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[bookmark: _Toc1512537742]Task A
1. [bookmark: _Toc1194091221]Introduction
This report will discuss two different types of clutches. Firstly, the centrifugal clutch, which works on the basis of centrifugal force to engage and disengage. A wide range of uses of this clutch will be presented along with the advantages and disadvantages.
Secondly, this report will then discuss electromagnetic clutches and how these are used in modern-day manufacturing automation.

In the following section, the development of the centrifugal clutch will be presented, discussing the history followed by the development of the clutch.
2. [bookmark: _Toc649726504]The Development of Centrifugal Clutches
In this first section the report, the development of centrifugal clutches will be discussed, providing an historical overview along with an analysis on the evolutionary development.

2.1. [bookmark: _Toc252107156]Historical Overview
The exact date of the invention centrifugal clutches is unknown, which is attributed to numerous developments by multiple inventors overtime. However, in the 19th century, they were known to be used largely for locomotive applications (MechStudies, 2017). One of the earliest documented patents was filed to the United States by a British engineer, Frederick Lanchester in 1898 (Clark, 2011). Prominence grew in the early 1900’s, where it was then used in Armstrong Siddeley cars which was then sold as a high-end automatic vehicle. Figure 1 below shows an image of an Armstrong Siddeley car.

Figure 1 Armstrong Siddeley Typhoon (Honest John Classics, 2013)
[image: Armstrong-Siddeley Typhoon - Classic Car Review | Honest John]
2.2. [bookmark: _Toc799309428] Development of the Centrifugal Clutch
With many engineers and inventors working on their variation of the Centrifugal Clutch, there were many developments over the years. The design itself remained simple and similar to the original. However, the chosen material for the components changed over the years to create a more cost-effective, lightweight and durable clutch. 

3. [bookmark: _Toc1514092189]What is a Centrifugal Clutch?
A centrifugal clutch is a mechanical device that is used on equipment that is rotary driven, commonly used with a combustion engine (Engineersguide, 2019). Figure 2 shows a diagram of a centrifugal clutch and its components, this will be discussed below.

Figure 2 Diagram of a centrifugal clutch (ElectricalWorkbook, 2021)
[image: ]
3.1. [bookmark: _Toc479463868]Clutch Plate
The clutch plate is fixated to the driven shaft, is cylindrical in shape and has friction lining on its internal surface.

3.2. [bookmark: _Toc406497447]Spider
The Spider is a hub which is mounted on the driving shaft and has 4 equally spaced radial guides.
3.3. [bookmark: _Toc1641883726]Friction shoes
The shoes move outward and are held in position with springs and are responsible for making contact the drum.

3.4. [bookmark: _Toc907422776]Drum
The drum serves as a housing for all components and connects the whole assembly to the driven shaft allowing torque to be transmitted through.

3.5. [bookmark: _Toc2068441064]Spring
The springs engage the shoe with the drum at high centrifugal forces and disengage when this force lowers. (MechStudies, 2017).

4. [bookmark: _Toc845878820]Function of a centrifugal clutch
Centrifugal force, the force which makes objects move outwards while in rotation (StudySmarter, 2020), is utilised to drive the driveshaft. At lower engine speeds, the clutch remains disengaged allowing the engine to operate without transferring any engine power to the driveshaft. As engine speed is increased, the centrifugal force also increases causing the clutch to engage creating a mechanical connection between the engine and the driveshaft.

5. [bookmark: _Toc661951929]Applications and operating conditions of a centrifugal clutch
In this section, the applications of a centrifugal clutch will be discussed, highlighting their diverse usage within a range of industries and machinery. Following this, the subsequent section provides the details of the operating conditions relating to a centrifugal clutch.

