 University of Wales Trinity Saint David
School of Engineering

Analysis and Simulation of a Centrifugal Clutch 
ACMA5010 PART-TIME


Joshua Axon
2218372
 11th November 2024



Contents
Abstract	1
1	Section A	1
1.1	Introduction	1
1.2	Development of Centrifugal Friction Clutches	1
1.2.1	Historical Overview	1
1.2.2	Working Principles	1
1.3	Design, Materials and Applications of Centrifugal Clutches	2
1.3.1	Design Features	2
1.3.2	Materials Choices	4
1.3.3	Typical Applications and operating conditions	4
1.4	Advantages of Centrifugal Clutches	5
1.4.1	Performance Advantages	5
1.4.2	Limitations and Challenges	5
1.5	Electromagnetic Clutches in Modern Automation	5
1.5.1	Mechanisms and Operation of Electromagnetic Clutches	5
1.5.2	Application in modern Manufacturing	5
1.5.3	Advantages in Manufacturing	6
1.6	Conclusion	6
2	Section B	6
2.1	Introduction of the Clutch Design Parameters	6
2.2	Task 1	6
2.3	Task 2	6
2.4	Task 3	8
2.5	Task 4	9
2.6	Task 5	10
2.7	Task 6	11
2.8	Task 7	11
3	References	13
Appendix A	1



2


Equation 1 - Equation of Centrifugal Force	7
Equation 2 - Equation of Spring Force	7
Equation 3 - Derived equation based on relationship between spring force and centrifugal force	7
Equation 4 - Equation transposed for angular acceleration	7
Equation 5 - Equation 4 with our substituted values	7
Equation 6 - conversion rate for Radians per second to RPM	7
Equation 7 - Equation of centripetal or radial forces for a circular path	8
Equation 8 - Equation for the magnitude of centripetal force or radial force given by newtons second law of motion	8
Equation 9 - Relationship between radial acceleration, tangential velocity and radius	9
Equation 10 - Equation for centripetal force and relationship for radial acceleration combined	9
Equation 11 - Simplified relationship for tangential velocity	9
Equation 12 - Equation 7 with our known values substituted in and a conversion for RPM to radians	9
Equation 13 – Radial Force in newtons	9
Equation 14 - Relationship between frictional force and radial force	9
Equation 15 - Equation for torque at each shoe	10
Equation 16 - Equation to give the total transmitted torque at the driven shaft	10
Equation 17 - Equation 16 with our known values substituted in	10
Equation 18 - Total torque transmitted at the driven shaft in newton metres	10
Equation 19 - Equation for moment of inertia	11
Equation 20 - Equation for torque	12
Equation 21 - Transposed equation for torque to with products of moment of inertia to solve for angular acceleration	12
Equation 22 - Equation 21 with our known values	12
Equation 23 - Value for angular acceleration	12


Figure 1 - Relationship between friction and engine speed in centrifugal clutches taken from (Pandit., et al., 2017).	2
Figure 2 - Friction Shoe (Picture taken from ferodo product clutch shoes	2
Figure 3 - Centrifugal clutch pad (Picture taken from Joom product ‘47cc centrifugal clutch pad mini moto quad dirt bike’.	3
Figure 4 - Diagram of a centrifugal clutch showing key components taken from physics form 'do centrifugal clutches work in both direction?'	4
Figure 5 - Diagram of centrifugal, centripetal and radial forces acting in a circular motion (taken from Studysmater.co.uk)	8
Figure 6 - Line graph showing transmitted torque at the driven shaft created by document owner. Dataset taken from appendix a.	10
Figure 7 - Line graph showing transmitted torque at the driven shaft modelled with varying coefficients of friction created by document owner. Dataset taken from appendix a.	11

