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1 - Project Introduction  

1.1 - Executive Summary 

Our team, BTN Performance, has been tasked to design a motorcycle engine for the 

Spartan Motorcycle Company (SMC). The BTN-1500E is designed for the sport touring market 

and will outpace competitors in terms of efficiency while maintaining respectable performance 

through the use of variable valve technology. The engine has an inline 3 cylinder configuration 

as well as a displacement of 1500 cc. It also has a square bore-to-stroke ratio and a compression 

ratio of 10:1 in order to maximize power and efficiency. The engine has a maximum power 

output of 103 kW (138 hp), maximum torque of 168 N-m (124 ft-lbs), and a redline at 8700 rpm.  

1.2 - Goals and Objectives 

The goal for this project was to design an engine for the Spartan Motorcycle Companyôs 

(SMC) new 2021 model. The estimated sales are at 7500 units in the first year, with 12,000 and 

then 15,000 units in the following two years. The engine brings unique features to the market 

including its discrete variable valve lift and variable valve timing which maximize efficiency 

compared to its competitors. The engine is configured to fit the engine envelope of many 

different sport touring motorcycles so that SMC can easily integrate it into their products.  

The deliverables of this project include a detailed design, theory of operations, FMEA 

and cost estimates. All of these are thoroughly described in this report.  

2 - Requirements and Scope 

2.1 - Explicit requirements 

BTN Performance was tasked with designing an engine that meets the following requirements:  

 

1. 2 or more cylinders, 4-stroke cycle 

2. Displacement 1500 to 1800cc 

3. Fuel injection, spark ignition 

4. Runs on standard gasoline 

5. Compression ratio 9:1 to 10:1 

6. Capable of 5000 rpm continuous service, idle at 800 rpm 

7. Powers a six-speed transmission 

8. Must meet all relevant specifications and standards for safety, fuel efficiency, noise  

and emissions 



 

 

 
 

12 

 

In addition to these, BTN strived to maximize fuel efficiency, minimize size and weight, and 

reduce production cost.  

2.2 - Derived Requirements 

Our derived requirements are listed below: 

 

Assigned Requirements Derived Requirements Final Design 

The system shall have spark ignition No HCCI No HCCI 

The system shall run on standard 

gasoline 
Must run on 87 octane Runs on 87 octane 

The system shall have a 

compression ratio of 9:1 to 10:1 
9:1 - 10:1 compression 10:1 compression ratio 

The system shall have a 

displacement of 1500 to 1800cc 
1500-1800cc 1500 cc displacement 

The system shall have 2 or more 

cylinders 
2+ cylinders 3 cylinders 

The system shall have a 4-stroke 

cycle 
Otto/Atkinson Cycle Otto/Atkinson cycle 

The system shall have fuel injection Direct or port injection Port Injection 

The system shall power a six-speed 

transmission 

Powers a six-speed 

transmission 

Powers a six-speed 

transmission 

The system shall be capable of 5000 

rpm continuous service 
Redline higher than 5000 rpm Redline at 8700 rpm 

The system shall idle at 800 rpm Idle at 800 rpm Idles at 800 rpm 

The system shall be safe 
Meet NHTSA and SAE 

standards, ISO TC 70 

Meets NHTSA, SAE and 

ISO TC 70 standards 

The system design should minimize 

noise 

CGS § 14-80a - 78 dB going 

below 35 mph/idle in soft site 

at 50 ft from centerline 

Meets CGS § 14-80a 

The system design should minimize 

emissions 

§86.410-2006 - CO 12 g/km - 

HC + NOx 0.8 g/km 
Meets §86.410-2006  

The system design should maximize 

fuel efficiency 
Over 17 km/l (40 mpg) 

Fuel efficiency of about 50 

mpg 
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The system design should minimize 

cost 
Less than $10,000 $4811 final cost 

The system design should minimize 

overall dimensions 

Less than .75m x .75m 

x .75m 
.583 x .466 x .332 m 

The system design should minimize 

weight 
Less than 110 kg 59.4kg 

The system should be fun to drive 
Above 90 kW (120 hp), 150 

Nm (110 lb/ft) 

103 kW (138 hp) 168 N-m 

(124 ft-lb) 

Table 2.1: Derived Requirements 

2.3 - Project Scope 

In order to design an engine that meets all of our requirements, both purchased and 

designed parts have been integrated to form the complete the final product. The make versus buy 

decisions are as follows: 

 

Make and Design Design Only Specify but not 

Buy 

Buy Specifically 

ǒ Short block  

ǒ Camshaft  

ǒ Cylinder head  

ǒ Valve cover 

ǒ Rocker arms 

ǒ Sprockets 

ǒ Camshaft caps 

ǒ Crankshaft 

ǒ Valves  

ǒ Connecting rod 

ǒ Piston rings 

ǒ Etc. 

