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1. [bookmark: _Toc193040277]Introduction 
This investigation looks at the forces being applied to the connecting rod (con rod), gudgeon pin and the connecting rod bolts from a 1.6 litre Ford Sigma engine. These forces are calculated using a combination of the pressure forces as well as the inertia forces that the engine experiences. As well as this it will be analysed for the engines traditional 1000 to 6000 rpm range and then looking at the extension of RPM up to 9000. Furthermore, the original engine design of these components will be analysed as well as a deeper analysis on the re design of the bolt so that the same fatigue safety factor (FSF) is reached when increasing the engine to 9000 RPM. Finally, by looking at the engine layout to see the possible improvement in power being created. 

2. [bookmark: _Toc193040278]Connecting rod experienced stresses and FSF
The connecting rod stresses are being measured from halfway down the Rod due to this being the smallest cross-sectional areas (CSA), as well as it experiencing forces from the combustion chamber and the rotational forces from the crank.
Equation 1. Stress

Equation 2. Allowable stress

Equation 3. FSF (factor of safety) 


a. [bookmark: _Toc193040279]Original connecting rod material analysis
Using the original con rod design to gain an understanding of how the stress on the component vary depending upon the RPM of the engine, as shown below.
	[image: ]
Figure 1. Goodman diagram showing the original con rod material for a varying RPM’s
	[image: ]
Figure 2. FSF diagram of the conrod for varying RPM’s



There is a significant decrease in the FSF of the con rod at low (1000 to 3000) and high (7000 to 9000) RPMs. The high FSF at low RPMs is due to the inertia forces being low as well as the pressure within the cylinder being much lower at combustion at low. The reason for the decrease in FSF at high RPMs is predominantly due to the inertia forces being high as shown in figure4, even with small drop in pressure due to the worse combustion efficiency. The reason why the mean stress generally increases is that the inertia forces have more of an effect as the minimum stress values in the cycle decrease, whilst the maximum stresses increase at high RPMs.
	[image: A graph of a graph

AI-generated content may be incorrect.]
Figure 3. Pressure plot of the Ford Sigma engine for varying crank angle and RPM
	[image: A graph of a graph

AI-generated content may be incorrect.]
Figure 4. Inertia force plot of the Ford Sigma engine for varying crank angle and RPM



b. [bookmark: _Toc193040280]Surface finish addition
Surface finishing can have a significant impact on the resistance to failure. This is due to generally a machined surface being smoother, making it harder for a stress concentration to start and propagate, leading to failure. Therefore, using technical paper (Opoz, Burgess et al. 2024) show how the Ra (roughness of the material) tend to coincide with the trend of the UTS. 
[image: A graph of a number of columns

AI-generated content may be incorrect.]
Figure 5. UTS of 71-4 PH stainless steel for different finishing processes (Opoz, Burgess et al. 2024),

It should be noted that is a material is not going to fail at their standard values, then there is no need to add surface finish to the components. In this case this would be the case, because the FSF is at a high value for the standard connecting rod and further processing is not needed, as shown below.
	[image: ]
Figure 6. Goodman’s diagram on minimum FSF for varying machine changes on the con rod
	[image: A graph of different colored lines

AI-generated content may be incorrect.]
Figure 7. FSF of varying machining changes on the con rod



3. [bookmark: _Toc193040281]Gudgeon Pin experienced stresses and FSF
The gudgeon pin experiences both bending and shear stress, due to the load being applied downwards and the pin bending around where the pin is connected to the connecting rod. This location is also the point where the highest stress is going to be seen
[image: A drawing of a hammer

AI-generated content may be incorrect.]
Figure 8. Point where the gudgeon pin will bend around

The calculation for calculating the Resultant stress is by using the calculations of the bending and shear stresses to get an overall stress on the gudgeon pin as shown below.

