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Abstract

Introduction
Centrifugal clutches are critical and essential to many mechanical systems' operation. This report aims to provide essential information gained through research about this power-transferring technology. This information will be used to perform both a theoretical and numerical evaluation of centrifugal clutches against two separate exercises- task A and task B.
Task A
Centrifugal clutches are widely used in many applications. They are used to transfer power within mechanical systems. There are a wide range advantages such as the protection of machinery from overloading. Although widely used some limitations exist one of which is due to the lack of flexibility in regards to controlling the clutch. Further research has been carried into the material developments that have been applied to the frictional lining materials used to the faces of the clutch shoes. Electromagnetic clutches role in modern automation was also reviewed.
Task B
A numerical analysis of the data supplied in the brief was carried out and was used to answer the seven questions provided. Firstly the diameter of the outer drum was calculated. Following this the radial force and angular velocity acting on the clutch face was found. Results were collated and the data was used to carry out further calculations using Microsoft excel. These were organised using Line graphs to give a visual depiction of the change in torque values at different RPM’s. This was then expanded to include different coefficients of friction to gain different results. Finally the torque acting on the outer drum was calculated to complete the exercise.



Introduction
The following report aims to perform both a theoretical and numerical evaluation of centrifugal clutches against two distinct exercises- task A and task B. The aim is to provide essential information gained through research about this power-transferring technology.
The theoretical element of this report will be undertaken in task A. Explored will be the development of centrifugal clutches from their inception to the present day and include elements such as technical diagrams and material choices used within construction. This information will demonstrate the range of uses and applications while investigating typical operating conditions. Research will be further expanded to explore electromechanical clutches and applications currently used within automation. The information gained will be used to critically analyse both centrifugal and electromechanical clutches to provide their advantageous and disadvantageous properties.
Numerical evaluation within this report will be explored in task B, demonstrating the results and worked examples of calculations using the information provided within the brief. The process from which these results were gained will be displayed, providing a procedure to justify what formulae and techniques were used to achieve results. Data acquired from these calculations will be collated and implemented into a Microsoft Excel document to provide graphical results and expand the numerical data further to fully provide the required data range within the assignment brief.



















Task A

 Fundamental principles of centrifugal clutches
A centrifugal clutch comprises an assembly of components used for transferring motion from a power source- such as an engine and transmitting this motion through a power train- such as a gearbox  (Bird & Ross, 2020). It is known that the primary purpose of a centrifugal clutch is to deliver this driven motion smoothly to allow for the efficient operation of the mechanical assembly to which it is applied (Bird & Ross, 2020). The components that a centrifugal clutch consists of are shown in Figure 1. It operates on the principle that when a driving shaft is rotated, it will cause clutch shoes to move radially outwards as the speed of the driveshaft is increased. The clutch shoes are restrained by springs and attached to a mounting arbour known as a 'spider'.


[image: Centrifugal clutch [3].]Figure 1. Annotated sectional engineering drawing of a centrifugal clutch. Source: (Kholil, et al., 2021).

As the drive shaft is accelerated, the clutch shoes remain in their closed position within the spider until the driving shaft generates enough force to overcome the restraining force of the springs (Bacon & Stephens, 1994). At this point, the shoes will extend until they come into contact with the clutch face, which will cause the power to be transferred from the driving shaft to the driven shaft. As the speed increases, so too will the torque provided.







