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[bookmark: _Toc182152520]Introduction
A clutch is a mechanical device that engages and disengages rotary motion from an input shaft, say an engine or motor, to an output shaft connected to the mechanism that will do the work, like a drill bit or gearbox for example (Sclater, 2011). The primary function of a clutch is to facilitate the transfer of motion for the acceleration and deceleration of a mechanical as seamlessly as possible in a smooth transition that avoids any irregular movements (Bird & Ross, 2014). There are several types of clutch connection; mechanical friction, pneumatic, hydraulic, electromagnetic, and clutches that use hybridise two or more connection types (BLM Automatic Clutch, no date).
The sole focus of this technical report will be centrifugal and electromagnetic clutches. It will start with a discussion on the development of the centrifugal friction clutch, its typical applications and operating conditions, suitable materials, and its advantages. The report will then discuss the current application of electromagnetic clutches in the manufacturing process, considering modern automation practices. 

[bookmark: _Toc182152521]Centrifugal Clutch
[bookmark: _Toc182152522]What is a Centrifugal Clutch?
Centrifugal clutches date back as far as 1858, when they were used in the railway locomotive industry (Institution of Civil Engineers, 2015) and then were later seen in a patent writ in the development of hand levers in an early electric car, in 1898 (Crowdus, 1898). From the 20th century onwards, the centrifugal clutches have been used in a variety of applications in manufacturing as well as in mechanical products, but no more so than in the development of the internal combustion engine. In fact, nearly 80% of all combustion engines on the market today improve their efficiency and performance through utilising centrifugal clutch systems (Engineer Designer, 2023).
A centrifugal clutch is a mechanical device used on driven rotary equipment and is most often used to automatically transmit the torque from the drive to the driven component, where the speed at which the driven shaft engages can be controlled. (Lanereal, 2019).
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Description automatically generated][bookmark: _Toc182151761]Figure 1 centrifugal clutch diagram (Kholil, et al., 2021)



[bookmark: _Toc182152523]Operation of a Centrifugal Clutch
The centrifugal clutch acts as a link between the input driver (engine in automotive terms) and the driven output equipment (gearbox in automotive terms). The primary function of the clutch is to disengage from the input driver while it is idling, so that the driven component does not move. (Brain, 2000)
When the input driver rotates at low speed, the shoes remain held to the centre shaft by the spring and the spider, but as then speed begins to increase so does the outward centrifugal force that is being applied to the shoes (Panchal, et al., 2023). When the centrifugal force overwhelms the springs, the shoes are thrust outward, guided by the spider, and meets the outer drum (Combidrive, no date), creating a frictional force between the shoe’s friction lining and the drum. As the centrifugal forces increase, thereby increasing the frictional forces, the torque is transferred from the shaft to the drum via the frictional forces between the shoes and the drum (Rowland Company, n.d.).
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[bookmark: _Toc182151762]Figure 2 centrifugal clutch operational diagram (Toulas, 2018)




[bookmark: _Toc182152524]Parts & Material Selection
[bookmark: _Toc182152525]Spring
The spring is a controlling element within the clutch, playing a vital role. It must retain the shoes when the RPM is low and release the shoes at the desired speeds (Sabhadiya, no date). The springs are invariably made different steel alloys, such as unalloyed steel for low strength, and chromium-silicon alloyed steel is used for high-strength (Bekeart, no date).
[bookmark: _Toc182152526]Flyweight / Shoe
The flyweights, or ‘shoes’, are small plates with a friction lining on their outside face that is connected to the clutch by the spring. Housed within the guide/spider, the shoes slide out when the torque generated by the shaft is high enough to overcome the springs, when they slide along the guide until they meet the inner lining of the drum, where the friction lining of the face grips onto the drum and transfers torque from the shaft to the drum and thus the driven output (Anup, 2022). 
The flyweights are made of a variety of materials, depending on their usage, but often are made from cast iron, zinc alloy, or aluminium (CXClutch, no date).
[bookmark: _Toc182152527]Friction Lining
The friction lining plays a very important role within the centrifugal clutch system, as it needs to have the frictional resistance to grip onto the drum lining and transfer very high levels of torque without tearing free from the shoe/drum. They also need to durable as it is undesirable to have to keep changing shoes to renew the friction lining.
They are made from many different composite materials, including ceramics, carbon friction linings (a woven composite carbon), fibre-reinforced plastics (Schneider, et al., 2022), as well as copper fibre and methyl cellulose fibre composites (Li, et al., 2016).  
[bookmark: _Toc182152528]Spider / Guide
The spider, or ‘guide’, is the inner housing of the centrifugal clutch the keeps the shoes in position and guides them onto the outer drum.  Depending on the usage, most spiders are made from various steel alloys but can also be made from reinforced aluminium.
[bookmark: _Toc182152529]Outer Drum
The outer drum comes into contact with the shoes to transfer torque from the central shaft to the output driver. It does so via frictional forces causing it to rotate. The drum is usually manufactured from steel. 