Equation 4. Tau of the gudgeon pin

Equation 5. Bending stress of the gudgeon pin

Equation 6. Resultant stress of the gudgeon pin


 [image: A graph of stress and stress

AI-generated content may be incorrect.]
Figure 9. Stresses that the gudgeon pin receives at 6000 rpm

As shown above there is a much greater stress applied to the gudgeon pin through the bending stress rather than the shear. This due to the force of the gas from combustion is much more effective when pushing down on the end of the con rod compared to when trying to shear the pin.



a. [bookmark: _Toc193040282]Original gudgeon pin material analysis
Unlike the connecting rod, the gudgeon pin does not have the drop of in FSF at high RPM’s and instead continues to rise. This is likely due to more of the stress coming from the bending stress which is from the gas force. Therefore, as shown in figure11 the peak gas force occurs at 4000 RPM and therefore is the reason why it has the lowest FSF. It should be noted that the FSF does not increase significantly after 4000 RPM due to the inertia forces being stronger.
	[image: A diagram of a graph

AI-generated content may be incorrect.]
Figure 10. Goodman diagram for the gudgeon pin with original engine material
	[image: A graph of a graph showing a pressure

AI-generated content may be incorrect.]
Figure 11.Change in FSF for varying RPMs of the gudgeon pin in relation to the pressure at combustion



4. [bookmark: _Toc193040283]Connecting rod bolt
The connecting rod bolt experiences high amounts of stress due to it trying to keep the connecting rod and the connecting rod caps together. Therefore, in this condition the bolt can only be pulled away from each other (tensile stress) not compressive, leading to the stresses to all have positive values.
[image: A diagram of a graph

AI-generated content may be incorrect.]
Figure 12. Goodman diagram of the original connecting bolt specification for a range of RPMs

The figure above shows a general trend of higher RPMs having greater max stresses, which would be expected. The minimum stress remains unaffected by the RPM and is due to it not taking into account the inertia forces for when no inertia force is being applied. 

a. [bookmark: _Toc193040284]Stress concentration addition and regions of the bolt
The bolt can be broken up into multiple regions, as shown below, to get a better accuracy on how the change of components property effects the bolt.
[image: A close-up of a metal tube

AI-generated content may be incorrect.]First engaged thread
Threaded section
Shank section
Region under cap

Figure 13. Diagram of different sections of a bolt (not the connecting rod bolt used in diagram)

These changes of even one individual area effects the stiffness of the bolts using the formulas below and therefore this stiffness changes the maximum stress the bolt will receive due to the stiffness being considered. As well as this the stress concentrations of the regions of the bolt need to be implemented using Roark’s formulas on stress concentration in tension. The thread of the bolt is the most likely to have the highest stress concentration, however if this is not the case due to geometry changes, the stress concentration of the region under the bolt will be used. 
[image: A math equations on a white background

AI-generated content may be incorrect.]
Figure 14. Roark’s formula for two U notches
[image: A white sheet with black text and numbers

AI-generated content may be incorrect.]
Figure 15. Roark’s formula for a shoulder with a fillet on a circular shaft

As shown in the goodman diagrams, it shouldn’t affect the upper and lower limits due to that being the limits of the material rather than the limits of the bolt. Therefore, the allowable range shows that once the stress concentrations have been accounted for they have a significant impact on the FSF.
	[image: A graph with a line and numbers

AI-generated content may be incorrect.]
Figure 16. Goodman’s diagram of the original bolt when considering the stiffness of different areas of the bolt
	[image: A graph of a stress concentration

AI-generated content may be incorrect.]
Figure 17. FSF of the bolt with and without the stress concentrations considered for different regions of the original bolt being considered



5. [bookmark: _Toc193040285]Connecting rod bolt geometry redesign
a. [bookmark: _Toc193040286]Change in diameter of individual regions of the bolt
With the bolt being analysed in the various regions the CSA of the regions of the bolt needs to be analysed. Therefore, when looking at these components the diameter will affect the stiffness of the bolt as well as the stress concentrations, leading to different FSF values. It should be expected that at some point the bolt fails and therefore has no FSF.