Development through design
Walter Crowdus patent- 1898.
Research suggests that centrifugal clutches have been applied to mechanical powertrains for over 100 years (crowdus, 1898) . Figures 2 and 3 illustrate the earliest clutch design researched. In Figure 3, the clutch is used in a motorcar and is driven by an electric motor. Contrary to the design shown in Figure 1, it only includes one friction shoe and neglects to use a spider. It also uses an eccentric drum instead of a cylindrical to provide the mechanical drive. Figure 2 has been highlighted in red to depict the location of each clutch.
Figure 2. Sectional engineering drawing of a motor vehicle designed by Walter Crowdus. Source : (Crowdus, 1898)
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Figure 3. Sectional engineering drawing of eccentric centrifugal clutch designed by Walter Crowdus. Source : (Crowdus, 1898)
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Uggla and Walgreen patent- 1929.
Figure 4 illustrates a later clutch design (Uggla & Wallgreen, 1929) , which uses a unique design. In this case, the drum is cylindrical, which suggests that this design is more efficient than the design shown in Figure 3. This later design also demonstrates that the clutch surfaces are separated into seven blocks (highlighted in red). U- shaped Plate springs affixed with screws between two drums (highlighted in orange) are attached to each block to allow for each jaw to move radially with the centrifugal action. Eijk (1985) suggests that this design choice may not have been the best for this application as plate springs have a limited elastic range of motion. Also, within the lifetime operation of the plate spring, there is a possibility of the spring operating on more than one degree of freedom, causing the spring to move axially and radially, which can cause imbalances within the mechanical device. 








Figure 4 - Uggla & Walgreen design for a centrifugal clutch. Source: (Uggla & Wallgreen, 1929).
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Charles Frederick Henry patent - 1972
Figure 5 and 6 (Henry, 1972) depict a substantial design change from the earlier iterations between figures 2 and 4. The clutch plates have been reduced to four with the addition of four extension springs attached to each. A form of a spider mounting plate which houses the spring has also been included to provide drive from the driving shaft. Henry poses that by adopting this design, smaller springs may be used and are protected as they are housed in stasis within the shroud and shoe assembly. They also reason that the integral shroud supports the clutch assembly, adding stability.







Figure 5. Charles Frederick Henry's centrifugal clutch assembly. Source: (Henry, 1972).
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Figure 6. Centrifugal clutch Clutch exploded view[image: ]. Source : (Henry, 1972).










Material choices
Various material developments have been applied to the centrifugal clutches since their inception. Clutch drums are typically made from cast iron (Nifo brakes, 2023) or forged carbon steel (Dr. Pulley, 2023). These materials are selected due to their favourable wear characteristics (Jiang, et al., 2022) (Matmatch, 2023). For this report, it was decided to evaluate the frictional lining materials applied to the faces of the clutch shoes.
Early centrifugal clutches adopted friction materials comprising resin composites impregnated with asbestos fibres, which showed favourable heat resistance and wear characteristics (The Mesothelioma Centre,2023)(Health and Safety Executive, 2023). These favourable characteristics led to widespread adoption within the mechanical industry until it was discovered that asbestos fibres were harmful to health(Health and Safety Executive, 2023) (Cohen & Orwen, 2008). Further development was applied to find safer materials. Alternative fibrous materials, such as carbon fibre and fibreglass, have been combined with resin to create composite materials with comparable performance to asbestos (Felger, et al., 2006). However, these typically attract a higher premium in price. Ceramic liners are also available, containing materials such as sintered copper, iron and silicon dioxide, offering higher heat resistance and performance aimed at motorsport applications (Phoenix friction, 2023). Research into more sustainable sources of friction materials containing powdered coconut husk, sawdust, and green mussel shell has also shown promise, with one study finding improved torque performance over an OEM manufacturer part (Kholil, et al., 2021).

Applications and advantages of centrifugal clutches.
Centrifugal clutches have a diverse range of applications to which they are suited. They are available in many configurations, including attachments (Altra motion, 2023) such as couplings, (Industrial Friction materials, 2023) pulleys and flywheels. Centrifugal clutches remove the need for manual clutches, making them suited to small engine-driven machines (Testbook, 2023) (Industrial Friction materials, 2023) such as chainsaws, mopeds, go-karts and lawnmowers  (Panchal & Patel, 2022). They also reduce the stress on start-up for these engines and reduce the chance of stalling the motor when the throttle is released (Weight, 2004). Centrifugal clutches provide overload protection even when too much load is placed on the clutch. These benefits, in turn, protect the engine, which can improve reliability and extend the engine's lifespan.
This attribute of 'soft starting' is a key benefit which is not only applied to small engine technology but is also capitalised by more industrial applications (Lance real, 2019) (BLM Centrifugal Solutions., 2023). Examples of this include agricultural equipment such as tractors and tillers, military applications such as shipboard helicopter lifts and aerospace applications (Long, 2013), which are used to prevent helicopter rotors from rotating while the rotor is not in use. The examples provided testify to the reliability of centrifugal clutches, as these industries are known for having stringent and demanding performance standards.
These applications also demonstrate an essential element relating to safety. As power engagement is only achieved when the engine or motor exceeds a set RPM (Weight, 2004), any output below this will not provide any drive. This helps simplify the operations of various equipment, such as chainsaws and rotating equipment, which would otherwise pose a greater danger to their operators.


