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1. [bookmark: _Toc37788706]	Introduction

This report is the investigation into vehicle transmissions to asses their operation whereby the rotational energy, supplied by the engine, is transferred to the driving wheels or wheel in the case of motorcycles.    
The aim of this report is to provide an understanding of all components utilised in the powertrain and present an explanation of how they cooperate to enable drive through a range of torque needs and engine speeds. 
Furthermore, it will cover the processes of utilising a chassis dynamometer to gather a range of data from a BMW S1000 RR motorcycle.  With the vehicle information and test data gathered, derived data can be calculated to provide values for transmission efficiency, wheel torque, tractive effort, speed ratio, theoretical gear ratios and drag power, to provide an understanding of how transmission effects output.















2. [bookmark: _Toc37788707]	Research and Literature Review

The operation of propelling a vehicle is carried out by its powertrain.  This consists of an engine, clutch, flywheel, gearbox (transmission), chain and sprockets utilised for motorcycles, or drive shafts, differentials and prop shafts found on passenger vehicles.  These components transmit the power generated by the engine to the road wheels through driver inputs at the clutch and gearbox.
Manual transmission vehicles and motorcycles include a clutch mechanism to transfer rotational energy from the engine’s crankshaft, to the input shaft in the gearbox.  A passenger vehicle clutch assembly, operated via cable or hydraulic systems, commonly consists of a cover plate (including diaphragm spring), pressure plate, driven plate connected to the input shaft and a release bearing.  The cover plate secures to the flywheel and the pressure plates diaphragm spring applies force to the driven plates frictional material to grip the flywheel when engaged.  A motorcycle utilises either, wet (in oil) or dry multi plate clutch systems that include a basket attached to the input shaft to house the clutch plates which mesh with the basket and enclose friction disks between.  The cover plate mates to the outside of the basket assembly and incorporates springs whereby pressure is applied when engaged.  Clutch operation, controlled through driver/ rider input, allows the progressive implementation of power by releasing slowly while increasing engine speed to enable initial acceleration.  Once engaged, upon release of the clutch pedal/ leaver, the crankshaft and input shaft connect to transmit power to the output shaft, when in gear.  When depressed, or disengaged, pressure on the drive plates is released allowing the crankshaft to rotate freely from the input shaft (Summerfield, 2020).
Flywheels are an inertial mass included in a vehicle’s drive train to smooth the operation of the output shaft.  This is necessary as all engines produce periodic variations in torque, due to the constant changes in speed of the reciprocating pistons.  The flywheel stores the kinetic energy from torque fluctuations and releases such when torque is required.  Many vehicles with high torque engines utilise a dual mass flywheel, whereby its two halves are separated with a series of springs which dampen the vibrations from the engine.  This increases the transmissions lifespan by damping the engines torque fluctuations and reduces operational noise (The Engineer, 2018).
The transmission includes an input and output shaft containing several gear sets with varying ratios which can be selected to enable drive under any torque stipulation, at any engine speed within limit.  Passenger vehicles commonly include four to six forward gears and a reverse that can be selected at any time, whereas motorcycles typically have five to six forward gears that are operated sequentially, up and down the gearbox.  All gearboxes include a natural position that, when selected, allows the input shaft to rotate freely, without impacting the output shaft which disables drive (Haynes, 2017).  Most passenger vehicles utilise helical gear transmission units, whereby gearsets are locked into position using a synchromesh, controlled through gear selector input.  Many motorcycle and race vehicle transmissions include straight cut gearsets, which are connected using dog clutch systems.   
Although helical and strait cut gears differ in design they operate in a similar manner.  Helical gears possess a larger number of teeth, meshed at an angle which provides a considerable load bearing surface.  However, the load transfer properties induce axical forces that cause damage to shafts and attached bearings if subjected high torque input.   Damage can be prevented though the use of larger components able to withstand increased torque, however, as mass is a key factor in performance vehicle design, straight cut gears are employed as a lighter alternative.  Straight cut, or spur gears have a smaller loadbearing surface area connecting gearsets, which simplifies design and enables greater torque bearing ability before upgrades to shafts and bearings are required, thus enabling a reduction in overall weight (Milmont, 2011).  The main disadvantage of spur gears is the noise produced upon operation, which deems the system impractical for use in production vehicles.
Opposing gears mesh upon selection to transmit power between the input and output shafts that rotate in opposing directions, in which the speed of revolution is specified by the ratio between.  The ratio is determined by the number of teeth or pitch circle diameter (PCD) of both gears.  Gears located on the input shaft are entitled the ‘driver gear’ and are designated the first number in the ratio.  The ‘driven gears’ on the output shaft are described by the second number (driver gear : driven gear).  If a gearset is said to have a ratio of 3 : 1, the driver gear has to carry out three rotations to every single rotation of the driven gear.   Gear arrangements with a driver heavy ratio, transmit greater levels of torque at lower speed for low gears, whereas higher gears have a closer ratio which reduces torque production but increases output speed.
The purpose of the drive ancillaries is to transmit power from transmission’s output shaft to the wheel.  The arrangement and number of components used in this task is defined by vehicle type and overall design.  Front wheel drive units, commonly, have a laterally mounted powertrain and include two drive shafts that rotate hubs, mounted to the wheel, when in gear.   Vehicles designed for rear wheel drive have a longitudinally mounted powertrain to enable a prop. shaft to transmit power from the gearbox to the rear of the vehicle.  The prop shaft connects to a differential, in the centre of the axel, which distributes load to the half shafts and hubs.  Open differentials allow the driven wheels to rotate at the same velocity upon travelling in a liner manner, however, when cornering, the differential increases the momentum of the outside wheel as it is required to travel greater distance than the inside.   The differential utilises numerous gears that act together to balance the distribution of torque to left and right wheels (Bosch, 2000, p604).  Vehicles used for drift evets are fitted with locked differentials to ensure all driven wheels are rotating in constant synchronisation.  This design, in general driving conditions, would cause the inside wheel to slip whilst cornering and create resistance, causing the vehicle to stall if engine speed is low.  Also, many race vehicles are equipped with limited slip differentials, which restrict the maximum difference in velocity between the two half shafts, to enable more suitable torque distribution when experiencing large cornering forces.  Manufactures generally utilise open differentials for their production vehicles as it reduces resistive frictional forces acting upon the powertrain, thus reducing emissions and increasing the period of operational effectiveness.  
Motorcycle drive ancillaries commonly include a small sprocket connected and driven by the output shaft, which connects via chain to a sprocket at the rear wheel.  Variations of motorcycle drive equipment include belt, pulley and tensioner systems found on Harley Davidson’s and drive shaft units found on some Honda models. 