Table 1 - Author's original calculations of transmitted torque on driven shaft	1

[bookmark: _Toc182159575]Abstract 
This report will be divided into two sections: A and B. Section A will discuss centrifugal friction clutches, covering their applications, materials, advantages, and how they compare to modern electromagnetic clutches. Section B will present practical examples of centrifugal clutches in operation and examine the forces generated during operation.
[bookmark: _Toc182159576]Section A 
[bookmark: _Toc1397615713][bookmark: _Toc182159577]Introduction 
The primary function of a clutch within a mechanical system is to facilitate the transfer of torque from the engine into the drivetrain and allows the operator to control the power flow between the engine and the transmission (Youssef, et al., 2019). This do this by transmitting torque as a function of the driving speed (Crane., 2003). 
 A centrifugal clutch has an inner and an outer cylinder. The outer cylinder acts as the output shaft for torque transfer, while the inner cylinder connects to the engine. Weights on the inner cylinder slide outwards with increasing engine speed due to centrifugal force, pressing against the outer housing and enabling torque transfer (Orthwein, 2004). 
[bookmark: _Toc182159578]Development of Centrifugal Friction Clutches 

[bookmark: _Toc182159579]Historical Overview
Centrifugal clutches are difficult to attribute to a single individual; however, they are more of a design that evolved through the centuries. The earliest modern application of centrifugal clutch is attributed to their use in railway locomotives in the 19th century. 
Centrifugal friction clutches have a rich history rooted in mechanical systems. They find their origins in applications to design, particularly ones that require devices that can engage and disengage based on rotational speed, such as in textile machinery, excavators, and machine tools (Nisbeth, 2006). 
[bookmark: _Toc182159580]Working Principles 
The centrifugal clutch operates using two basic principles: centrifugal force and friction. Centrifugal force pulls a rotating body away from its centre of rotation – in this case, pushes the shoes away from the driving spider. The friction force between two bodies in contact causes the body in motion to try to move the other body in relative motion to its own. In the case of the centrifugal clutch, the friction shoe that the spider is driving makes contact with the outer drum and moves in its direction (Boston Gear, 2024). Centrifugal clutches operate on the principle that centrifugal force increases with engine speed. This is the fundamental principle behind their design. Figure 1 illustrates this relationship, showing how centrifugal force is proportional to engine speed. As the engine reaches higher RPMs, the forces that connect the drive shaft become stronger, increasing the efficiency of the design and allowing the centrifugal clutch to function more effectively (Pandit., et al., 2017).
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[bookmark: _Toc182159544]Figure 1 - Relationship between friction and engine speed in centrifugal clutches taken from (Pandit., et al., 2017).


[bookmark: _Toc182159581]Design, Materials and Applications of Centrifugal Clutches
[bookmark: _Toc182159582]Design Features
Centrifugal clutches come in various designs, but this section focuses on a common friction clutch. The basic principle is that it engages and disengages based on engine speed. Key components include the clutch shoes, also known as friction shoes, as shown in Figure 2 below.
[bookmark: _Toc182159545]Figure 2 - Friction Shoe (Picture taken from ferodo product clutch shoes







The sections circled in red on figure 2 are mounting point at which they pivot from this is what allows them to move with respect to the centrifugal forces being experienced within the shaft, thus pressing again the outer drum and transferring the torque to the output shaft (Shigley, et al., 2004). 










The mounting bolts and springs are crucial components of the clutch assembly. The bolts secure the friction shoes to the spider or centre hub, allowing the assembly to rotate with the engine. The springs hold the shoes in an unengaged position at low RPM or idle. When the engine reaches the required speed, centrifugal force causes the springs to extend, enabling the shoes to engage with the drum. This interaction is shown in Figure 3 below (Bhandari, 2010).
[image: 1 of 9]

[bookmark: _Toc182159546]Figure 3 - Centrifugal clutch pad (Picture taken from Joom product ‘47cc centrifugal clutch pad mini moto quad dirt bike’.