ǒ Valve 

Springs 

ǒ Head 

Gasket 

ǒ Bearings 

ǒ Oil Pump 

ǒ Oil 

ǒ Coolant 

ǒ Sensors 

ǒ Spark plugs 

ǒ Injectors 

ǒ Fasteners 

ǒ Sprockets 

ǒ Chain 

ǒ Tensioners 

ǒ Linear Actuators 

ǒ Coolant Pump 

ǒ Catalytic Converter 

ǒ Valve stem seals 

Table 2.2: Make vs. Buy 

 

 The components were split into four categories: ñMake and Design,ò ñDesign Only, 

Specify but not Buy,ò and ñBuy Specifically.ò The ñMake and Designò components are designed 

by BTN and will also be manufactured in house. The ñDesign Onlyò parts are designed by us, 

but the manufacturing will be outsourced. The components that are ñSpecify but not Buyò have 
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been chosen by BTN but will not be provided with our engine. These components are also 

affected by other parts of the motorcycle. The ñBuy Specificallyò components have been 

specifically sourced and will be bought from other companies. 

The components deemed as out-of-scope are as follows: 

 

ǒ Transmission 

ǒ Fuel pump 

ǒ Gas tank 

ǒ ECU 

ǒ TCU 

ǒ Chassis 

ǒ Production intake and exhaust manifold 

ǒ Catalytic converter 

ǒ Exhaust 

 

These decisions were made based on time and complexity constraints. Since the project 

was to be completed within one semester, some components were left out of the scope and others 

were purchased in order to realistically be able to complete the design. 

3 - Design Considerations 

3.1 - Regulations 

3.1.1 - Company/Road Safety 

During the design phase the requirements and standards set by SMC and various United 

States organizations had to be considered. We will comply with all regulations set by the 

Occupational Safety and Health Administration (OSHA) as well as the National Highway Transit 

Safety Administration (NHTSA) and the standards as set forth in the Federal Motor Vehicle 

Safety Standards (FMVSS) in order to ensure company and road safety. We are also guided by 

ISO TC 70 for testing, ASTM for lubrication and materials, and JASO for oil standards.  

3.1.2 - Emissions 

Emissions are regulated by the Environmental Protection Agency (EPA) in the 40 CFR 

regulation. 40 CFR subpart F outlines the emission test procedures while 40 CFR 86.410-2006 

states the emissions standards for vehicles after the year 2006. Our product will be used in a class 

III vehicle which means that we are restricted to 12 g/km CO emissions and 0.8 g/km (or 1.4 

g/km with different averaging) HC + NOX emissions. 
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3.1.3 - Noise 

Noise is regulated by the EPA and local and state regulations. We decided to use the most 

restrictive regulations so that the product can be sold in any state in the United States. This 

means we are using Connecticutôs noise regulations in CGS 14-80a of 78 dB going below 35 

mph in soft site conditions at a distance of 50 feet from the centerline of the vehicle. 

Additionally, we meet the Low Noise Emission Product certification standards of 40 CFR 203 

and 205 which permit only 71 dB in the same conditions.  

3.1.4 - Product Liability  

The product shall be sold with a 5 years or 30 thousand kilometers warranty, consistent 

with the standards of EPA. However, unintended uses of the product shall void this warranty. 

These may include modification of the engine (and unauthorized maintenance that may result in 

modification) as well as use of the engine outside of its intended use in a motorcycle. Proper 

labels about warranty, safety, and liability will be affixed to the product following the standards 

of 49 CFR Part 567. 

4 - Market Identification  

The sports touring market has a demand of approximately 75,000 motorcycles every year 

in the United States. This is based on a total of 500,000 motorcycles sold per year, with sports 

touring making up 15% of the market. This is a very large demand that is currently being met by 

competitors such as Harley Davidson, Polarisô Indian Motorcycle, and Honda. These companies 

have a steady customer base despite downward trends in motorcycle popularity and we believe 

there is space for competition in this market. The BTN-1500E by BTN Performance will set 

itself apart with outstanding efficiency and meet sales goals.  

5 - Major Design Decisions 

The following section describes some of the major design decisions made for the BTN-

1500E. These were made early on since they influenced the overall engine design. 

5.1 - Bottom End 

5.1.1 - Displacement 

As the engine name suggests, a displacement of 1500 cc was chosen due to its great size, 

efficiency and power. The Pugh chart below illustrates our decision process: 
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Characteristic Weight (0-1) 1500 1600 1700 1800 

Weight 0.15 10 7 4 1 

Size 0.15 10 7 4 1 

Efficiency 0.4 10 7 4 1 

Power 0.3 1 4 7 10 

SUM 1 7.3 3.75 4.9 3.7 

Table 5.1: Pugh Chart for Engine Displacement 

 

Based on this, we chose a bore and stroke of 86 and 86.1. The ratio decision is covered in the 

following section. 