Disadvantages of Centrifugal clutches.
Although centrifugal clutches are widely used in many applications, some limiting features exist. Centrifugal clutches are not suited to high torque applications as they tend to slip when the power load is heavy (Engineering Designer 2023). Another issue revolves around efficiency, where power can be lost due to low engagement of the clutch friction surfaces at low speeds (Testbook, 2023). This can cause slippage and accelerated wear, which invariably affects the efficiency of the energy output from the power source. 
Further limitations are found in the lack of versatility within mechanical applications (Crane, 2003). This is because centrifugal clutches are typically explicitly designed for their unique operating conditions and are custom-made for their applications. As centripetal acceleration is directly proportional to the square of velocity (Study Mind, 2023), it must be modified to change the clutch's engagement parameters (BLM Centrifugal Solutions, 2023). This reduces its capabilities to operate at optimal performance in certain operating conditions. The lack of control over clutch engagement means they are unsuitable for applications where the operator needs to change to different gears, such as in a manual gearbox on a car.


Electromagnetic clutches
Research suggests that electromagnetic clutches (E.M. clutches) are a possible solution to the control limitations found in centrifugal clutches. This is because the clutch can be actuated to engage or disengage by controlling an electromagnet using an electrical input (Eide, 2023). Within manufacturing processes, E.M. clutches are extensively used for automated applications (Ogura clutch, 2023) as they can be controlled precisely to alter several different operating parameters, meaning they can be used for a broader range of applications (Shin, et al., 2013). The torque applied to the clutch can be varied and applied bi-directionally by altering the electrical impulses supplied to the electromagnet (Ogura Clutch, 2023). This allows the clutch to be controlled remotely and integrated with other combinations of mechanical components to complete coordinated tasks as part of a more extensive automated system.









Task B

Question 1
Calculate the diameter of the outer drum.
Firstly, information provided in the brief was evaluated to find the necessary data to derive the answer; all measurements have been displayed in their original values and then converted to their S.I. units :
 
Stiffness value of springs 

 
 
 

The information above was used to populate the formula below. The  is added to the is  and the THK is then multiplied by 2 to calculate the diameter of the drum:











Question 2
Determine the engagement speed of the centrifugal clutch in RPM.
The centripetal force acting towards the shaft's centre was calculated to start the calculation. This was achieved by using the formula below, where the spring stiffness(k) was multiplied by the displacement of the spring (x)


The next step taken was to calculate the centripetal acceleration.  by rearranging the below formula to divide the centripetal force by the mass (.




Because centripetal acceleration is equal to the radius of the clutch shoes at their open position  multiplied by the angular velocity squared  The below equation can be rearranged to work out the angular velocity:




This provides the result for the first required angular velocity as:

The formula below is used to calculate the answer to convert the angular velocity from radians per second (rad/s) to revolutions per minute (rpm). It is then rounded to the nearest rpm:




















Question 3
To calculate the radial force acting on the clutch face when the driving shaft is rotating at 550 rpm, it was necessary first to calculate the angular velocity, which has been designated as  using the formula below:

The angular velocity was then used to calculate the centrifugal force acting on a single brake shoe. This was achieved by multiplying the mass by the angular velocity squared by the radius of the shoes in their furthest open position, as shown in the formula below:

To derive the total force acting radially on each clutch shoe, it is necessary to calculate the resisting force the spring attached to the shoe is supplying. This is achieved by using the same formula used above but changing the angular velocity to the result achieved in question two, which, in this case, is .