5.1. [bookmark: _Toc802526234]Applications of a centrifugal clutch
The centrifugal clutch is commonly used in small, motorised equipment such as dirt bikes, go-karts, chainsaws, construction equipment and even industrial machines (BLM, 2019). A centrifugal clutch is utilised for these applications as it offers a simple and reliable method of controlling power transfer based on engine speed. 
The automatic engagement of the clutch based on engine speed, eliminates the need for a manual clutch and allows the vehicle or equipment to operate without manual intervention (Orthwein, 2004). When engine speed decreases, the clutch will automatically disengage. This safeguards against abrupt stalls that might otherwise damage equipment or pose risk to the operator, making this clutch an excellent choice for small, motorised equipment such as chainsaws.
The smooth transfer of power allows for precise control, thus making this clutch a good choice for material handling. Enabling operators to precisely control their movement within warehouse and manufacturing facilities (Adenwala, 2020).

5.2. [bookmark: _Toc1874173824] Operating conditions
Depending on specific application and material choice, operating conditions of centrifugal clutches can vary. However, there are several common operating conditions and considerations. 
It is vital that the clutch is well lubricated for reliable and smooth operation. If the clutch is not lubricated correctly excessive wear may occur causing the clutch to prematurely fail (BMIKarts, 2019).
The load applied to the clutch must also be known for safe and successful operation. If too high of a load is applied to the clutch, then a failure could occur. For example, a load of a centrifugal clutch which is used in a go-kart is calculated from factors such as resistance which includes air and friction and weight of the kart and driver.

6. [bookmark: _Toc2096093635]Advantages and disadvantages of a Centrifugal Clutch
The advantages and disadvantages of centrifugal clutches will be presented and discussed in the following sections.

6.1. [bookmark: _Toc649893067]Advantages of a centrifugal clutch
There are many reasons to opt for a centrifugal clutch over other alternatives. Kumar (2010) explains that centrifugal clutches automatically engage and disengage, meaning there is no requirement for a control mechanism as the mechanism relies on centrifugal forces, this advantage is also highlighted by Gupta (2020). Another benefit of automatic disengagement is the prevention of sudden jerks or stalls when engine speed decreases, enhancing safety in what could be considered a dangerous operation.
Centrifugal clutches are simple in design with fewer components than other types of clutches. This allows for a more cost-effective manufacturing process allowing manufactures to keep costs low for the customer. 

6.2. [bookmark: _Toc605458718]Disadvantages of a centrifugal clutch
Although centrifugal clutches have numerous advantages there are situations where manual clutch alternatives are more suitable. Under heavy loads, a user may experience slipping or sudden increases in torque. This is because they have very limited torque handling and are not well suited for applications requiring high torque transmission (Nunney, 2013). 
Centrifugal clutches are typically unidirectional and therefore only transmit power in one direction. For example, in equipment such as chainsaws, the chain is only required to move in one direction deeming it a suitable choice. However, in vehicles such as cars, the ability to transmit power in both directions is essential, making this a disadvantage.

7. [bookmark: _Toc1920862468]Electromagnetic clutches
In the following section, the report will now discuss another form of clutch known as an electromagnetic clutch. The function of an electromagnetic clutch will be explained, followed by a discussion of their widespread use in modern automation of manufacturing processes.

7.1. [bookmark: _Toc1223932044] Function of an Electromagnetic Clutch
The electromagnetic Clutch is more complex than the basic Centrifugal clutch. Figure 3 below shows a diagram of the modern electromagnetic Clutch.
Figure 3 Diagram of a Electromagnetic Clutch (EMWORKS, 2017)
[image: ]
The main components of this type of clutch are the armature, rotor, hub and field coil. The activation of the engine prompts the rotation of the rotor which is coupled with the engine shaft. The clutch operates on the principle of electromagnetic induction, this is done by a direct current supplied from a DC Battery which generates an attracting electromagnetic force on the armature. In turn, force is then exerted onto the friction plate causing the plate to move towards the already spinning rotor, initiating the rotation of the hub. The rotation of the hub then allows the transmission of torque when engaged (TestBook, 2021).

7.2. [bookmark: _Toc1254329797] Application of an Electromagnetic Clutch in Modern Automation Manufacturing
With the ability to handle high torque loads, precision and rapid response, Electromagnetic Clutches have found applications within modern manufacturing automation (jbj Techniques, 2016). In the following section, the role of electromagnetic Clutches in modern automation manufacturing will be explained.

