigned Bolt at 9000 RPM
[bookmark: _Toc224135648][bookmark: _Toc224442981]5.4  Engineering Justification
[bookmark: _Toc224135649]Increasing the tensile stress area by the required 5.7% represents a balanced refinement, allowing for minimal area increase while restoring fatigue margin. Bolt stiffness increases slightly , which marginally reduces joint separation during inertial loading. However, the change in the stiffness ratio (C) is negligible due to the small increase in area. Since the bolt was already deemed safe for static strength, fatigue safety becomes the main design focus instead of yield. To prevent over-engineering and reduce material use, matching the FSF is preferred over exceeding it. This approach can be applied to reach a target FSF above 1.41.
[bookmark: _Toc224442982]5.5  Alternative Material Evaluation
Material grades were assessed per BS EN ISO 898-1 (British Standards, 2009), comparing property classes 10.9 (1100MPa), 12.9 (1200 MPa) and 14.9 (1400 MPa).
[bookmark: _Toc224433106]Table 9 — Material Comparison: Original Geometry (9000 RPM)
	Material
	UTS (MPa)
	Tensile Area (mm²)
	FSF
	FSF Change

	Original Steel
	1100
	42.43
	1.34
	—

	High Strength Steel
	1200
	42.43
	1.46
	+8.95%

	Ultra-High Strength Steel
	1400
	42.43
	1.70
	+26.86%


[bookmark: _Toc224433107]
Table 10 — Material Comparison: Redesigned Geometry (9000 RPM)
	Material
	UTS (MPa)
	Tensile Area (mm²)
	FSF
	FSF Change

	Original Steel
	1100
	44.85
	1.41
	—

	High Strength Steel
	1200
	44.85
	1.54
	+9.22%

	Ultra-High Strength Steel
	1400
	44.85
	1.80
	+27.66%


[image: A graph with different colored lines

AI-generated content may be incorrect.]Stress histories remain unchanged since only allowable strengths vary. Tables 9 and 10 show that using high-strength steel (1200 MPa) increases the geometry FSF from 1.34 to 1.46, surpassing the FSF at 6000 RPM without adding mass. Ultra-high-strength steel yields safety factors of 1.70-1.80 but increases notch sensitivity and cost. Therefore, high-strength steel with redesigned geometry offers a balanced solution, highlighted by the Goodman diagram in Figure 5.3.
[bookmark: _Toc224434076]Figure 5.3 — Goodman Diagram: Geometry and Material Comparison at 9000 RPM
[bookmark: _Toc224135650]

[bookmark: _Toc224442983]5.6  Thread Root Stress Concentration Sensitivity
The Goodman analysis model uses nominal tensile-area stresses. However, fatigue cracks primarily initiate at the first engaged thread because of geometric stress concentration. A sensitivity study followed the U-notch stress-concentration methodology of Filippini (2000) and the notch sensitivity framework of Dowling (2013). Converting theoretical stress concentration (Kt) to a fatigue notch factor (Kf), with q=0.5 (moderate) and q=1.0 (conservative upper bound): 
[bookmark: _Toc224433108]Table 11 — Thread Root Stress Concentration Sensitivity
	Thread Case
	K_t
	Assumed q
	K_f
	σ Local Alt (MPa)
	FSF

	M8 × 0.75
	4.407
	0.5
	2.704
	86.0
	1.17

	M8 × 0.75
	4.407
	1.0
	4.407
	140.2
	1.04

	M8 × 1.0
	4.302
	0.5
	2.651
	84.3
	1.17

	M8 × 1.0
	4.302
	1.0
	4.302
	136.8
	1.04


Table 11 shows that thread-root stresses reduce FSF by 13-22% depending on the notch sensitivity assumption. This estimate omits three factors: residual compressive stresses from rolled threads, stress distribution across engaged threads, and the larger notch root radius compared to a sharp U-notch assumption (Dowling, 2013). This simplified approach is consistent with the screening methodology described by Xu et al. (2024), who noted that full quantification requires FE analysis to capture residual stress and thread load distribution missed by nominal stress analysis.


[bookmark: _Toc224135651][bookmark: _Toc224442984]6.0  Crankshaft Torque Comparison
[bookmark: _Toc224135652][bookmark: _Toc224442985]6.1  Standard Flat-Plane Configuration
[bookmark: _Toc224135653][bookmark: _Toc224442986]Instantaneous crankshaft torque arises from gas and inertial piston forces transmitted through the crank-slider mechanism, acting via the crank radius and conrod geometry. In inline-4 engines with flat-plane crankshafts at 6000 RPM (throws at 0º/180º/360º/540º), torque traces are phase-shifted, summing to 229.82 N·m with low peak-to-peak variation, indicating smooth torque delivery.
6.2  Cross-Plane Configuration
[image: A graph of a graph with red and blue lines

AI-generated content may be incorrect.]An alternate crank phasing (0º/90º/360º/450º) represents a cross-plane configuration. Total work per cycle remains unchanged; the distribution of firing events influences the interaction between gas and inertial torque. Figure 6.1 shows that the cross-plane setup produces larger torque peaks than the flat-plane, indicating greater torque fluctuations. 
[bookmark: _Toc224434077]Figure 6.1 — Instantaneous Crank Torque: Flat-Plane vs Cross-Plane (6000 RPM)
[bookmark: _Toc224135654]