 









3. [bookmark: _Toc37788708]	Experimental Procedure

This reports methodology describes the process in testing a BMW S1000 RR motorcycle on a chassis eddy current dynamometer.  A chassis dynamometer includes an electromagnetic break, attached to rollers powered by the driving wheels, from which torque and power values are calculated.  Motorcycle dynamometers are equipped with a single roller and clamp to secure the front wheel, whereas, automobile units can include two rollers, to test front or rear wheel drive vehicles, or four rollers to facilitate four-wheel drive testing.   
The chassis dynamometer, using the driving wheels rolling radius, calculates torque acting upon the rollers when accelerating.  Once the vehicle power output stage is complete, the dynamometer gathers frictional resistance (drag) data upon deceleration, which is used to assess frictional losses in the drivetrain to calculate engine power.
Prior to testing, to enable torque calculations, the drive wheels rolling radius mut be measured and value entered into the dynamometers control system.  To measure, mark a chalk line, on the edge of the tyre and floor where they meet.  Next, roll the bike forward and mark another line on the surface once the tyres chalk line has made a full rotation, then measure the distance between chalk lines. 
For the purpose of the test, the motorcycle had been mounted to the chassis dynamometer.  To ensure the motorcycle is safely secured, ratchet straps attach the front wheel to the clamp and rear of the bike to two mounting points on the floor.  Furthermore, an extraction unit is clamped near to the exhaust, to expel harmful emissions from the test area and a fan is placed at the front of the dynamometer to encourage air flow and aid in cooling.