The Clutch Drum function acts as the clutch assembly's driven half. This outer housing of the assembly is what the shoes make contact with and the surface to which the friction is generated. This then transmits the friction to rotation force and links the driving engine section to the driven component, such as a belt or pulley (Wemp, 1925).
Another critical component is the centre hub, better known as a spider. This forms part of the driving section of the assembly. This takes the rotation energies from the crankshaft or drive shaft and spins the clutch assembly (Boston Gear, 2024).
The final component, and potentially the most important, is the friction lining of the clutch drum and shoes; this function of the friction lining or pad is to increase the level of friction between the clutch drum and friction shoe. These components allow for a smoother flow of torque transfer(Li, et al., 2015). All these components can be seen below in figure 4. 
[image: Do centrifugal clutches work in both directions?]
[bookmark: _Toc182159547]Figure 4 - Diagram of a centrifugal clutch showing key components taken from physics form 'do centrifugal clutches work in both direction?'
[bookmark: _Toc182159583]Materials Choices 
Centrifugal clutches experience the most wear in friction-bearing components like the friction lining, clutch drums, and friction shoes. The choice of materials for these parts greatly affects their lifespan. If unsuitable materials are used, they can wear out quickly, resulting in insufficient friction between the drum and shoe, which leads to juddering in the drivetrain.
This juddering can cause loud vibrations and surging in the vehicle. It typically stems from inappropriate friction lining materials that compromise thermal stability and increase friction wear, leading to hot spots that create variations in vibrations and torque. (T. C, et al., 2016).
For the friction lining material to function with this behaviour, the material used needs to have three key characteristics: high coefficient of friction, thermal stability, and wear resistance. Because of the requirements for composite materials, these are often a mix of ceramics, metals, and polymers to provide the combination of required characteristics. Often metals such as copper or brass are added for their high strength and thermal conductivity (Bhandari, 2010). Composites such as graphite and carbon fibre are also used to ensure performance at high temperatures (Li, et al., 2015). 
[bookmark: _Toc182159584]Typical Applications and operating conditions
Modern applications of centrifugal friction include their use in transmission systems whereby the use of a gearbox isn’t always used (Pandit., et al., 2017); these include use in power tools, small RC cars, moped and go-carts (Crane., 2003). The use of a hydrokinetic coupling further enhances the functionality of centrifugal clutches. This combination allows for the connection of components within the drivetrain without the need for a gearbox. Essentially, a hydrokinetic coupling serves as a torque converter, transmitting mechanical force through fluid. It works effectively with centrifugal clutches by automatically matching the speed of the components, much like the operation of the centrifugal clutch itself (Heisler., 2009).

[bookmark: _Toc182159585]Advantages of Centrifugal Clutches
[bookmark: _Toc182159586]Performance Advantages 
As shown in this report, there are several different designs and applications for a centrifugal clutch; however, the advantages of adopting their use are often similar across these designs as the fundamental principles behind their operation stay the same. 
Centrifugal clutches are selected for simplicity compared to other clutch designs and guaranteed engagement at pre-determined speeds. They reduce loads on start-up starter motors. Their ability to shield drive train component from surge or shock loads (Wright., 2020). 
Centrifugal clutches also have the ability to combine automatic engagement with the drivetrain with the ability to disengaged, when necessary, regardless of rotation (Tridgell, 1969). This, in turn, allows for smoother power delivery as the rotation force also allows for a progressive clamping force matched to the increased engine speed, in turn reducing wheel spin or frictional slip of the clutch (Logan., 2013). 
[bookmark: _Toc182159587]Limitations and Challenges
Centrifugal clutches rely on friction, which presents challenges in operation. A key issue is the performance of the friction lining; failure can lead to reduced power transmission efficiency and cause juddering (T. C, et al., 2016). The reliance on friction in clutch design can lead to problems in high-speed applications. As rotational speeds increase, the design reveals structural inefficiencies, as excessive weight hampers efficiency. This restricts the operational speeds of the clutch and limits its effectiveness. One example of this can be seen in helicopter drivetrains (Writh., 1973). 
Secondly, if the desired application involves dynamic behaviours, such as with clutch levers required in high-torque heavy or medium-duty trucks, any variation in lever ratio during its operation can affect the efficiency of the pressure plate and the clamp load of the clutch, potentially compromising the proper engagement of the clutch. Furthermore, the deflection of these levers or components required to link these levers to the rest of the system can further hamper performance. This could result in further inconsistencies in clutch engagement and even in clutch hysteresis (Andrzej., 2004).
[bookmark: _Toc182159588]Electromagnetic Clutches in Modern Automation
[bookmark: _Toc182159589]Mechanisms and Operation of Electromagnetic Clutches 
The most common design of Electromagnetic clutches is a friction plate. An electromagnetic clutch, put simply, operates based on electromagnetic forces for engagement and disengagement of the clutch. Their design is much more complex than a centrifugal clutch, as they must be designed under a mechatronic principle to create a control strategy. This is done by using a model of the clutch, drive train and internal combustion engine. To ensure the clutch engages appropriately in any given scenario, a fuzzy logic model such as this are employed (Chen, et al., 2022).
[bookmark: _Toc182159590]Application in modern Manufacturing
The electromagnetic clutches find use in manufacturing, especially in producing parts that require precise control and reliability. Because of this, they find their most comprehensive adoption in automated electric drive systems, specifically, automated robotic systems(Bochkarev, et al., 2019).