[bookmark: _Toc224442987]6.3  Comparative Discussion
[bookmark: _Toc224433109]Table 12 — Crankshaft Configuration Comparison (6000 RPM)
	Configuration
	Avg Torque (N·m)
	Peak-to-Peak (N·m)
	RMS (N·m)

	Flat Plane
	229.82
	602.02
	281.47

	Cross Plane
	229.82
	1,822.64
	565.00

	% Difference
	-
	202.8%
	100.7%


Table 12 shows both configurations produce identical average torque (229.82 N·m) since total combustion work per cycle is constant. The flat-plane crank produces a peak-to-peak ripple of 602.02 N·m, versus 1822.64N·m for the cross-plane (202.8% increase), with RMS torque rising from 281.47N·m to 565N·m. The higher torsional excitation is consistent with the connection between firing irregularity and torsional vibration established by Mendes, Meirelles and Zampieri (2008). The 202.8% ripple increase intensifies oscillatory bending moments on big-end bearing shells and crankshaft fillet radii, imposing fatigue demand on those interfaces in the same -driven manner identified for the Conrod bolt in section 3. In cross-plane inline-4s, uneven firing intervals (90º/270º vs 180º in flat-plane) cause asymmetric torsional loads less effectively cancelled. Therefore, the flat-plane crankshaft is preferable for the Ford 1.6L GTDi EcoBoost on both NVH and durability grounds.



[bookmark: _Toc224135655][bookmark: _Toc224442988]7.0  Conclusion
This study analysed the cyclic loading of Ford 1.6L GTDi EcoBoost engine's bottom-end components to identify fatigue-prone parts under baseline and high-speed conditions. At 6000 RPM, the Conrod bolt was most critical with an FSF of 1.41, lower than the 2.86 FSF at the rod midpoint, while the Gudgeon pin had safety factors over 3.0. Although the alternating stresses are low, preload stresses push the operating point closer to failure as per the Goodman criterion. Increasing speed to 9000 RPM raised the inertial load 2.25 times, leading to a 2.24-fold increase in alternating stress on the bolt, with mean stress unchanged, reducing the FSF from 1.41 to 1.34. The static margin remained above 1.25, indicating fatigue as the main failure mode. To restore the FSF to 1.41 at 9000 RPM, a 5.7% increase in tensile stress area was needed, matching baseline safety margins without adding stiffness or mass. Upgrading to 1200 MPa steel improved fatigue margin to 1.46 without increasing CSA. Torque analysis shows crank phasing affects torque ripple, not average torque. The cross-plane setup’s variation is 202.8% larger, increasing cyclic stress on crankshaft fillets. The key constraint is preload-driven mean stress at σₘ/Sᵤ = 0.68, with inertial effects, thread-root concentration, and material sensitivity shaping fatigue limits.
[bookmark: _Toc224135656]
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[bookmark: _Toc224442990]Appendix A — Hand Calculations
[bookmark: _Toc224135658][bookmark: _Toc224442991]Key Derivations at θ = 19° Crank Angle














[bookmark: _Toc224135659][bookmark: _Toc224442992]Stiffness Model
k_b = E_b·A_b / L_b = 200,000 × 42.43 / 27.26 = 311,299 N/mm
k_m = E_m·A_m / L_m = 170,000 × 210 / 31 = 1,151,613 N/mm
C = k_b / (k_b + k_m) = 311,299 / (311,299 + 1,151,613) = 0.213
The bolted-joint stiffness factor  is mathematically equivalent to the expression: 
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(9000 RPM): 














Since 
 
  
Hollow pin cross-section: (D_o = 21, D_i = 12.3, A_pin – 227.5),
[bookmark: _Toc224442995][bookmark: _Toc224135661]Waisted Bolt Shank – Stiffness and FSF Calculation
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(@ 9000 RPM):  






At :   ,  ,  ,  
At :





Rod Consistency = 1.000000

So :                                                               
[bookmark: _Toc224135662][bookmark: _Toc224442997]Torque Validation
T̄_single = 57.453 N·m   →   4·T̄_single = 229.812 N·m
T̄_engine = 229.822 N·m   →   Ratio = 229.822/229.812 = 1.00004Figure A1 – Ford 1.6L GTDi EcoBoost Torque + Power Data (Ford Component Sales, no date)
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AI-generated content may be incorrect.]Appendix B — MATLAB ScriptFigure A4 – MATLAB Script pt.3
Figure A3 – MATLAB Script pt.2
Figure A2 – MATLAB Script pt.1
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Figure A9 – MATLAB Script pt.8
Figure A8 – MATLAB Script pt.7
Figure A7 – MATLAB Script pt.6
Figure A6 – MATLAB Script pt.5
Figure A5 – MATLAB Script pt.4
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Net Piston Axial Force vs Crank Angle (6000 RPM)
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Conrod Bolt Stress (6000 RPM)
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Gudgeon Pin Von Mises Stress (6000 RPM)
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Conrod Little End Hoop Stress (6000 RPM)
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fprintf(*\n-— Table
forintf('a-6s -10s %-125 %-105 %-105 %8s A-8s\n’
T_thread", ‘T_head", 'T_total, '%_lead", "W sargin')

for mu_t = [0.10, 15, 0.18]
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[, 58.f, 5011 = meanAlt(sig_f);
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FSF6 = goodaanFsF (sa.f,
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end
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122 % Validation + consistent angle check

e} onega_6k = 24p146800/60;
120 36000 = rwomesa_6k"2ecos(theta) + (2/1)somega_6k-2ucos (2ethetal ;