Equipment required:
· BMW S1000 RR 
· Chassis dynamometer 
· Rachet straps 
· Fan 
· Carbon monoxide tester 
· Ear defenders

Firstly, initiate carbon monoxide reader, which is to be monitored throughout testing.  Carbon monoxide levels are considered to be dangerous upon exceeding 101 PPM (parts per million) (Kidde, 2019).
To begin, enter the vehicle data, including drive wheel rolling radius, into the dynamometer control unit and plug OBD unit into the motorcycles port, to enable transmission of RPM data from ECU to dynamometer.
Next, commence extractor unit and fan, then start engine to begin warm up phase prior to test.
To initiate test, once up to running temperature, the motorcycle operator must slowly accelerate while moving up through the gearbox, until the test gear is reached.  
Once in fifth gear is selected the operator must start increasing velocity until 40 kph is reached which initiates the dynamometer test sequence.
The operator must accelerate to enable data collection of power output throughout the rev range.  
Once the rev limit is reached, the operator must depress the clutch leaver to begin deceleration, enabling the dynamometer to assess the frictional resistance, or drag.
Once the data is collected, the motorcycle can be brough to rest, and shut off.

Please note, personal protective equipment (PPE) must be worn in the workshop environment to ensure personal and collective safety.  Ear defenders are a necessity, as engines running at high speed produce considerable noise levels which can cause irreversible hearing damage.  It is also advised that hair is tied back, and protective boots are worn.







4. [bookmark: _Toc37788709]	Results

[bookmark: _Hlk38398112][bookmark: _Hlk38398113]Table 1.  Chassis dynamometer raw data extract (BMW S1000 RR) 
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(See appendix for link to raw and derived data tables)









5. [bookmark: _Toc37788710]	Analysis

Using the raw data obtained through testing, calculations are carried out to enable data analysis.  Due to its speed of operation and graphical illustration abilities, Microsoft Excel can be utilised to express the recorded data and calculate derived data from such.  
The motorcycle data required to complete calculation of derived data and enable analysis are as follows:[bookmark: _Hlk38398117][bookmark: _Hlk38398118]Table 2.  Specified gear ratios (BMW S1000 RR) 
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[image: ][bookmark: _Hlk38398122][bookmark: _Hlk38398123]Table 3.  Specified test ratios (BMW S1000 RR) 


[bookmark: _Hlk38398127][bookmark: _Hlk38398128]Table 4.  Rolling radius (BMW S1000 RR) 
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[bookmark: _Hlk38398134][bookmark: _Hlk38398135]Table 5.  Air density specified for calculations  
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[bookmark: _Hlk38398138][bookmark: _Hlk38398139]Table 6.  Drag coefficient (BMW S1000 RR) 
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[bookmark: _Hlk38398143][bookmark: _Hlk38398144]Table 7.  Specified cross sectional area (BMW S1000 RR) 
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[image: ][bookmark: _Hlk38398148][bookmark: _Hlk38398149]Table 8.  Recorded peak power and torque (BMW S1000 RR) 





Using the raw data and values above, calculations can be made to obtain the following information:

Transmission efficiency (Ƞ) – The radio between power output and power transmitted once it has passed through the transmission path (Mirriam-Webster, 2020). 


Torque at wheels (T) – 	(p = primary ratio, f = final drive ratio, n = test gear)


Tractive effort (TE) – Force transmitted from the engine, through transmission and drive ancillaries, to the wheels, to overcome the vehicles tractive resistance (Summerfield, 2019). (R = rolling radius (m))


Final drive ratio verification (f) – (V = velocity (m/s), N = engine speed (rpm))

Complete for each increment of engine speed and use excel to calculate an average of all results.

Maximum tractive effort (TE) – Occurs at point of maximum torque in each gear. (n = test gear ratio)

Repeat for all gear ratios (n = gears 1 – 6).




Speed ratio – Difference in engine speed between point of maximum torque and maximum power. 


Theoretical gear ratios – Ratio for each gear derived from recorded raw data and vehicle information. (n1 = first gear ration)







Drag power (P drag) – The vehicles aerodynamic resistance, used to find maximum road speed achievable upon regular driving conditions. (ρ = air density (kg/m³), Cd = coefficient of drift, A = area (m))


Maximum velocity in each gear (14200 rpm) – The maximum road speed achievable in gears. (N = engine speed (14200 rpm), n = test gear (1-6))

 
Once all derived data values are calculated and organised on Microsoft Excel (see appendices for inclusive data tables), graphs are composed to enable visual analysis.  This illustrated data helps comparison to future tests competed at different temperatures or after any adjustments made.