[bookmark: _Toc182152530]Applications
Centrifugal clutches are used in a wide variety engine or motor driven products, particularly those driven by small petrol or diesel engines. Here are a number of applications for centrifugal clutches: scooters, agricultural machines (NIFO, no date), chainsaws, compressor/vacuum/fan drives, water pumps, go-karts, woodchippers, milling machines, and much more (Lanereal, 2019).

[bookmark: _Toc182152531]Advantages of Centrifugal Clutches
· Automatic operation: engages and disengages without manual input which greatly simplifies use (Testbook Edu Solutions, 2023).
·  Lower cost: far cheaper than other clutch types (BLM, 2019).
·  Low maintenance: simple in its design and function as well as not having any external components, such as batteries (Adenwala, 2020).
· Less chance of stalling and damage: due to the progressive engagement with the load, the risk of overloading is minimal (BLM, 2019).
· Smooth engagement: it reduces wear and damage by transferring power gradually (Testbook Edu Solutions, 2023).
· No control mechanism: the lack of a control mechanism keeps the cost per unit down and makes the clutch that much easier to use and maintain (CCEA, n.d.).

[bookmark: _Toc182152532]Electromagnetic Clutch
[bookmark: _Toc182152533]What is an Electromagnetic Clutch?
[image: Diagram of a mechanical part with text

Description automatically generated]Electromagnetic clutches are a more recent development in clutch technology, gaining popularity around 60 years ago, they are electrically incorporated and dissolved but the actual mechanical transmission is still mechanically operated (Chowdhary, et al., 2020). An electromagnetic clutch operates in the same manner as other clutches – transferring torque from an input driver to a driven output – but how it differs from the centrifugal clutch is through its use of electrical currents. Rather than relying centrifugal forces to push the shoes into position, electromagnetic clutches engage when an AC/DC switch is activated, sending a current through the electromagnetic coil which in turn, generates a very strong magnetic attraction force (Diao, et al., 2024). This force engages the driven output in the same fashion as the friction lining in a centrifugal clutch, but unlike friction clutches, there is no physical contact between the electromagnetic clutch and the output driver, which means that the amount of maintenance required on the clutch will be reduced massively in comparison (Bolton, 2021).[bookmark: _Toc182151763]Figure 3 electromagnetic clutch diagram (Özdemir & Hartomacioglu, 2022)


[bookmark: _Toc182152534]Application of Electromagnetic Clutches in the Manufacturing Process
In modern automation in the manufacturing process, companies have come under huge pressure from governments to increase energy efficiency and to promote energy-saving and environmentally friendly solutions to optimise energy they consume (Górska & Daroń, 2021). This lead the widespread use of electromagnetic clutches because they only consume power when engaged, saving energy when they are not in use. Also, the precise control over power transmission and the rapid engagement and disengagement times means that the amount of excess energy used/wasted can be minimised (Dr. Solenoid, 2024).
They also efficiently transmit very high levels of torque making them ideal for heavy-duty usage, and their remote operation eliminates the need for physical contact which reduces wear and tear. The general lack of fewer moving parts also reduces the maintenance requirements as opposed to friction clutches (jbj Techniques, no date). For these reasons alone, they make electromagnetic clutches an obvious choice for usage in the manufacturing industry.
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Description automatically generated][bookmark: _Toc182151764]Figure 4 example of an industrial loom using an electromagnetic clutch (Xiao, et al., 2022)
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[bookmark: _Toc182152536]Numerical Analysis of a Centrifugal Clutch
[bookmark: _Toc182152537]What is the outer drum diameter?
Radius of centre of mass of shoe = 95mm, clearance = 9mm, drum thickness = 4mm
Inner radius of drum = 95 + 9 = 104mm
Outer radius = 104 + 4 = 108mm
∴ If outer radius of the drum is 108mm, then the diameter of the outer drum = 108 x 2 = 216mm

[bookmark: _Toc182152538]Determine the engagement speed of the clutch in RPM.
Known values;
Number of shoes = 4
Linear mechanical spring stiffness = k = 7.5kN/m = 7.5x103N/m
Shoe with friction lining mass = m = 275g = 275x10-3kg
Shoe displacement required = x = 9mm = 9x10-3m
Inner radius of drum = r = 104mm = 104x10-3m
So, to find the force required to engage the spring in the direction of displacement, the following formula is required; 
Fs = kx
    = (7.5x103)(9x10-3) = 67.5N
To determine the engagement speed of the centrifugal clutch, the formula F = mω2r must be transposed so that ω is the subject.
F = mω2r, dividing both side by mr gives;
 = ω2, taking the square root of both sides gives;
∴ ω =  =  = 48.581 rad/s

To convert rad/s to RPM, ω must be multiplied by 
∴ 48.851 x  = 463.914 RPM
∴ Engagement speed = 463.914 RPM

[bookmark: _Toc182152539]Radial force at 550 RPM
To find the radial force acting on the clutch at 550 RPM, first the centrifugal force, Fc, must be calculated using; Fc = mω2r 
Converting RPM back into SI unites (rad/s); 550 x  = 57.596 rad/s
∴ Fc = mω2r
        = (275x10-3)(57.5962)(104x10-3) = 94.875N
The spring force (Fs) that acts against the centrifugal force was also considered using;
Fc – Fs; the resulting force of one shoe acting on the inner radius of the drum
∴ Fc – Fs = 94.875 - 67.5 = 27.375N
That radial force represents the radial force of one shoe acting against the inner radius of the drum, therefore that value must be multiplied by 4 to give the total radial force at 550 RPM.
∴ Fc = 27.375 x 4
∴ Radial Force at 550 RPM = 109.5N