125 Fgas = pressure % Ap

126 Flinert = m_rec .+ 2600

17 Fpiston = F_gas - F_inert;

128 Forod = Fpiston -/ cos(phi)

129 5, 18x19] = min(abs  theta deg - 19));

130 fprdntf(*\o— Table 3: Validation at thets = %.1f deg -—\n', theta_deg(idx19));
1m forintf(Gas Force (N) .01\, F_gas(ida1s));

m forintf(*Tnertia Force @ 6 .2f\n') Finert(ix19)

3 frintf(*Net Piston Force (N) 120\0'] Episton(ias));

134 forintf(*Rod Force (N) w12f\n') Frod(idx19)) ;

135 forint(*Rod Angle phi (deg) 512M\n'] radaseg(phi(idx1s)));

136 forint(*Rod Cans istency K171\ ] F_rod(idx19)scos (phi (14619))/F_piston(14x19));
e onega_Sk = 24p149800/60;

138 2196k = rwonesa_6k~2ecos(theta(14x19)) + (r2/1)somega_6k"2xcos(2sthetal 14x19):
139 71979k = rwomega_Sk~2ecosi(theta(14x19)) + (r2/1)somega_0k-2wcos(2ethetal( 16x19))
140 foriatf(*Acceleration Ratio Sk/6k ¢ %.2f\n', a.19_9k/a_19_6K);

141

102 % 1st/20d order harmonics

143 alst = omesa 6k2 . cos(theta);

104 a2nd = (2/1) % omega_6k"2 - cos(2etheta);

145 Torantf('\n1st order splitude = %.2f W/s7\n', raonega_6k°2);

148 forintf{*2nd order amplitude = %21 /s? (x.1% of Tst\n', -

17 (2 sonega_ 602, (r/1)+100);

148 #igure(Name, 'Fig 2.1 - Piston Acceleration Order Separation’);

149 setlget, "Color, 'k}

150 h = plot (theta deg, a_1st/1080, ‘b, 'Linewidth’,1.5); hold on;

151 12 = plot (theta_deg, a20d/1000, 'r', 'LineWidth'15);

152 13 = plot(theta deg, (3 lstra_2nd)/1000, 'w-w', ‘LineWidth’, 1.8);

153 arid on; xtin(

154 Xlabel(*Crank Angle (deg) ); ylabel('Acceleration (kn/s?)®
155 title(*Piston Acceleration: 1st and 2nd Order Copanents (6000 RPH)',"Color", "u’)
156 Tegend( [N h2 h3], '1st order",'2nd order",'Coabined", 'Location’, "best ', ‘TextColor-
157 YU = ylin; strokepatches(yl); uistack(tindob](gca, ‘Type’, Line'}, ‘top'};

158 StrokeLabels (gea); set(gea, Color” "K', ‘XColor®, "w’, "YColor, "'}

159

160

161 % Fret + Feide

182 figure("Nane, Fig 3.1 - Net Piston Axial Force');

16 setlget, "Color, k')
164 plot(theta_deg, F_piston/1000, 'r', ‘LineMidth’,1.5);

165 arid on; xLin([-350 360]

166 Xlabel(*Crank Angle (deg) ); ylabel('Net Piston Force (Ki)*);

167 title(Net Piston Axial Force vs Crank Angle (6080 RPH)',"Color*, "w');
168 Y1 = ylin; strokePatches(yl); uistack(findobj(gca, ‘Type';"Line'), ‘top');
169 StrokeLabels (gea); setlgea, Calor, K", AColor, ‘u', YColor’, "'}

0

m & Lateral + Friction

m Fside = Fpiston .« tan(phi);

m m_piston = 0.05;

173 Ffrict = abs(F_side) % mu_piston;

s figure(Name , 'Fig 3.2 - Lateral and Friction Forces');

178 setlget, ‘Color, 'K}

m yyaxis fert

ke R = plot (theta deg, F_side/1008, ‘y', ‘Linewidth',1.5);

1 yiabel("Lateral Force F_{side} ()", ‘Color’, ')

180 yyaxis right

181 Rf = plotitheta deg, F_frict/1080, 'n’, ‘LineWisth’,1.5);

182 yisbel(‘Friction Force F_{friction} (k)" ‘Colar’, 'W'};

18 arid on; xUin([-360 360]

184 Xlabel(‘Crank Angle (deg)

185 title(*Piston Lateral and Friction Force (6000 RPN, “Color", w!)