[bookmark: _Hlk38398187][bookmark: _Hlk38398188]Figure 1. Engine speed vs Torque at wheels graph


[bookmark: _Hlk38398191][bookmark: _Hlk38398192]Figure 2. Engine speed vs Tractive effort graph












 [bookmark: _Hlk38398196][bookmark: _Hlk38398197]Figure 3. Velocity vs Drag power graph

Figure 3. Velocity vs Drag power graph


[bookmark: _Hlk38398156][bookmark: _Hlk38398157]Table 9.  Theoretical gear ratio and road speed values (BMW S1000 RR) 
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[bookmark: _Hlk38398159][bookmark: _Hlk38398160]Table 10.  Transmission efficiency (BMW S1000 RR) 
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[image: ][bookmark: _Hlk38398164][bookmark: _Hlk38398165]Table 11.  Speed ratio (BMW S1000 RR) 


[bookmark: _Hlk38398168][bookmark: _Hlk38398169]Table 12. Maximum road speed (BMW S1000 RR) 
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6. [bookmark: _Toc37788711]	Discussion

Figure 1 visually represents torque at the wheels against engine speed throughout the motorcycle’s rev range, this shows that torque levels rise with increased engine speed.  The curve rises abruptly between 2000 and 3000 rpm, after which, it continues to rise in a gradual linear manner, to its peak value of 610 Nm at 10750 rpm.  The curve then drops to 590 Nm at 13300 rpm before falling suddenly to 486 Nm upon the last recoded data, collected at 13920 rpm.
Figure 2 graphically illiterates’ tractive effort against engine speed.  As shown, the graph replicates the data pattern of figure 1, this is due to torque’s proportionality as an element of the tractive effort formula.  The curve reaches its peak value of 1938 N at 10750 rpm, then drops slightly to 1714 N at 13800 rpm, before its rapid decline at the end of the tested rev range of 13920 rpm with a value of 1540 N.
Figure 3’s graph depicts velocity values against drag power.  It is clear, that increasing velocity escalates drag, as velocity value is a component of the drag power formula.  This graph enables the calculation of maximum road speed achievable with drag, by plotting a point using the maximum wheel power (139.1 kW) on the drag power axis, and the corresponding velocity in the data set.  This displays a maximum achievable velocity of 75.625 m/s under riding conditions with an air density of 1.225 kg/m³.









7. [bookmark: _Toc37788712]	Conclusion

Transmission efficiency is the ratio between wheel power and engine power, therefore, its value will remain identical under any test condition until the drive train begins to wear, resulting in wheel power reduction.  Engine power is calculated by the dynamometer, using the frictional drag values collected upon deceleration. Due to the motorcycles short drive train, the BMW S1000 RR demonstrated a transmission efficiency of 89.74%.  Transmission efficiency decreases as drive ancillary size increases, caused by additional frictional resistance and torsion from rotating components.  For perspective, two-wheel drive vehicles generally possess a greater transmission efficiency than vehicles designed with constant four-wheel drive.  
Although power is reduced though the drivetrain due to transmission losses, torques value increases as it passes through the gearing ratios until it reaches the driving wheels.  The force produced at the crank is passed to the primary gears, that connect the crankshaft to the transmission’s input shaft with a ratio of 1.652 : 1.  After which, the force is passed from the input to the output shaft through the fifth gearset, that has a ratio of 1.36 : 1.  The sprocket connected to the output shaft, delivers the force to the rear wheel, via a chain and sprocket with a ratio of 2.65 : 1, known as the final drive.  Finally, the drive sprocket turns the rear wheel that has a rolling radius of .315 m.  As torque is transmitted through each gear ratio, the force multiplies by the leading number, thus increasing torque incrementally until it is emitted by the wheel.  The values of torque at the wheels, throughout the rev range include the multiplication of the transmission efficiency to equate for any drive train losses.  
It is clear from the individual gear ratios that lower gears have a greater difference, therefore, produce larger levels of wheel torque in comparison to higher gears.  All vehicles are designed with high ratio low gears, to produce greater torque force at reduced velocity.  This enable sufficient deliverance under load stipulations, such as pulling off and driving upon an incline.  Facilitated by the turning force and momentum provided lower gears, higher gears possess smaller ratios to enable greater velocity resulting in lower wheel torque outputs.  
Tractive effort is the force applied by the engine to overcome tractive resistance, therefore, as torque values rise, tractive effort, and subsequently resistance also increase.  As TE is also proportional to rolling radius, increasing such causes tractive effort to decrease.  Also note that increasing tyre pressure increases rolling radius and lowers resistance.