7.2.1. [bookmark: _Toc1169140539]Industrial Robotics
Industrial robotics requires extreme precision to perform tasks in the manufacturing industry. At Sony UKTec in Pencoed, Yumi robots are used to accurately place components onto circuit boards, as shown in Figure 4 below.
Figure 4 Yumi Robots at Sony Pencoed (SonyUKTec, 2021)
[image: ] 

Electromagnetic clutches enable industrial robotics such as those depicted in Figure 4 nuanced motion, regulating the movements of the robot (Sepac, 2022)

[bookmark: _Toc871638424]7.2.2. CNC Machining
CNC machines use electromagnetic clutches to control the engagement of the spindle. Due to the rapid engagement of these clutches, CNC machines are able operate to precise detail, maintaining a standard of high quality (Overby, 2010). 

[bookmark: _Toc210063326]7.2.3. Automated Assembly Lines
Conveyor belts have been introduced into the manufacturing industry to automatically transport material and product along a production line. Figure 5 below shows an automated assembly line at Sony UKTec.

Figure 5 Automated Assembly Line at Sony UKTec (Aerospace Wales, 2023)
[image: ]
With the use of magnetic induction, vibration from the clutch is eliminated, allowing for smooth transport of product along the line. The instantaneous response of the clutch safeguards users by allowing the conveyor to instantly stop if required in an emergency.  

8. [bookmark: _Toc478308288]Conclusion
Centrifugal clutches were first seen in the 19th century, mainly utilised in locomotive applications. They then got introduced the vehicles in the early 1900’s, specifically Armstrong Siddeley vehicles. Although designed in the 19th century, the centrifugal clutch remained basic in design, the main components consisting of a clutch plate, spider, friction shoes, drum and spring.
The clutch works on the principle of centrifugal force, which increases as engine speed increases, causing the clutch to engage and therefore creating a mechanical connection between the engine and the driveshaft. The advantages and disadvantages of centrifugal clutches depend on the application. One key advantage of centrifugal clutches in equipment such as chainsaws is automatic disengagement which safeguards the user from sudden jerks from the equipment.
In modern day manufacturing, electromagnetic clutches which rely on magnetic induction have been utilised within many automated processes. Electromagnetic clutches offer precision, ideal for processes which require precision.
Overall, the basic design of centrifugal clutches is a cost-effective solution for small engine vehicles or equipment. Working on the principle of centrifugal force, as engine speed increases, so does the force causing the clutch to engage, thus creating a connection between the engine and the driveshaft. Today, although more expensive, electromagnetic clutches which allow for instantaneous engagement, higher loads and precision are used predominately in manufacturing industries.


[bookmark: _Toc1048279296]Task B

[image: ]
Consider the centrifugal clutch above that comprises of four ‘shoes’ symmetrically attached to the ‘spider’.  Each shoe with its friction lining has a mass of 275 grams and is attached by means of a linear mechanical spring with a stiffness value of 7.5 kN/m.  The coefficient of friction of the material attached to the shoes is 0.35.  The centre of mass of each of the shoes is at a radius of 95 mm from the shaft centres in the rest position shown above and has a clearance distance of 9 mm to the outer drum.  The outer drum has a wall thickness of 4 mm.

Questions
1) What is the diameter of the outer drum?
2) Determine the engagement speed of the centrifugal clutch.  You should provide your answer in RPM (revolutions per minute) and rounded to the nearest whole value of RPM.
3) Calculate the radial force acting on the clutch face when the driving shaft is rotating at a speed of 550 RPM.
4) At the driving shaft speed of 550 RPM, what will be the value of torque transmitted to the driven shaft?
5) Using either MatLab or MS Excel, calculate and plot on a suitable graph the transmitted torque at the driven shaft against driving shaft speed, from 450 RPM to 700 RPM in increments of 25 RPM.
6) Undertake the same analysis as in point 5 above but adopt a coefficient of friction of 0.3 and 0.4.  Discuss the effect of changing the coefficient of friction of the shoe material on the torque transmitted when comparing the three values of coefficient of friction.
7) For the maximum possible transmitted torque determined from either point 5 or 6 above, and given that the mass of the drum is 750 grams and can be considered as a solid disc, what is the angular acceleration of the drum to achieve the maximum possible torque.