186 Tegend( [N ], 'F_{side}’, 'F_{friction}", 'Location’, best’, TextCotor’, "w');
187 strokeLabels (géa); set(gea, 'Color” "K', ‘AColor*, 'w', "YColor", ')

188 fordnt(*\opeak lateral force = %.2f l\n’, max(F_tide) /1000);

189 forintt(‘Peak friction force = %.3f kN\n', max(F_frict)/1008)
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b % Rod midpoint

3 goodnanPlot(sa_n, sa_n, UTS rod, Se_rod, {'Midpoint'}, -
E “Goodaan ~ Conrod Hidpoint';

m

m

3 & Critical m:

3 stg_alt_crit = Se_bolt » (1 = bsn(2)/UTS bolt);

3 RPHCrit = 6090 « sqrt(sig alt crit 7 bsa());

e fprintf(*\n-— Section 3.4: Critical RPN ——\n'
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310
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32 % 6k vs 9K Goodnan

0 goodnanPlot (bsa, bsa, UTS bolt, Se_bolt, {'6000 A", 5000 REN'),
304 “Goodaan ~ Conrod Bolt")

a5

e % Bolt Redesign:

07

el % Target csA

249 FSF_target = bFSF(1);

350 Obj_CSA = @(A) goodnanFSF_froaFext(a, Fi, C, F_ext 9000, Se_bolt, UTS bolt) - FSF_target;
351 Anew = fzero(obj_CSA, [0.54A_bolt, 3+ bott]);

32 Fhonew = Fi + C % Fext.900;

3 sto_new = (Fo_new -/ Anex) / 1e6;

e [smax_r,smin_r,sn_r,sa_r] = seanAit(sig_new)

E FSF_r ' goodeanfSF(sa_r, sa_r, UTS_bolt, Se_bolt)

36 Torinte(*\n

357 forantf('Aold = %.2 i | Aned = %.2f ma* (%.1f% increasen’, .
El A_bolteles, A_newsles, 100k(A_new/A_bolt-1)

359 forintf(*dold = .2 n | d_new = .21 ma\a’, ...

360 Sqrt(44A_boltxle6/pi), sqrt(xhnewries/pi)

361 forintf(*Redesigned FSF = %.20\n', FSF_1);

2

38 % Orginal vs redesign at 9k

364 figure("Nane, Fig 5.1~ Bolt Stress €9000 RPM: Original vs Redesigned');
385 setlget, "Color, 'K}

366 P1 = plot(theta deg, signa_bolt(2}, 'r', ‘LineWidth’,1.4); hold on;
367 P2 = plot (theta_deg, sig_new, te) Linewidth'11.6);

368 arid on; xUin([-360'360]

389 Xlabel(*Crank Angle (deg)); ylabel('Bolt Stress (Wpa)');

B title(*Conrod Bolt Stress 9000 RPH: Original vs Redesigned A_{bolt}", ‘Color, ')
i Tegend([p1 21,5000 ReN (original)", ‘9000 R (redesigned)”,

) “Location’, best’ , TextColor, ')

m YL = yli; strokepatches(yl); uistack(Tindob](gca, ‘Type’,"Line’), 'top');
B StrokeLabels(gea); setlges, ‘Calor, K", AColor*, ‘w!, YColor", "'
s

B % Waisted Shank

Bl daaist =65 %mm

E Aaist = pi/a x daist % me

B Kvaist = (Eb % Alaist) 7 Lbi % N/m

E Craist = kbwaist / (kb aist + ka);

381 savaist = bsa(2) » (Cualst / C);

Ee) FSF_uaist = goodnanFSF(bsa(2), sa_vaist, UTS_bolt, Se_bolt);

El fprintf(*\n-—- Section 5.2: Waisted Shank —\n')

384 forintf{*d vaistek.1f mn | Aaistss.2f ant | kbes.Of N/m | Cov.3f\n',
385 daist, Aaist, kbwaist, Craist);

386 forintf(*sa waistedsk.1f HPa | FSF=.2f | Mass change = ~%.1f8A\n’,
7 Sa_ualst, FSF_vaist, 100s(1 - Aaist/A_b_an));

E

389 % 6Kk vs 9k original us 9K redesign

3% goodnanPlot(bsn(1) bsa(2) sa_rl, [bsa(1) bsa(2) sa_rl,

301 TS bolt, Se_bott, .

E /6300 R, 79000 RPN (oria)", 9000 RPW (redesigned) '), ..

303 "Goodman — Conrod Bolt')
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forintf(*\n—
Torintf('D_osk.
forintt ('L

forintt ('L

Torantf('UTS nay

S10.W L1 = sqrt(sig_pin L1.%2 + 3.4tau_pin. )

Section 3.2.2: Gudgeon Pin —-\n');
11 | D_ixh.3f | Apin.2f mmi\n

rgin (W) = %30

S1WL2 = sqrt(sig pin 2.2 + 3etaupin.~2);

figure(Nane'
set(gct, ‘Color®

1L = plot (theta's
12 = plot (theta s
3 = plot (theta s
arid on; xLin([-
Xlabel(“Crank Angle (deq)

title(*Gudgeon

Fig 3.4 - Gudgeon Pin Von Mises Stress');
k)i

deg, st L1, '9" hot

deq, sig W12, 'r"
deg, taupin, 'y, ‘Linewidth',1.2);
360 3601

ylabel(*stress (upa)");
Pin Von ises Stress (6000 RPY):,

UTS pin/signa \M_peak);

b_o, D_1, Apin);
Seaxeh.17 | sa.1f | sask.1f | FSFk.2M\n', Seax_pl, sapl, sapl,
SeaxchI1f | saeA.1f | saen.1f | FSFe.2M\n') seax_p2, sap2, sap2,
forintf(*Peak shear = %.2f NPa | VM peak = %.2f WPa (x.17%% above bending)\n’,

ax(tau_pin), signa WM peak, (sigma_VM_peak/max(abs(sia_pin_L1))-1)+100)

Cotor*, 'w');

Tegend([h1 h2 ha], 'Von Hises L1', "on Mises L2', ‘Shear \tau', .