[image: A graph of different rps and the area of the thread

AI-generated content may be incorrect.]
Figure 18. The FSF for a change in the threaded region diameter with a range of RPMs

It clearly displays that the bolt would fail if a thread diameter of below 6.3mm is used. The rate of change is also quite large from the point of failure of the thread region compared to the other sections of the bolt. The bolt would exceed a FSF of above one at a diameter size of 8.3mm, however a FSF of above 1.5 generally used (SDC verifier, 2025), therefore leading to a size of 9.5mm being appropriate. It should be noted that the application of a bolt that size would cause issues to the geometry of the engine. The likely reason for the it FSF not being a linear line and an exponential trend is due to the stress concentrations increasing at larger diameters.
Following on from this it is commonly seen within industry that a wasted shank is used. The reason behind that is due to the when bolts are in tension, they should be more elastic to reduce fatigue failure (Nord-Lock, 2025), which happens with a smaller diameter. As shown in the figure below the trend was as expected with throughout the smaller shank area having a larger FSF. The effect of the shank is less effective at the larger RPMs due to the forces being applied being more predominant. The data would suggest that a shank as small as possible would be the best, however it must be understood that this is looking at the fatigue’s safety factor and that if a sudden load was to be applied it would break, known as necking. Therefore, a reasonable size would need to be chosen.
[image: A graph of different rpms

AI-generated content may be incorrect.]
Figure 19. The FSF for a change in the shank region diameter with a range of RPMs

The region under the cap seems to not change significantly, likely due to it being a small size and therefore doesn’t experience high amounts of stresses applied unlike the other areas of the bolt It does have a stress concentration, however it is not close to the thread levels and therefore would need a large change in diameter to have its stress concentration being used instead.
[image: A graph of different rpms

AI-generated content may be incorrect.]
Figure 20. The FSF for a change in the region under the cap diameter with a range of RPMs

b. [bookmark: _Toc193040287]Change in the length individual regions of the bolt
The length of the components will also affect these components, as they effect the stiffness of the bolt, therefore effecting the FSF and the stresses the bolt has. It would be expected that increasing the length of the component would make it more likely to fail due to the stiffness reducing, however this is not the case as shown below. 
	[image: ]
Figure 21. The change in FSF with a change in thread length for different RPMs
	[image: ]
Figure 22. The change in FSF with a change in shank length for different RPMs

	[image: ]
Figure 23. The change in FSF with a change in length of the region under the cap for different RPMs


  
The reason for this can be shown using equation 7, because when a bolt has a lower stiffness value the impact of the inertia force being applied. With nominator reducing more than the denominator, resulting in a reduction in the maximum stress, ultimately reducing FSF.
Equation 7. Extra force applied for the bolt


Equation 8. New Bolt force


Equation 9. Max stress


The change in length generally suggests that the threaded region has the most influence on the FSF while the others have minimal. There is a slight change when the length of the region under the cap gets to around 4mm it drops slightly, this is due to this region being the max stress concentrator rather than the thread. It should be considered though that these changes to the original bolt sizes and not changed dependent upon a continuous size.

c. [bookmark: _Toc193040288]Change in material
A change in material affects both the UTS and the Youngs modulus of the bolt, therefore effecting the stiffness of the bolt as well as the stress values. Through some after looking at another conrod bolt material study (Kumar, Panday 2017) it was decided to use the same materials and their properties as shown below. These UTS changes will affect the Yield stress as well as the endurance limits of the component.
Table 1. Materials tested on the Connecting rod bolts
	Material
	UTS (MPa)
	Youngs modulus (GPa)

	Original engine
	1100
	210

	MP35N -Multiphase alloy
	1980
	234

	MLX17 -Precipitation hardened stainless steel
	1710
	210

	8740- Low alloy steel annealed
	765
	212

	H11- Tool steel
	2000
	221



When changing these materials there seems to be a clear weakness in the options as well as the original engine specification not being the best material. There are 3 key materials that are clearly better than the other two, however the application of these bolts needs to be taken into account. As MLX17 struggles with stress corrosion cracking (ANSYS GRANTA,2022) as well as this MP35N is a complicated manufacturing process and for a component such as a bolt these areas are important to consider (Western Springs, 2024). Therefore, the H11 bolt is the material that would be suggested to use, for why it is therefore not being used in industry is unclear.
[image: A graph of different colored lines