[bookmark: _Toc182159591]Advantages in Manufacturing
Electromagnetic clutches have more commonly been applied to manufacturing applications, as the application often requires precise control and reliability, and electromagnetic clutches can be controlled by exact control strategies as well as their ability to be run with single or multidisc designs this then allow designers to adapt the size, volume and weight of the design while still maintaining the required torque output this adaptability allows them to be tailored to suit mass production applications whereby these characteristics are paramount to optimum performance (Kluszczynski & Pilch, 2021). Additionally, their precise control acts as a safety device in the event of a drive system failure or sudden loss of power (Bochkarev, et al., 2019).
[bookmark: _Toc182159592]Conclusion 
In conclusion, centrifugal clutches provide an efficient and reliable method for power transfer based on speed, allowing for automatic engagement and disengagement. They protect the drivetrain from sudden loads, enhancing component lifespan. However, the effectiveness can be diminished by worn materials, and their design may struggle in dynamic or high-speed applications. Despite this, they are ideal for automotive, industrial, and small engine uses.
In contrast, electromagnetic clutches offer precise control for applications requiring high accuracy, like manufacturing tight-tolerance components. Their customizable sizes and configurations allow for tailored designs to suit various machinery needs.

[bookmark: _Toc182159593]Section B 
[bookmark: _Toc182159594]Introduction of the Clutch Design Parameters
A centrifugal clutch can come in many designs; however, for this example, consider a centrifugal clutch that comprises four identical and symmetrically placed shoes. Each shoe has a mass of 275 grams, including the friction lining, which has a coefficient of friction of 0.35. It’s attached by a linear mechanical spring that has a stiffness of 7.5 kN/m. In the rest position, the centre of mass is 95mm from the centre of the shaft. Additionally, there’s a clearance of 9mm between the shoes' edge and the outer drum's inner diameter. The outer drum has a wall thickness of 4mm.
[bookmark: _Toc182159595]Task 1 
If we consider the shoes in their rest position 95mm from centre of the mass we add the clearance of 9mm to the internal of the outer drum and the additional of the 4mm of wall thickness of the outer drum we come an overall radius for the outer drum of 108mm double that and we the outer drums diameter of 216mm.  
[bookmark: _Toc182159596]Task 2 
In order to find the engagement rpm, we must first layout our known values and convert them into standard SI units.





To find the rpm that our clutch engages at, we must break this down as this problem has two components. First, the equation below gives the centrifugal force acting on each shoe.
[bookmark: _Toc182159552]Equation 1 - Equation of Centrifugal Force

The second component is that we need to understand the force required to overcome the spring holding the shoe; the equation below gives this. 
[bookmark: _Toc182159553]Equation 2 - Equation of Spring Force

Whereby  is the clearance distance between the shoe and the internal of the drum. For engagement to occur, the centrifugal force must be equal to the spring force. Substituting derived variables for both, we come to the below equation.  
[bookmark: _Toc182159554]Equation 3 - Derived equation based on relationship between spring force and centrifugal force

If we substitute for our known valves and transpose the formulae to get just the angular acceleration, we get the below equations.
[bookmark: _Toc182159555]Equation 4 - Equation transposed for angular acceleration


[bookmark: _Toc182159556]Equation 5 - Equation 4 with our substituted values

That will give us an of 50.83 radians per second. We can then convert it into RPM. See the conversion rate below. This will then give us an engagement RPM for the centrifugal clutch of 485RPM.
[bookmark: _Toc182159557]Equation 6 - conversion rate for Radians per second to RPM