[bookmark: _Toc182152540]Torque transmitted at 550 RPM
Known values;
Radial force of 4 number shoes = F = 109.5N
Inner radius of drum = r = 104x10-3m
Shoe lining coefficient of friction = μ = 0.35
Using the formula for Torque, T = Frμ, the value of torque on the inner radius can be calculated, while considering the coefficient of friction of the material on the system.
T = (109.5)(104x10-3)(0.35) = 3.986Nm
[bookmark: _Toc182152541]Transmitted torque at the driven shaft from 450 to 700 RPM
	RPM
	ω (rad/s)
	Centrifugal Force (N)
	Total Force (N)
	Torque (Nm)

	450
	47.124
	63.511
	-15.956
	0.000

	475
	49.742
	70.764
	13.055
	0.475

	500
	52.360
	78.409
	43.634
	1.588

	525
	54.978
	86.445
	75.782
	2.758

	550
	57.596
	94.874
	109.497
	3.986

	575
	60.214
	103.695
	144.781
	5.270

	600
	62.832
	112.908
	181.633
	6.611

	625
	65.450
	122.513
	220.053
	8.010

	650
	68.068
	132.510
	260.042
	9.466

	675
	70.686
	142.900
	301.598
	10.978

	700
	73.304
	153.681
	344.723
	12.548


Table 1 RPM converted to torque using formulae from previous questions
 
[bookmark: _Toc182151765]Figure 5 a graph to illustrate the torque values at 450 to 700 RPM in 25 RPM increments

[bookmark: _Toc182152542]Comparison of torque values at varying values of coefficient of friction (μ)

[bookmark: _Toc182151766]Figure 6 a graph to illustrate the torque values at 450 to 700 RPM in 25 RPM increments, with the coefficient of friction, μ, at the value of 0.3, 0.35, and 0.4 (values for μ = 0.35 omitted for clarity, see 4.5 on previous page for values)
 The graph above, Figure 6, illustrates that the greater the coefficient of friction, the greater the torque produce. This can be seen by the lowest values of torque at every 25 RPM increment being when μ = 0.3, and the highest recorded values at every increment taking place when μ = 0.4. 
For the sake of clarity, the value of torque for all three µ-values is 0 at 450 RPM because the clutch has not reached the required centrifugal force threshold to engage.

[bookmark: _Toc182152543]Angular acceleration of the drum to achieve maximum Torque
Known values;
Mass = m = 750x10-3kg
Radius = r = 108x10-3m
Max. Torque = T = 14.341N (when µ = 0.4)
The formula to calculate angular acceleration is T = I. However, the value for the moment of inertia (I) is missing. To determine the value of the moment of inertia, the following formula was used;
I = ½ mr2
  = ½ (750x10-3)(108x10-3) = 4.374x10-3 kg/m2
By rearranging T = I to make ‘’ the subject;
 =  =  = 3278.692ms2

[bookmark: _Toc182152544]Maximum possible angular acceleration for drum
Known values;
Shaft diameter = d = 17.5x10-3m
Constant tangential braking force = F = 500N
Using the formula for torque, T = Frμ, we get the following value for the torque produced by the driven shaft;
T = (500)(8.75x10-3)(0.4) = 1.75N
Torque of the driven shaft is acting in addition to the torque of the drum, so;
∴  =  =  = 3678.784ms2
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Transmitted Torque (Nm) at the Driven Shaft (when μ =0.35)

Torque (Nm)	
450	475	500	525	550	575	600	625	650	675	700	0	0.47519366839259475	1.5882810730111829	2.7584498829948272	3.9857000983435324	5.2700317190572887	6.6114447451361036	8.009939176579973	9.4655150133889023	10.97817225556288	12.547910903101911	RPM


Torque (Nm)



A Comparison of Transmitted Torque (Nm) at the Driven Shaft 
when μ = 0.3, μ = 0.35, & μ = 0.4

Torque (μ=0.35)	450	475	500	525	550	575	600	625	650	675	700	0	0.47519366839259475	1.5882810730111829	2.7584498829948272	3.9857000983435324	5.2700317190572887	6.6114447451361036	8.009939176579973	9.4655150133889023	10.97817225556288	12.547910903101911	Torque (μ=0.3)	
0	0.40730885862222405	1.3613837768667283	2.3643856139955663	3.4163143700087422	4.5171700449062477	5.6669526386880884	6.8656621513542628	8.1132985829047737	9.4098619333396112	10.755352202658782	Torque (μ=0.4)	
0	0.54307847816296551	1.815178369155638	3.1525141519940885	4.5550858266783232	6.0228933932083315	7.5559368515841188	9.154216201805685	10.817731443873033	12.546482577786151	14.340469603545044	RPM


Torque (Nm)
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