AI-generated content may be incorrect.]
Figure 24. The change in FSF for the chosen materials and at a range of RPMs

d. [bookmark: _Toc193040289]Final bolt design
After combining the three areas, it was decided to decrease the area of the shank from 7.4mm to 6mm as well as using a longer length of the second engaged thread from 27.26m m to 35mm. As shown previously the H11 material was also used. These changes brought the bolt to a very similar position for the increased RPM compared to the original bolt.  

[image: A graph of a graph of a graph

AI-generated content may be incorrect.]
Figure 25. Change in FSF for bolt design at a range of RPMs

6. [bookmark: _Toc193040290]Engine types and the torques involved with these
The engine layout as well as the forces being applied to the crank in both a traditional 4 cylinder as well as a V8 engine. It should be noted that the V8 can’t reach the same RPMs and instead a different range of RPMs are used.
a. [bookmark: _Toc193040291]Cross Plane vs Standard inline 4-cylinder engines
Standard inline 4 cylinders have generally a large amount of inertia torque compared to a cross-plane engine, as shown below. It comes from the inline 4 having two sets of pistons moving simultaneously with each other, whereas the cross-plane cylinders all move individually.
	[image: A graph of a graph

AI-generated content may be incorrect.]
Figure 26. Torque inertia of a standard 4-cylinder engine and the overall inertia of the crank
	[image: ]
Figure 27. Torque inertia of a cross-plane 4-cylinder engine and the overall inertia of the crank



The torque gas is generally similar between the two engines and is just the firing order and position of the cylinders which changes. Therefore, as seen below the torque is roughly the same, whilst the gas torque of the crank has slightly changed due to the offset in firing position.
	[image: A graph of a gas cylinder

AI-generated content may be incorrect.]
Figure 28. Torgue of the gas of a standard 4-cylinder engine at 6000 RPM
	[image: ]
Figure 29. Torque of the gas of a cross plane 4-cylinder engine at 6000rpm



Once these are combined the cross-plane engine has a slightly higher peak torque. Whilst the standard engine has a repetitive torque pattern throughout, leading to a better torque being applied to throughout the cycle.
[image: A graph of a graph

AI-generated content may be incorrect.]
Figure 30. Torque of the crank for both inline 4 cross plane engine and standard engine at 6000 rpm

b. [bookmark: _Toc193040292]V8 engine vs inline 4-cylinder engine layouts
It should be noted that the engine below uses the 4 cylinders engines data at 6000 rpm, whereas the V8 engines are at 3500rpm, to keep them equivalent with each other compared to their peak RPMs. The V8 engines produce a more constant torque throughout, especially on the cross-plane layout due to the additional cylinders firing where there the previous low torque points were. The V8 standard layout does seem to have higher peak torques compared to the cross plane. 
[image: A graph of a graph

AI-generated content may be incorrect.]
Figure 31. Torque of the crank for different engine layouts

c. [bookmark: _Toc193040293]Torque of the engine
The V8 engines make a much higher engine torque than the inline 4 engines, however it could be expected to be double the torque, yet this is not the case. The reason for this is due to lowest torques below around 100Nm in the V8 engines compared to some torques in the inline 4 engines reaching -200Nm.
 
	[image: ]
Figure 32. Torque of the standard engines at a range of RPMs
	[image: ]
Figure 33. Torque of the V8 engines at a range of RPMs


However, the engine losses need to be added to give a more accurate representation of the torque and power output of the engine. The torque losses do have a significant impact as shown below. Due to both the standard and cross plane engines having the same average torques shown above, when looking at the torque and power produced, they are almost identical. This is likely not as expected in the real world as a cross-plane engines tend to have better torque at low RPM (Hatch EDT, 2022). The reason for this not showing in the data is that it is being assumed that the cross-plane has the same inertia and combustion forces as the standard, which is not correct due to the different design needed for their functionality. Meaning this is an area of oversight and the results of the two engine layouts cannot be compared too accurately to one another.
 