“Lacation’

Y= ylin; strokepatches(yl); uistack(tindob] (gca, ‘Type’

StrokeLabels ge:

% Rod midpoint

Thest", ‘TextColor', ‘w3

a); setlgea, Color, "K', ‘XColor, " "Yeoloy

stress

signa_mid = F_rod ./ A sid;

[snaxn,smin_,

sn_f,sa_n] = meanalt(sigma_nid)

FSF_nid = goodeanFSF(sa_n, sa_n, UTS_rod, Se_rod);

Torintf(*\n-—r

Section 3.

.3: Conrod idpoint

Line'), 'top');
)

TPrintf('snaxch.if | sminek.if | swh.f | sask.af | FSEk.2f\n',
saax.n, snins, sn_n, sa_s, FSF_id);

figure("Nane'
set(get, ‘Color”
plot(theta_deg,
arid on; xLin(

Xlabel(‘Crank Angle (deg)
title(*Conrod Midpoint Stress (6o

Fig 3.5 - Conrod Midpoint Stress');
k)i

signa_sid,

360 3601

., ‘Linekidth',1.5);

Yiabel(*Conrod Midpoint Stres:
RH)*, “Color, ')

Y1 = ylin; strokePatches(yl); uistack(findobj(gca, ‘Type',

StrokeLabels ge:

a); setlgea, Calor, k', ‘XColor",

» Yeoto

& Little End hoop stress

r_bare = 11,062

hall = 4.5e-3;
blle = 1600

ple = Finert ./ (2 % r_bore w b_le);
sio_hoop = p_le » r_bore / tall / 166;

[sh_pax, sh_sin,
FSF_hoop = goods
Torintt(*\ne-r

h_nean, sh_alt] = neanaLt (sia_hoop
InanFSF (<h_nean, sh_alt, UTS_rod, Se.rod);
Table 4: Little-End Hosp Stress ——\n');

s (wPa))

Line'), 'top');

fprintf(*snaxex.2f | sminek.2f | sweh.2f | sash.2f | FSFe.2f\n’,
Sh_nax, sh_nin, sh_mean, sh_alt, FSF_hoop);

foranti(‘Hoop peak 3 ¥ of midpoint peak = %, 1¥4\n

sh_nax/max
figure{ Nane,*
setlget, ‘Color
plot(theta deg,
arid on; xLin(

xlabel(‘Crank Angle (dea]
title(Conrod Little End Hoop Stress (6080 RoM)" ,‘Color’
Y1 = ylis; strokepatches(yl)

StrokeLabels ge:

 Goodaans:
% Bolt at 6k

goodnanPlot(bsa(1), bsa(1), UTS bolt, Se_bolt, {6000 REN"

“Gaodaan

 Gudgeon Pin

(abs(signa_mid) }4100);

Fio 3.6 - Conrod Little-End Hoop Stress');
L
sig_hoop,

360 3601

., “Linewiden', 1.5);

i ylabel(‘Hoop Stress (NPa)')

wistack findob] (gcs,
K, ‘XColor,

a); setlgea, Color

Conrod Bolt!)

goodnanPlot([sa_pl sa_p2], [sa_p1 sa_p2], UTS.pin, Se_pin, ..

{Pin L1°

'Pin 127}, “Goodnan - Gudgeon P1n @ A"

FSE_p);
FSFp2);
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% Stresses
signa_bolt = cell(1,2
bsn = zeros(1,2); bsa = zeros(1,2
benax = zeros(1,2); bemin = zeros(1,2); bFSF = zeros(1,2);
Fext_s000 = (1]

for K= 112
RPM = (6000 9000 ; RPN = REM(K);
onega = 2wpLeREN/GO;
ak = rwonegazecos(theta) + (r2/U)sonega“2ecos(2xtheta)
Fext = (n_rec -x ak) ./ n_bolts;

51 RoM == 5000, F_ext_9000 = Fext; end
P o= FeC o Fexts

sig = (Fb ./ Abolt) / 1e;

signa_bolt(k} = sig;

[bsnax(k), bsnin(k), bsa(k) bsa(k)] = meanAlt(sio)
BFSF(k) = goodnanFSF(bsn(k), bsa(k), UTS_ball, Se_bolt);

forintf(*\n-—- Section 3.2.1 / 4.2: Conrod Bolt —-\n');
for ke1:2, RPMN=[6000 9600); REM=RPH(K);

Thrintf(*xd RPM: snaxek.1f | smineh.1f | sask.1f | sask.f | FSFeb.2f\n’, ..

b (IO R, BT, L T,

end

forintf(*Acc ratio = .21 | ALt stress ratio = %.20\n', ...
(onega_Sk/onega_6K)~2, bsa(2)/bsa(1));

forintf(Static yield sargin Q3000 = %.2\n", signa_y_bolt/bsnax(2));

forintf(*Fatique stress ratio R gek = %.2f | @9k = %.2\n',
bsmin(1)/bsnax(1), bsain(2)/bsmax(2});