Calculated final drive ratio varies throughout the vehicles rev range due to increased chain stretch and at moments of abrupt torque escalation, this creates a momentary increase in difference between engine speed and wheel speed.  Figure 4 graphically illiterates’ this fluctuation, which shows that moments of increased ratio, correlates with the sharp gradient increases seen in figure one’s torque curve.  The average value, calculated from the final drive ratio data, shows a result of 2.7 : 1, which differs from the specified final drive ratio of 2.65 : 1.  This escalation in ratio is caused by the reduced size of driving sprocket due to wear.  As the driving sprocket is smaller than the rear, it will wear at a faster rate, as it is subject to a larger number of revolutions during its operation.










[bookmark: _Hlk38398205][bookmark: _Hlk38398206]Figure 4. Engine speed vs Final drive ratio graph


Theoretical ratios (table 9.) are calculated using the first gear ratio and speed ratio.  Speed ratio is the difference between engine speed at peak torque and engine speed at peak power.  This value should be consistent between tests as it is defined by the engine’s performance characteristics, however, results will differ slightly engine to engine.  Calculation of theoretical gear ratio shows that the difference between the derived value and the specified value increases through the gears.  This is caused by the calculation, as speed ratio is multiplied by itself incrementally.  Although this calculation is relatively accurate, it is an approximation based upon testing and as calculations are made to higher gears, accuracy diminishes.

Maximum road speed is calculated by matching the maximum power value with drag power to find the velocity under a specified driving condition.  The drag power value is a product of air density, coefficient of drag, cross sectional area and velocity.  Air density fluctuates with temperature and altitude, therefore, changes of such will cause drag to rise or fall.   Air density is greater in low temperature, low altitude conditions and thins as temperature and elevation increases.  When calculating an automobile drag power, coefficient of drag and cross-sectional area are considered as fixed values, however, when calculating for motorcycles, it is important to understand that these figures vary from rider to rider and even vary throughout a single riders’ operation.   This is due to the riders’ position constantly changing when moving, which causes fluctuation in both cross-sectional area and drag coefficient values. 
















8. [bookmark: _Toc37788713]	Evaluation 	

This report successfully describes the transmission’s function and components to provide and understanding of its operation.  It also describes the procedure in using a chassis dynamometer to gain performance data from a BMW S1000 RR motorcycle enabling transmission analysis.
Using the raw data gathered though testing, formulas have been utilised and explained in order to calculate values for transmission efficiency (Ƞ), wheel torque (T), tractive effort (TE), final drive ratio (f), speed ratio, drag power and maximum road speed. 
The derived data and generated graphs provide a full understanding of how the transmission path effects power and torque. 















9. [bookmark: _Toc37788714]	Further Work

[bookmark: _GoBack]In order to improve the data, further tests can be carried out on separate days as air temperature and pressure effect engine performance.  Also, carrying out general maintenance is likely to increase performance, as the motorcycle in question is used infrequently and has an unknown service history.
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11. Appendix

To view recorded and derived data, including graphical information, please copy the link below into the internet browser.

https://uowtsd-my.sharepoint.com/:f:/g/personal/1803066_student_uwtsd_ac_uk/Egx0G4IihxBDnBE_0P7Z89UBiL49C-H1L04atTk86fykBw?e=Kja7mO

Engine Speed vs Torque at Wheels
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Torque at Wheels (Nm)



Engine Speed vs Tractive Effort 
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Tractive Effort (N)



Velocity vs Drag Power
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Drag Power (kW)



Final drive ratio vs Engine speed
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