[image: A graph of a graph showing a power and torque

AI-generated content may be incorrect.]
Figure 34. The power and torque of the inline 4 layout

7. [bookmark: _Toc193040294]Conclusion
When looking at the bolt design a smaller shank should be used as well as a larger threaded region of the bolt to increase the FSF. However, the application of this needs to be considered to make sure that a larger bolt wouldn’t affect the geometry as well as the wasted shank not becoming too small where it would fail once a sudden load is applied. With this a longer bolt also follows the same trends where it is better, but the implication of this is likely to be difficult. Changing the materials properties also seems to give some advantage, however other material properties such as operational temperature needs to be looked at. In this case using the original bolt design with the H11 steel, a shank diameter of 6mm and a length of the second engaged thread of 35mm is used to get the same FSF at 9000RPM compared to the original bolt at 6000 RPM. As well as this a V8 engine give better torque from the engine however once again the implications involved with these is significant.
8. [bookmark: _Toc193040295]References 

KUMAR, A. and PANDAY, P., 2017. Comparative Study of Connecting Rod Materials using Numeric Technique. CAL POLY. (14/3/2025)

OPOZ, T.T., BURGESS, A., AHUIR-TORRES, J.I., KOTADIA, H.R. and TAMMAS-WILLIAMS, S., 2024. The effect of surface finish and post-processing on mechanical properties of 17-4 PH stainless steel produced by the atomic diffusion additive manufacturing process (ADAM). The International Journal of Advanced Manufacturing Technology, 130(7-8), (10/3/2025)

PAUL SKOGLUND, SVEN BENGTSSON AND ANDERS BERGKVIST, 2000. Performance of High Density P/M Connecting
Rods. SAE International: (26/2/2025)


LUNATI (date unknown) Connecting rod length info https://www.lunatipower.com/rod-length/ LUNATI  (accessed 4/3/2025)

EVOLVE (date unknown) MAHLE Motorsport conrod bearings – BMW E90| E92| E93 M3 (s65) https://www.evolveautomotive.co.uk/products/mahle-motorsport-conrod-bearings-arp-bolts-bmw-e90-e92-e93-m3-s65#:~:text=Manufactured%20with%20high%20strength%20steel,bearings%20along%20with%20better%20conformability. EVOLVE (accessed 10/3/2025)

Western spring manufacturing (10/2024) Spring and wire form material MP35N https://www.westernspring.com/western-spring-resources/spring-and-wire-form-material-mp35n/#:~:text=Machining%20Challenges%3A%20Due%20to%20its,equipment%20and%20techniques%20for%20production. Western spring manufacturing (14/3/2025)

Nord-Lock group (date unknown) The benefits of bolt shanks https://www.nord-lock.com/learnings/bolting-tips/2015/benefits-of-bolt-shanks/#:~:text=Due%20to%20its%20smaller%20diameter,something%20that%20many%20might%20overlook. Nord-Lock International AB (16/3/2025)

B. Hatch B.S.M.E., PE (31/5/2022) Gearhead Quandary: Be flat or be crossed https://www.edtengineers.com/blog-post/gearhead-quandary-be-flat-or-be-crossed#:~:text=Cross%2DPlane%20crankshaft%20engines%20have,Flat%2DPlane%20crankshaft%20engine%20screams. EDT (16/3/2025)

SDC Verifier (date unknown) Bolt fatigue calculations: A practical approach to structural integrity Comprehensive Guide to Bolt Fatigue Calculations for Engineers SDC Verifier (16/3/2025)
1 
 	 