4 Stress at sk rpn
figure( Nane, Fig
setlget, "Color, k')
plot(theta_deg, 'signa_bolt(1), ‘g’, ‘LineMidth’,1.4);
arid on; xLin([-360 360]

xlabel(*Crank Angle (deg)); ylabel('Bolt Stress (WPa)');
title(Conrod Bolt Stress (5080 RF)®, Color", ‘w'

Y1 = ylin; strokepatches(yl); uistack{tindobj{gca, ‘Type’,"Line’), ‘top');
StrokeLabels (gea); setlgea, Calor, K", AColor, ‘u', YColor’, "'}

3 - Conrod Bolt Stress (6

o)

% 6 vs 9k
figure(Nane" , Fig 4.1 - Conrod Bolt Stress Coparison');
setlget, "Color, 'K}

N1 = plot(theta deg, signa_bolt(1}, ‘s’, ‘Linekidth',1.
12 = plot (theta deg, signa_bolt(2}, 'r', ‘Linewidth'1.
arid on; xUin([-360'360]

Xlabel(*Crank Angle (deg)); ylabel('Bolt Stress (Wpa)");
title(" Conrod Bolt Stress Cosparison’, ‘Color

Tegend([h1 h2], 6000 RoN’, 9000 RPH', ‘Locat ion
YU = yli; strokePatches(yL); uistack(findobj(gea, ‘Type',"Line’), ‘top');
StrokeLabels(gea); setlgea, Calor, K', ‘AColor", ‘4’ YColor, 'w

)3 hold on;
5);

% pin Stress
WL (Fpiston./2) .o L1;

W02 = (Fpiston./2) s 12}
siopin Ll = (411 -« y_pin) -/ Lpin;
sigpin 2 = (W12 e y_pin) -/ Lpin;
00 = 24y_pir

D1 = (D5 - 64XT_pin/p)~
Alpin = pU/4s(D_0%2 - D_i"2);

V_pin = abs(F_piston)./2;

tau_pin = (4/3) x \_pin -/ Apin;

[snx_p1, snin_p1,sn_p1,5ap1] = meandlt(si_pin_L1)
[snax_p2, snin_p2, sn_p2,5a_p2] = meanAlt(sig_pin L2}
FSF_p = goodsanSF(sn'p1, sa_pl, UTS pin, Se_pin
FSF_p2 = goodsanFSF(sn_p2, sa_p2, UTS pin, Se_pin
cigna. WN_peak = sqrt(max(abs(sig.pin L1))~2 + Iwmax(tau_pin)~2);

25
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525 [~,ai] = min(abs(rpm_oen - 3000));

s26 eth_cal = 248 / T_raw{ai);
s27 forintf(*\neta_cal (anchored at 300 RPN) = %.41\n’, eta_cal);
s T_nodel = T_raw * eta_cal;

529 Ppodel = T_nodel .x (2#pi.erpn_oea/60) / 106

s30 err_T = (T_nodel - T_oen)./T_oem100;

s31 err P = (Pnodel - P_oen) /P_oeme1
sz forintf('Hean sbsolute torqus error = %.1fAn’, mean(abs(errT));

s frant(*Hean absolute power error = %.1fsn’, nean(abs(err—P));

s34 figure("Nane" , Fig 2.2 - adel Validation: Torgue & Pover vs Ford EcoBoost 150ps°)
535 setlget, ‘Color, 'K}

s36 yyaxis fert

57 Plot(ron_ces, T_model, 'b-o’, 'Lineidth’,1.8, ‘MarkerSize’,6); hold on;
s Plot(rpn_oes, Toen, = 'y—o",'Lineliidth',1.5, ‘Markersize’ 5);

539 yiabel(‘Torgue (ha)",'Color’, 'w'); yLin( B

si0 yyaxis right

sa1 Plot(rpn_oes, P_model, 'c-o', 'Lineliidth',1.8, MarkerSize’,6);

sz Plot(rpn_oen, P_oen, ' ‘n—

543 Viabel("Fower ()", *Color

544 Xlabel("Engine Speed (RPM)'|"Color", 'u');

sis title(*Brake Toraue & Pover. vs Ford 1.6 GTDL EcoBoost 150p:

sig Tegend(Model. Torque’, ‘08H Torque

507 “Lacation’, 'best; ‘TextColor"

sig arid on;

549 Setlgea, ‘Color", "K', "XColor*, 'w", "YColor", "w', ‘GridColor*, [0.3 8.3 0.31);
ss0

ss1 Stocal funcs

sz function [seax, sain, sa, sa] = neanalt(sig)

553 smax = max(sig); smin = min(sig);

554 s = (snaxesnin)/2; sa = (ssax-sain)/2;

ss5 end

556

557 function FSF = goodaanFSF(sn, sa, Sut, Se)

ss8 FSF =1/ ((sa/e) + (sa/sut));

559 end

se0 function FSF = goodnanESF_froaFext(s, Fi, C, Fext, Se, Sut)

se1 Fb = FL4C ok Fext;

se2 sig = (Fb ./ &) / 165;

s6 [y sn,sal = meanAlt(sig)

s64 FSF = gbodaanFSF(sa, sa, Sut, Se);