Question 1 Solution

The diameter of the outer drum can be calculated by considering the clearance distance, wall thickness and the radius which is all provided in the question. However, there is a required value that is missing, which is the thickness of the shoes. Therefore, the following solution will neglect this factor.

Diameter = 2(R + Clearance Distance + Wall Thickness) (equation – 1)

Where,

· R= 95mm
· Clearance Distance = 9mm
· Wall Thickness = 4mm

Therefor substituting the values above into equation 1,

Diameter = 2 x (95+9+4)
= 216mm
= 0.216mm (Outer edge of the drum)











Question 2 Solution

Engagement speed is the speed at which the centrifugal force overcomes the spring force, causing the clutch to engage, this is also referred to as lock up speed.

The centrifugal force can be calculated by the following formula:

 (equation - 2)

The spring force is given by equation 3 below:

     (equation - 3)

With the spring force being the resistive force and the centrifugal force being the force acting on the shoes, equation 2 can be made equal to equation 3.

Giving,



Where,

· M (Shoes Mass = 275g = 0.275kg
· k (Spring Stiffness) = 7.5kN/m = 7500N/m
· r (Radius) = 95mm = 0.095m
· d (Clearance Distance = 9mm = 0.009m
· W (Angular Velocity) = ?

Now rearranging equation to solve for angular velocity,

 (equation – 4)

Next substituting the values listed into equation 4 using SI units,




Next converting the value above to Revolutions per Minute (rpm) by using equation 5 below,

 (equation – 5)

Engagement speed = 485 RPM



Question 3 Solution

Radial force acting upon the clutch face can be solved with equation 6 below,

(equation – 6)

Fc is the centrifugal force and Fs is the spring force which is subtracted.

Therefore, first calculating Fc using the values given in the question,

· m (Shoe Mass) = 275 = 0.275kg
· r (Radius to inner drum edge) = 95mm = 0.095m
·  (Angular velocity) = 550rpm = 57.6rad/s

Next substituting the values listed into equation 2 using SI units,

  
(Force of 1 shoe)

The spring force is given by equation 2,

(Force of 1 spring)

Therefore, solving using equation 6 for all 4 shoes and springs, the force acting upon the clutch face is given by,




Question 4 Solution

Torque can be calculated from substituting values from question 1 and 3 into equation 7 below,

(equation – 7)

The centre of mass of the drum must be considered to calculate the radius,





The friction coefficient is provided in the question which is,

 0.35

The force is calculated in question 3, therefore substituting all values using SI units into equation 7,



Question 5 Solution

Using equations noted in previous solutions and translating into excel formulas, the following table was created.

Table 1 – Transmitted torque for driving shaft speeds 450-700RPM with friction coefficient of 0.35.
	Driving Shaft Speed (RPM)
	Angular Velocity (Rad/s)
	Radial force on one shoe (N)
	Total radial force (N)
	Transmitted torque (Nm)

	450
	47.12
	58.01
	232.06
	7.72

	475
	49.74
	64.64
	258.56
	8.60

	500
	52.36
	71.62
	286.49
	9.53

	525
	54.98
	78.96
	315.86
	10.50

	550
	57.60
	86.66
	346.66
	11.53

	575
	60.21
	94.72
	378.89
	12.60

	600
	62.83
	103.14
	412.55
	13.72

	625
	65.45
	111.91
	447.64
	14.88

	650
	68.07
	121.04
	484.17
	16.10

	675
	70.69
	130.53
	522.13
	17.36

	700
	73.30
	140.38
	561.53
	18.67



From this using data from the first and last column, a graph can be created.