1 
 	 
1 
 	 
image1.jpg
Prifysgol Cymru

Y Drindod Dewi Sant
University of Wales
Trinity Saint David





image2.png
Upper endurance fimit
Lower endurance limit
| Allowable range
——— Actual range @100 rpm
—— Actual range @200 rpm
Actual range @3000 rpm
Actual range @4000 rpm
Actual range @5000 rpm
Actual range @6000 rpm
Actual range @7000 rpm
——— Actual range @B000 rpm
———— Actual range @9000 rpm
— =0 point

—-uts

0 2

Mean Stress (N/m)

x108




image3.png
FSF

FSF and mean stress of the conrod for varying RPMs - 107
55 4
=
Mean stress
2
5
0
45 c
2 §
g
4 + &
g
E)
35 =
3
10
25

1000 2000 3000

4000 5000 6000
RPM

12
7000 8000 9000




image4.png
Crank angle against Rpm against Pressure

Pressure (Bar)
85 8 8

3

10000
400

200

RPM 0 400
Crank angle (Degrees)




image5.png
x10%

Inertia force (N)

=

2
10000

Crank angle against Rpm against Inertia of the rod

5000 200

200
RPM 0 400

Crank angle (Degrees)

400




image6.png
UTS (MPa)

1500

1200

8
8

8
8

8
8

10722

uTs| 12
——Ra 12425

10
1030

Asbuit

Machined  Polished Machined + H900
Built in 90° orientation

(wri) ey




image7.png
. 10° Goodmans diagram with varying surface finish at their minimum FSF

1
1
1
1
1
1
1
[ 1
1
1
1
1
1
1
1
Upper endurance fimit i
Lawer endurance limit |
< Alowable range |
| —— Actual range forpure materia |
——— Actual range for machined material |
| —— Actual range for polished materil H
——— Actual range for Machined and heat reatment materia | |
- —-uts |
L
2 0 2 4 6 8
Mean Stress (N/m) «108




image8.png
FSF

FSF of the Con rod for varying RPMs

FSF of pure material
FSF of machined material

FSF of polished material

FSF of machined and heat reament material

25
1000 2000 3000 4000 5000 6000 7000 8000 9000

RPM




image9.png




image10.png
Stress (N/m?)

x107

Gudgeon pin stresses at 6000 rpm

Bending stress.
Shear stress
Resultant stress

16
400

300 200 00 0 100
Crank angle (Degrees)

200 300

400




image11.png
Stress (N/m)

.10° Goodmans diagram for the orginial engine specification of the Gudgeon pin

ns

08

06

02

Upper endurance fimit
Lower endurance limit
| Allowable range

——— Actual range @100 rpm
——— Actual range @200 rpm
| ——— Actual range @3000 rpm
| ——— Actual range @4000 rpm
| ——— Actual range @5000 rpm
| ——— Actual range @000 rpm
| ——— Actual range @7000 rpm
——— Actual range @B000 rpm
———— Actual range @9000 rpm
——-uts

Mean Stress (N/m)

5

10

x108




image12.png
FSF

Trend between pressure data and FSF of the gudgeon pin

7 70
FSF of the gudgeon pin
Piston pressure at combustion
65 6
6 60
55 55
5 50
45 45
1000 2000 3000 4000

5000 6000 7000 8000 9000
RPM

Presure (Bar)




image13.png
Stress (N/m)

1

10

. 108 Goodmans diagram for the orginal connecting bolt specfifcation

Upper endurance fimit
Lower endurance limit
| Allowable range

——— Actual range @100 rpm
——— Actual range @200 rpm
Actual range @3000 rpm
Actual range @4000 rpm
Actual range @5000 rpm
Actual range @6000 rpm
Actual range @7000 rpm
——— Actual range @B000 rpm
———— Actual range @9000 rpm
——-uts

6 7 8 9
Mean Stress (N/m)

10 1
x108




image14.png




image15.png
15. U-notch in a circular shaft

r

i
H

<>

15a. Elastic stress, axial tension

o = K2 where K, = c,+cz( )+cq( )+c‘(2h)