To find net radial force per shoe  it is necessary to calculate the sum of the centrifugal force minus the resisting force supplied by the spring as shown below:

Finally, calculate the total radial force. which is acting on the clutch face, the value gained from the force per shoe  must be multiplied by the number of shoes within the centrifugal clutch, which is four. Below is the formula used and the derived solution:




Question four
At the driving shaft speed, the value of the torque transmitted to the driven shaft can be calculated as follows.
First, the frictional force   which acts tangentially on each shoe must be calculated. This is achieved by multiplying the coefficient of friction (0.35) by the sum of the centrifugal force minus the spring force, as shown below in the formula:


The results of this calculation can then be applied to the formula  to calculate the torque. This answer will give the torque per shoe, hence. as shown below.

The final calculation required to complete this calculation is to multiply the result of the torque value applied per shoe by the number of shoes present, which in this case is four.

Therefore, the total torque applied to the driven shaft is 3.99 N/m.










Question five
Excel was used to calculate torque at the driven shaft at 25 rpm intervals between 450 and 750 rpm. This data was then used to create a line graph, as depicted in Fig. 7. The calculations and data gained are shown in Fig. and Fig. 9 below.
[image: ]Figure. 7 - Calculations used for finding the torque.


Fig. 8- Results gained from calculations shown in Fig. 7



[image: ]



Figure. 9 . Graph depicting a graphical view of results.
Question Six
The analysis was repeated but with different friction coefficients – 0.3 and 0.4 (shown in fig. 10 and 11). The results gained, shown in Fig.12, were then combined using a line graph to compare the torque levels transmitted to the driven shaft. The results show that the torque delivered to the driven shaft increases as the friction coefficient increases. This can be seen visually in the chart in Fig. 13.
Figure. 10- Results from 0.3 coefficient of friction.
[image: ]

Figure. 11 - Results from 0.4 coefficient of friction.
[image: ]
Figure. 12- Combined torque results of all coefficients of friction.
[image: ]




Figure. 13. Combined torque values shown in graphical form
Question 7 

Using the maximum torque at 700 RPM, it was possible to calculate the maximum permitted torque. This was calculated using the following formulae:




To start with, the radius of gyration ( was calculated by dividing the radius of the drum by the square root of 2.




This result was then used to calculate the mass moment of inertia) by multiplying the mass of the drum by the ( value squared.

The final step to calculate the maximum permitted torque involves rearranging the below formula to make angular acceleration the subject ( then dividing the max torque at 700 RPM gained from calculating question six, and then dividing it by the mass moment of inertia.


Conclusion
Centrifugal clutches are critical and essential to many mechanical systems' operation. This report has discussed the fundamental principles of centrifugal clutches, including developments in their design and operation. Their applications, advantages and limitations have been assessed in detail. Further research was applied regarding the application of electromagnetic clutches and their application within automation. For Task B, formulae were used, and calculations were completed against each question required in the task brief. Results have been collated, and the data is organised under each heading, as shown in task B.
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Fo=mxw2*r (N)  Fs=mxwi’r (N) Ff=p(Fc-Fs) (N) T=FxR (N/M) Total T at shaft=FxRx n.0.5 (N/M)

6251090432
7076369278
78.40852385
86.44539755
9487431386
103.6952728
112.9082743
122.5133185
132.5104053
142.8995347
153.6807068

6251090432
675
675
675
675
675
675
675
675
675
675

0
1.305477111
4363409541
7578159019
10.94972554
14.47810912
18.16330974
2200532741
2600416212
3015981389

344722827

0

013576962
0.453794592
0788128538
1138771457
1.505723348
1.888984213

228855405
2704432861
3136620644
3585117401

0
0543078478
1.815178369
3152514152
4555085827
6022893393
7555936852
9154216202
10.81773144
12.54648258

14.3404696
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RPM of shaft(n) Torque at shaft 0.3 coefficient (N/M) Torque at shaft 0.35 coefficient (N/M)
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10.7553522

0
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10.97817226
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Torque at shaft 0.4 coefficient (N/M)

0
0543078478
1815178369
32152514152
4.555085827
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7.555936852
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10.81773144
12.54648258
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