[bookmark: _Toc182159597]Task 3
[image: Centrifugal force The equation for Centrifugal force StudySmarter] To calculate the radial force on the clutch face, we need to clarify the question. We have looked at centrifugal forces, which result from inertia as a reaction to centripetal force, keeping an object moving in a curved path. 
The radial forces we are determining act along the circular path, either toward or away from the centre, while centripetal forces only act inward. We also assume that the forces are uniformly distributed across the cross-sectional area of each shoe. (Serway & J.W., 2014). 


[bookmark: _Toc182159548]Figure 5 - Diagram of centrifugal, centripetal and radial forces acting in a circular motion (taken from Studysmater.co.uk)














Next, we want to calculate our radial force, which is given by the below equation; looking is identical to the force equation for the centrifugal force because we can define some relationships due to Newton's second and third laws of motion.    
[bookmark: _Toc182159558]Equation 7 - Equation of centripetal or radial forces for a circular path

Newton's second law of motion gives us the equation below for the magnitude of a centripetal or radial force.
[bookmark: _Toc182159559]Equation 8 - Equation for the magnitude of centripetal force or radial force given by newtons second law of motion

Radial acceleration in this equation can also be represented by the below equation, as every object in a circular path has a radial acceleration, shown in Figure 4. Where  is the tangential velocity, and  is the radius of the circular path. 
[bookmark: _Toc182159560]Equation 9 - Relationship between radial acceleration, tangential velocity and radius

If we then substitute this relationship back into the equation for centripetal force, we get the below equation.
[bookmark: _Toc182159561]Equation 10 - Equation for centripetal force and relationship for radial acceleration combined

We can further simply this equation through the following relationship. 
[bookmark: _Toc182159562]Equation 11 - Simplified relationship for tangential velocity

Next, we can calculate the radial or centripetal forces by plugging in our values and converting the RPM to radians. 
[bookmark: _Toc182159563]Equation 12 - Equation 7 with our known values substituted in and a conversion for RPM to radians

[bookmark: _Toc182159564]Equation 13 – Radial Force in newtons

[bookmark: _Toc182159598]Task 4
To understand what torque has been transmitted, we first must understand what frictional force has been transmitted to the drum. We first start by laying out known values.  



As we want to find the actual torque on the drive shaft, we need to know what frictional forces are transmitted to the drum from the shoe; as the shoe is already in motion, we are dealing with sliding friction, which is the frictional force and is defined by the below relationship. 
[bookmark: _Toc182159565]Equation 14 - Relationship between frictional force and radial force

The torque produce at each shoe is given by the product of the frictional force and the effective radius. 
[bookmark: _Toc182159566]Equation 15 - Equation for torque at each shoe

As we want to calculate the torque transferred into the driving shaft and there are four shoes in the design, we multiply the by four to get the total torque and substitute our derived products; we get the following equation.
[bookmark: _Toc182159567]Equation 16 - Equation to give the total transmitted torque at the driven shaft

[bookmark: _Toc182159568]Equation 17 - Equation 16 with our known values substituted in

[bookmark: _Toc182159569]Equation 18 - Total torque transmitted at the driven shaft in newton metres

[bookmark: _Toc182159599]Task 5
See Appendix A for a table of results showing torque analysis for centrifugal clutch from 450 to 700 RPM. The graph below in figure 5 shows the transmitted torque at the driven shaft. It showcases a linear relationship between torque and RPM. As the RPM increases, so does the torque. From this, we can ascertain a proportional relationship between both. This aligns with Pandit's review of centrifugal clutches, as seen in Figure 1.











[bookmark: _Toc182159549]Figure 6 - Line graph showing transmitted torque at the driven shaft created by document owner. Dataset taken from appendix a. 




[bookmark: _Toc182159600]Task 6
The graph shown in Figure 6 is the same as Figure 5; however, now, two additional coefficients of friction have been used to model the output torque on the driven shaft. This graph again shows a correlation between the friction values of a material and its ability to transmit torque. Again, it highlighted the importance of a friction lining or friction-bearing material in a centrifugal clutch design.