565 end

see function strokepatches(yl)

s67 patch([-360 180 -180 3601, [yL(1) yL(1) yL(2) yL(2)], 0.8

S8 “FaceRlpha’ 0.3, 'EdgeColor", ‘none*, "Mand Levis ibility’,

569 patch([-180 ©' 8'-180), [y1(1} y1(1) 'yL(2) y1(2)], 0.5 1

570 “Facerlpha’ 0.3, 'EdgeColor", ‘none"  ‘HandleVisibility"

s71 paten( 0 180'188 01, [y1(1} y1(1) Y102} yl(2)]1, 1

s “Facerlpha’ 0.3, 'EdgeColor", ‘none"  ‘HandleVisibility",

s pateh([ 180 360360 1801, [y1(1) y1(1) Y102} y1(2)], 1

s74 *Facerlpha’ 0.3, 'EdgeColor", ‘none"  "HandleVisibility

575 end

576 function strokeLabels(ax)

17 U= ylinax); y.t = yl(1) + 0.924(y1(2)yL(1));

s text(-270,y_t, ‘Intake', 'HorizontalAlignsent!,’center, FontWeight", ‘bold", *Color®
519 Conpres:ion', 'HorizontalAlignaent ', 'center | "FontWeight
st Expansion’, ' 'Horizontalalignaent’, center | "FontWeight
ss1 Exhaust’, | ‘HorizontalAlignaent’, center" "FontWeight
2 end

e function goodsanPlot(sa arr, sa_arr, Sut, Se, labels, titlestr)

sea sa_Line = linspace(o, Sut, i

e s2_allow = Se % (1 - sn_Line./Sut

se6 figure( “Nlase’, itlestr); set(gcf, Color", 'k'); hold oni grid an;

s&7 plot(sn_Line, 'sn_Line + sa_allow, ‘g, 'Linewidth’,2);

S8 Plot(sn_Line, sn_Line - sa_allow, ‘g, Linewidth'2);

580 Cols = Uines{numel(sn_arr)),

590 for 4 = Linunel(sn_arr)

so1 saax_i = sn_arr(i)esa_arr(1); sain_i = sn_arr(i)-sa_arr(1)

s92 plot{(sn_arr(s) sa_arr(1)], [smin i smax_il, Color", cals (i), LineNidth’,2);
593 Plot(sa_arr(i), ssax_i, ‘o', Color',cols(i, ), MarkerFaceColor’,cols(1,:), "HandleVisibility', ‘ot ');
594 Plot(saarr(1), sain i, ‘o', "Color"cols(1,:), "MarkerFaceColorcols(L, ), "HandleVisibility’, 'of "),

595 od
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4s5 * sort

55 ok = fstinite(theta_cyc) & istinite(T_single);

57 [theta_cyc, isrt] = sort(theta_cyclokl);

8 T_single = T_single(ok); T_single = T_single(isrt);

59 [theta_cyc, Tul = uniaue(theta_cye, 'stable’)

6 T_single = T_single(iu);

61 theta_ext = Ttheta_cyc; theta_cyc(1)+720]

62 Tt = [Tsingle; Tsingle(L)];

163 offsets_flat = [0 180 360 540];

64 offsets_cross = [0 90 360 d50]

165 T_flat = zeros(size(theta cyc));

165 Tocross = zeros(size(thetacyc));

67 for i =114

68 xq = mod(theta_cyc - offsets_flat(s), 720);

69 T_flat = Tflat + interpl(theta_ext, Text, xq, ‘linear');

a 3 = mod(theta_cyc - offsets_cross(i), 720)

n T_crass = T_cross + interpl(theta_ext, T_ext, xq, linear');

n end

n Tavg_flat = nean(T_flat);

a7 Tokpk_flat = nax(T_lat) - nin(T_flat);

a7 Tems_flat = sart(nean(T_flat."2)

78

an Tavg_cross = mean(T_cross);

amm Tokpk_cross = sax(T_cross) - min(T_cross);

an Tes_cross = sart(nean(T_cross.~2)

80

a8 fprantf(*\n-— Table 12: Crankshaft Torque Cosparison —-\n'};

82 printf('12s %145 %163 %-10s\0", Contin’, 'Avg (N-m) ', 'PR-Pk (N-m)", 'RHS (N-m)');
8 forintf('4-126 A-14.21 %-14.2¢ %-10.2M\n’, ‘Flat Plane’, Tava_flat, Tokpk_flat, Tms_flat);
a8 fprntf('4-126 A-14.2f %-14.2f %-10.2f\n","Cross Plane,Tavg_cross, Tokpk_cross, Trms_cross);
85 forintf(*Ripple increase = %.1f4%\n', 100w(Tpkpk cross - Tokok_Tlat) /Tpkpk,flat);
485 forintf('RIS increase = %.148\n', 100k(Trms_cross - Tras_flat) /Trms_flat);
5

58 % Tns. crank torque flat vs crass-plane

8 figure(Name, 'Fig 6.1 - Instantaneous Crank Torque: Flat vs Cross Plane’);

o0 setlget, ‘Color, 'K

o1 N1 = plot(theta cyc, T_flat, b, 'LineNidth',1.8); hold on;

%2 h2 = plat(thetacyc, Tcross, 'r', 'LineNidtn',1.8)

153 arid on; xUin([6 720))

0 Xlabel(‘Crank angle (deg, 0-720)); ylabel( Toraue (N-n)');

105 title(Crank Instantaneous Torque: Flat-Plane v Cross-Plane (5009 RPH)", 'Colar’, 'w"
%5 Tegend([h1 h2], Standard 14 (8/180/360/548)" , "Alternative phasing (8/90/360/450)", -
57 “Location', best’, TextColor’, 'w');

o8 setlgea, ‘Color', 'k, "KColor”, "', YColor, w);