Graph 1 – Graph showing Transmitted Torque Graph from Table 1.
[image: A graph with a blue line

Description automatically generated]






Question 6 Solution

Performing the same analysis as seen in solution 5 for 2 different friction coefficients is done by changing the friction coefficient value in the excel formula.

Table 2 shoes the results for for 0.3.


Table 2 – Transmitted torque for driving shaft speeds 450-700RPM with friction coefficient of 0.3.
	Driving Shaft Speed (RPM)
	Angular Velocity (Rad/s)
	Radial force on one shoe (N)
	Total radial force (N)
	Transmitted torque (Nm)

	450
	47.12
	58.01
	232.06
	6.61

	475
	49.74
	64.64
	258.56
	7.37

	500
	52.36
	71.62
	286.49
	8.17

	525
	54.98
	78.96
	315.86
	9.00

	550
	57.60
	86.66
	346.66
	9.88

	575
	60.21
	94.72
	378.89
	10.80

	600
	62.83
	103.14
	412.55
	11.76

	625
	65.45
	111.91
	447.64
	12.76

	650
	68.07
	121.04
	484.17
	13.80

	675
	70.69
	130.53
	522.13
	14.88

	700
	73.30
	140.38
	561.53
	16.00



From this using data from the first and last column, a graph can be created.

Graph 2 – Graph showing Transmitted Torque from Table - 2
[image: A graph with a line graph and numbers

Description automatically generated]

Next, the formula was then altered for a friction coefficient of 0.4, giving the folwoing data presented in table 3 below.

Table 3 – Transmitted torque for driving shaft speeds 450-700RPM with friction coefficient of 0.4.
	Driving Shaft Speed (RPM)
	Angular Velocity (Rad/s)
	Radial force on one shoe (N)
	Total radial force (N)
	Transmitted torque (Nm)

	450
	47.12
	58.01
	232.06
	8.82

	475
	49.74
	64.64
	258.56
	9.83

	500
	52.36
	71.62
	286.49
	10.89

	525
	54.98
	78.96
	315.86
	12.00

	550
	57.60
	86.66
	346.66
	13.17

	575
	60.21
	94.72
	378.89
	14.40

	600
	62.83
	103.14
	412.55
	15.68

	625
	65.45
	111.91
	447.64
	17.01

	650
	68.07
	121.04
	484.17
	18.40

	675
	70.69
	130.53
	522.13
	19.84

	700
	73.30
	140.38
	561.53
	21.34



From this using data from the first and last column, a graph can be created.

Graph 3 – Graph showing Transmitted Torque from Table - 3
[image: A graph with a line graph and numbers

Description automatically generated]

Through analysis of the data presented in tables 1,2 and 3, it can be said the friction coefficient significantly impacts the behaviour of a clutch. At lower coefficients of 0.3, there is a large reduction in torque, this suggest that at lower coefficients there is a higher sensitivity to changes in speed. At higher the higher coefficient of 0.4, the data suggest that there is a lower sensitivity to changes in speed.
At higher friction coefficients, it can be noted that there is a higher efficiency in torque transmission, reducing instances such as clutch slip (RAC, 2023). A friction coefficient of 0.35 provides a balanced performance while at lower and higher ends of the scale there are significant changes to the performance of the clutch.

Question 7 Solution

Angular acceleration of the drum is calculated by equation 8 below,

 (Equation - 8)

Where,

Tmax (Maximum Torque) = 18.67Nm (Table 1)
I (Moment of inertia) = ? 
 (Angular Acceleration)  = ? 

Therefore, to find , the moment of inertia must first be solved. The equation for I is shown below, equation 9,

 (Equation – 9)

M (Mass of drum) = 0.750kg

When calculating the radius, the centre of mass of the drum must be accounted for, therefore as the thickness of the drum is 4mm, the centre of mass is 2mm giving a total radius of 106mm.

 + 0.002 = 0.106m

Now substituting these known values into equation 9,




The only unknown value in equation 8 is the angular acceleration. Rearranging the equations gives equation 10 below,

 (equation - 10)

Substituting known values into equation 10 to solve 


[bookmark: _Toc1530455743] 
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