(D — 2h)
where

| 0.25 < h/r < 2.0 2.0 < h/r < 50.0
C, 0.455 + 3.354,/h/r — 0.769h/r 0.935 + 1.922,/A/r + 0.004h/r
Cy 3.129 — 15.955,/A/r + 7.404h/r 0.537 — 3.708,/A/r + 0.040h/r
C; —6.909 + 29.286,/h/r — 16.104h/r | —2.538 + 3.438,/h/r — 0.012h/r
c, 4.325 — 16.685\/h/r + 9.469h/r 2.066 — 1.652y/A/r — 0.031A/r

For the semicircular notch (h/r = 1)

2k 2h\* 2h\*
K, =3.04— 5.42(5) + 6,27(1)) —2.89(1))

(Refs. 1, 9, and 42)





image16.png
17. Square shoulder with
fillet in circular shaft

17a. Elastic stress, axial 4P 20 2h\? 20\ ?
tonsion Omax 7K,m where K, = C, + Q(ﬁ) +C; (3) +Cy (ﬁ)
where
0.25 < h/r < 2.0 2.0 < h/r < 20.0
c, 0.927 + 1.149,/A/r — 0.086h/r | 1.225+ 0.831/A/r — 0.010h/r
c, 0.011 — 3.029,/h/r + 0.948h/r | ~1.831 — 0.318,/h/r — 0.049h/r
Cy —0.304 + 3.979/h/r — 1.73Th/r | 2.236 — 0.522/h/r +0.176h/r
c, 0.366 — 2.098y/2/r + 0.875h/r | —0.630 + 0.009y/h/r — 0.117h/r
(Refs. 1, 19, and 47)
17b. Elastic stress, bending 32M where K, = G, + G,
(D — 2h)’
where
0.25 < h/r < 2.0 2.0 < h/r < 20.0
[eA 0.927 + 1.149,/A/r — 0.086h/r | 1.225+0.831,/h/r — 0.010/r
C, 0.015 — 3.281,/A/r + 0.837h/r | —3.790 + 0.958,/h/r — 0.257h/r
Cy 0.847 + 1.716,/A/r — 0.506h/r | 7.374 — 4.834,/h/r + 0.862h/r
c, —0.790 + 0.417,/A/r — 0.2461/r | —3.809 + 3.046 /R/r — 0.595h/r

(Refs. 1, 20, and 48)

17c. Elastic stress, torsion

Crns = K

where for 0.25 < h/r < 4.0

Cy = 0.953+0.680y/A/r — 0.053h/r
C, = —0.493 — 1.820/h/r + 0.517h/r
Cy = 1.621+0.908//h/r — 0.529h/r
Cy = —1.081 +0.232/h/r + 0.065h/r

20 2h\*
D where K, = C, + C, (3) +Cs (3) +Cy (3)

2h)\*

(Refs. 1, 19, 46, 49, and 50)

uoleUBdUOY SSANS

161




image17.png
10

Stress (N/m)

. 108 Goodmans diagram for the orginal connecting bolt specfifcation including stress concentration

Upper endurance fimit
Lower endurance limit
| Allowable range

——— Actual range @100 rpm
——— Actual range @200 rpm
| ——— Actual range @3000 rpm
| ——— Actual range @4000 rpm
| ——— Actual range @5000 rpm
| ——— Actual range @000 rpm
| ——— Actual range @7000 rpm
——— Actual range @B000 rpm
———— Actual range @9000 rpm
——-uts

6 7 8 9 10 11
Mean Stress (N/m) %108




image18.png
The effect the additional stress concentration has on the bolt

250

Boll without stress concentration
bolt with siress concentration

200

150

FSF

100

50

[
1000 2000 3000 4000 5000 6000 7000 8000 9000

RPM




image19.png
FSF

150

100

50

The FSF change for different RPMs and the area of the thread

10

65 7 75 8
Bolt thread diameter (m)