409

s00 % Model. torque vs 01

so1 Lstroke = 2¢r;

02 Vi = ko Lstroke;

503 Vatot =4 Vi

S04 Pcyl_data = readmatrix(‘Engine Data.xlsx’, .

s05 “Sheet, 'Ford 1.6 GOTL", ‘Range’, 'B4:LTZ3') ¥ 1e5; % bar - Pa

506 15002000, 2500, 3000, 3500, 4000, 4500, 5000, 5500, 6000

s07 231, 200, 204, 208, 205, 205,226, 212, 192, 1721

e 36, 50, 64, 78, 90, 102, 105, 110.8,110.4,108)

S Valid idx = find(isfinite{thets_deg), 20, " first'

s10 theta v = deg2rad(theta_deg(valid_idc));

s1 dxy = -rasin(theta_y) ~ (~-2esin(theta u).wcos(theta v)) -/ sart(1"2-(rusin(theta v))."2);
sz Ay = Ao % v,

s P_oyldata =

s1 om0.3; C1:

515 T_raw = zeros(1,11);

s16 for § = 1011

s £

st Paax_bar

s19 Ep

s20 Wind

s21 TP = Wind/vd/1e5;

sz T_rau(i) = (THEP - FHEP) +1e5wVd_tot/ (4vpi);

=2 nd
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395 ‘Material evalutation
396 UTS_nats = (1100 1200 24
e Se_pats = 0.5 .x UTS sat

298 fprintf(*\n-—~ Tables 9 & 10: Material Evaluation ~—\n');
399 forintf(*ORIGINAL geonetry (A = %.2f amt):\n', A boltsles);

00 for & =153

01 FSF_ai = goodsanFSF(bsa(2), bsa(2), UTS mats(1), se_mts(1));

0 frinte(* UTSSA4.0f HPa | Se=hd.0f WPa | FSFeR 2\, ...

0 UTS_sats(1), Se_nats(i), FSF_mi);

04 end

05 frint('REDESIGNED geometry (4 = %.2f m?):\n', A_newslet]

a6 for & =113

07 FSF_ni = goodsanFSF (sa_r, sa_r, UTS_mats(), Se_mats(i));

08 frintf(* UTS=A4.0f HPa | Se=he.0f Wpa | FSFeb.2M\n', ...

a0 UTS_sats(1), Se_nats(i), FSF_mi);

a10 end

a1

a2 % Geon vs Material Goodean

o figure("Nane, "Fig 5.3 - Goodaan: Geometry + Material Conparison (@9000 RFH)');
1 setlget, ‘Color, 'K}

a5 hold on; arid o

15 cols = Lines(3);

a7 for i =113

a8 sa_Line = Linspace(s, UTS mats(1), 40t

19 sa_allow = Se_nats(1) -x (1 - sn_Une./UTS mats(1));

20 plot(sn_Line, sn_Line + sa_allow, '-', 'Color', cols(,:), ‘LineWidth,1.8);
2 Plot(sn_Line, sn_Line ~ sa_alls s ‘Color', cols(i,:), 'LineWidth’,1.8);
2 end

2

a2 % Original geom Line

s plot([bsa(2) bsn(2)], [bsain(2) bsmax(2)], '

26 “Color, [0 0.4 11, Linewidth',2, arkerFaceColor', [0 8.4 11);

21

a2  Redesigned geon Line

29 Plot(lsn_r sn_rl, [smin_r snax rl, 's-', .

0 “Colar, [1 0'a], "LineWidth',2, 'WarkerFaceColor, (1 0 81);

.

e} Xlabel(‘Mean Stress, \sigsas (WPa)'); ylabel('stress, \sigsa (WPa)');

3 title(Goodsan — Geometry + Haterial Conparisan (¢900 RPH), 'Colar

3 tegend({*Upper allowable (1100 Hpa)

prey “Upper allowable (1200 HPa)

36 “Upper allowable (1480 HPa)',"Lower allovable (1400 HPa)',

e 1900 RPH (original geosetry]",'9000 RPN (redesigned geometry) '},

pr “Location’, best, TextColor, "'}

prr} XLin((8 1.05wmax(UTS_fats)])

a0 setlgea, ‘Color", "K', "XColor’, "', YColor", w!)

a1

a2 ACrank Torque

a3 theta_cye = mod(theta_deg + 360, 726

aaa theta_cyc = theta_cyc(:);

aas theta_rad_cyc = degzrad(theta_cyc)

s onega_T = 24pix6090/60;

7 Bhi_cyc = asin((r/L) wsin(theta_rad_cyc));

prl a_cyc = raonega_T-2ucos(theta_rad_cyc) + (r~2/Ukonega_T"2scos(24theta_rad_cyc);
P} Fgas_cyc = pressure(:) -x Ap

ss0 Finert.cyc = m_rec o a_cyci

51 Tgasiyc = Fgas.cyc . r . (tan(phi_cyc).wcos(theta rad_cyc) + sin(theta_rad_cyc))

);
52 Tinert_cyc = Finert.cyc .« r .x (tan(phi_cyc) #cos(theta_rad_cyc) - sin(theta_rad_cyc)):
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