[bookmark: _Toc182159550]Figure 7 - Line graph showing transmitted torque at the driven shaft modelled with varying coefficients of friction created by document owner. Dataset taken from appendix a.



[bookmark: _Toc182159601]Task 7
This section will treat the drum as a solid disc with a given mass of 0.75kg. We can then use this and other relationships to find the angular acceleration or, in other words, how fast the drum must accelerate to achieve the maximum torque. In order to do this, we must first layout our known values. 



As we know, the moment of inertia given by the below equation is directly related to the angular acceleration. We can use this relationship to find the angular acceleration to give the torque.
[bookmark: _Toc182159570]Equation 19 - Equation for moment of inertia

[bookmark: _Toc182159571]Equation 20 - Equation for torque

If we substitute the products of moment of inertia into this torque equation and rearrange to find angular acceleration we get the below equation, then if we add our known values.
[bookmark: _Toc182159572]Equation 21 - Transposed equation for torque to with products of moment of inertia to solve for angular acceleration

[bookmark: _Toc182159573]Equation 22 - Equation 21 with our known values

[bookmark: _Toc182159574]Equation 23 - Value for angular acceleration

A high value for angular acceleration suggests that the drum will likely experience significant mechanical stress during operation. These figures can be used as a foundation for material selection or for modifying the size of the drum and clutch to reduce wear and stress during operation, potentially extending the reliability of the entire assembly.
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[bookmark: _Toc182147017]Table 1 - Author's original calculations of transmitted torque on driven shaft
	RPM
	RPM TO Radians
	radial force in N
	Total torque (N/m)
	Total torque (N/m)
	Total torque (N/m)
	
	radius (m)
	0.095

	450
	47.12
	58.01
	7.72
	6.61
	8.82
	
	Coefficient of friction
	0.35

	475
	49.74
	64.64
	8.60
	7.37
	9.83
	
	mass of shoe (kg)
	0.275

	500
	52.36
	71.62
	9.53
	8.17
	10.89
	
	PI
	3.141593

	525
	54.98
	78.96
	10.50
	9.00
	12.00
	
	
	

	550
	57.60
	86.66
	11.53
	9.88
	13.17
	
	New coefficient 1
	0.3

	575
	60.21
	94.72
	12.60
	10.80
	14.40
	
	New coefficient 2
	0.4

	600
	62.83
	103.14
	13.72
	11.76
	15.68
	
	
	

	625
	65.45
	111.91
	14.88
	12.76
	17.01
	
	
	

	650
	68.07
	121.04
	16.10
	13.80
	18.40
	
	
	

	675
	70.69
	130.53
	17.36
	14.88
	19.84
	
	
	

	700
	73.30
	140.38
	18.67
	16.00
	21.34
	
	
	



	
Torque transmitted to the driven shaft 


450	475	500	525	550	575	600	625	650	675	700	7.7159641932303984	8.5971082523338733	9.5258817200375301	10.502284596341376	11.52631688124541	12.597978574749634	13.717269676854047	14.884190187558643	16.098740106863428	17.360919434768398	18.670728171273556	RPM


Transmitted torque in N/m



Torque transmitted to the driven shaft with varying coefficients of friction 

0.35 coefficient	
450	475	500	525	550	575	600	625	650	675	700	7.7159641932303984	8.5971082523338733	9.5258817200375301	10.502284596341376	11.52631688124541	12.597978574749634	13.717269676854047	14.884190187558643	16.098740106863428	17.360919434768398	18.670728171273556	0.3 coefficient	
6.613683594197485	7.3689499305718922	8.1650414743178832	9.001958225435466	9.8797001839246388	10.7982673497854	11.757659723017754	12.757877303621692	13.798920091597227	14.880788086944342	16.00348128966305	0.4 coefficient	
8.8182447922633145	9.825266574095858	10.886721965757179	12.002610967247289	13.172933578566186	14.397689799713868	15.676879630690339	17.010503071495592	18.398560122129634	19.841050782592458	21.337975052884065	RPM


Transmitted torque in N/m
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