85

1000 RPM
2000 RPM
3000 RPM
4000 RPM
5000 RPM
6000 RPM
7000 RPM
8000 RPM
9000 RPM

9 95




image20.png
FSF

70

60

50

40

30

20

10

The FSF change for different RPMs and the area of the shank
10

1000 RPM
[~ 2000 RPM
3000 RPM
of T — 4000 RPM
| 5000 RPM|
] | coorem
S 7000 RPM
b= 8000 RPM
e 3000 RPM
6 ) s 10
103

5 55 6 65 7 75 8 85 9 95 10

Shank area diameter (m) 10




image21.png
The FSF change for different RPMs and the area of the region under the cap
60

10
1000 RPM]
8 2000 RPM
50 3000 RPM
6 4000 RPM
5000 RPM
4 6000 RPM
i 7000 RPM
8000 RPM
W o - - - X 9000 RPM
& 30 5 7 1
* 10°
20
10
0

5 55 6 65 7 75 8 85 9 95 10
Region under the caps diameter (m) 103




image22.png
FSF

The FSF change for different RPMs and the length of the thread

2o

1000 RPM

4 2000 RPM

100 3000 RPM

4000 RPM

5000 RPM

6000 RPM

&0 7000 RPM

8000 RPM

9000 RPM

60 001 002 0y 004 005

40
20

= —————
0005 001 0015 002 0025 003 0035 004 0045 005
Bolt thread length (mm)




image23.png
FSF

The FSF change for different RPMs and the length of the shank

8
7000 RPH
n 2000 RPMI
3000 RPH
B 4000 RPM
sr 5000 RPH
| | exorem
7000 RPH
oros 8000 RPM
9000 RPM
2 B
)
S
1
SN
2 4 3 s 10
o
20 10
10
0
1+ 2 3 4 5 6 7 8 9 10

Bolt shank length (mm) 10




image24.png
FSF

The FSF change for different RPMs and the length of the region under the cap

140
1000 RPM
2000 RPM
120 3000 RPM [~
N 4000 RPM
5000 RPM
1001 4 ~— 6000 RPM
7000 RPM
5 — — 8000 RPM
a 9000 RPM
2
e !
0
1 2 3 4 5
40 104
20
0 -
1 15 2 25 3 35 4 45 5

Bolt region under cap length (mm) «10%




image25.png
FSF

The FSF change for materials at a range of RPMs.
100

Original engine bolt
MP35N-Muliphase alloy
MLX17-Preciitation hardened stesi
8470-Low alloy steel annealed
H11-Tool steel

— — —FsF=1

%

80

70

60

50

40

\

0
5000 6000 7000 8000 9000

30

20

10

Py SRR =— e
1000 2000 3000 4000 5000 6000 7000 8000 9000
RPMs





image26.png
FSF

Change in FSF for bolt design at a range of RPMs.
140

Original engine bolt
Changed balt
|— — —FSF of original bolt at 6000 RPM

120

100

80

60

40

0
5000 6000 7000 8000 9000
20

[
1000 2000 3000 4000 5000 6000 7000 8000

RPMs

9000




image27.png
Torque (Nm)

Torque inertia for the individual cylinders and the crank @6000rpm

800
cyit
400 cyl3
—— o2
— ——cyla
400 Crank
200
0
200
400
500
800
400 300 200 100 0 100 200 300 400

Crank angle (degrees)




image28.png
Torque (Nm)

Torque inertia for the individual cylinders and the crank @6000rpm for a cross plane engine
250

cyit
cyl3
cyl2
cyl4
Crank

200

150

100

50

250
400 -300 200 -100 0 100 200 300 400

Crank angle (degrees)




image29.png
Torque (Nm)

Torque of the gas for the individual cylinders @5000rpm

700

600

500

400

300

200

100

ot
cy3
cyi2
oyl
Crank.

400 0 100
Crank angle (degrees)




image30.png
Torque of the gas for the individual cylinders @6000rpm for a Cross plane engine
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