 

 

 

 

 

5.1.2 - Bore to Stroke Ratio 

The bore to stroke ratio was chosen to be square since this had the best balance of criteria 

as listed below: 

 

Characteristic Weight (0-1) Undersquare Square Oversquare 

Efficiency 0.25 7 5 3 

Red line 0.2 2 5 7 

Thermal Stresses 0.1 7 6 3 

Emissions 0.2 5 5 5 
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Good low end 0.1 8 6 3 

Good high end 0.15 3 5 7 

SUM 1 5.1 5.2 4.8 

Table 5.2: Bore to Stroke Ratio Pugh Chart 

5.1.3 - Compression Ratio 

We chose a compression ratio of 10:1 because it had the best power and efficiency while 

minimizing emissions. 

 

Characteristic Weight (0-1) 9:1 9.5:1 10:1 

Power 0.3 1 5 10 

Efficiency 0.2 2 5 6 

Emissions 0.1 10 4 1 

Stress 0.4 7 5 3 

SUM 1 4.5 4.9 6 

 Table 5.3: Compression Ratio Pugh Chart 

5.1.4 - Cylinder Configuration  

The team decided to go with an inline 3 configuration based on the Pugh chart below: 

 

Characteristic 
Weight 

(0-1) 

Inline 

2 

Inline 

3 

Inline 

4 
V twin V4/5 V6 Flat 2 Flat 4 Flat 6 

Smoothness 0.18 1 7 5 2 4 6 7 8 10 

Efficiency 0.25 7 5 3 7 3 1 7 3 1 

Footprint 0.07 10 7 5 8 4 2 7 3 1 

Design Complexity 0.04 9 8 7 6 5 4 3 2 1 
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Manufacturing 

Complexity 
0.13 8 7 6 7 6 5 7 5 3 

Performance factor 0.18 1 7 8 3 5 6 5 6 8 

Cooling 0.05 3 5 7 4 6 7 4 6 8 

Serviceability 0.1 7 7 7 5 5 5 3 3 3 

SUM 1 8.28 9.54 8.64 7.56 6.84 6.48 7.74 6.48 6.3 

Table 5.4: Cylinder Configuration Pugh Chart 

5.2 - Top End 

5.2.1 - Cam Configuration 

 A DOHC cam configuration was chosen due to its good performance. The Pugh chart for 

this decision can be seen below. 

 

Characteristic 
Weight (0-

1) 
Pushrod Freevalve Desmodromic/Arms SOHC DOHC 

Performance 0.4 5 7 7 8 9 

Complexity 0.3 4 4 3 8 9 

Weight 0.1 3 4 7 9 9 

Space 0.1 6 5 7 6 7 

Cost 0.1 7 2 3 9 7 

Total 1 4.8 5.1 5.4 8 8.6 

Table 5.5: Cam Configuration Pugh Chart 

5.2.2 - Valves per Cylinder 

 We decided to use four valves per cylinder since this offers high power, while having a 

relatively low cost. 

 

Characteristic Weight 2 Valves 3 Valves 4 Valves 5 Valves 6 Valves 

Complexity 0.4 8 3 7 2 1 

RPM 0.25 1 5 6 7 8 
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Power 0.25 3 5 6 7 8 

Cost 0.1 8 6 8 6 5 

Total 1 1.8 3.1 6.6 4.9 4.9 

Table 5.6: Valves per Cylinder Pugh Chart 

5.2.3 - Valvetrain Technologies 

 We chose to use both DVVL and VVT technologies for our engine. These increase the 

efficiency of the engine and add to the uniqueness of the design. 

 

Characteristics Weight 

Variable 

Intake DVVL  CVVL  VVT  

Performance 0.3 3 6 7 6 

Complexity 0.2 8 7 4 6 

Reliability 0.2 8 7 5 7 

Weight 0.1 6 8 5 7 

Size 0.1 3 6 3 7 

Cost 0.1 8 5 2 6 

Total 1 5.8 6.5 4.9 6.4 

 Table 5.7: Valvetrain Technologies Pugh Chart 

6 - Thermodynamic Analysis 

6.1 - Combustion Analysis for Stoichiometric Conditions 

In order to begin the thermodynamic analysis for our engine, we first had to define the 

target fuel to aim for. Due to a derived requirement regarding ñstandard gasoline,ò BTN 

Performance decided to use 87 octane gasoline for combustion in our engine. This type of 

gasoline is composed of 87% octane and 13% heptane. After combusting this substance, we get 

products of mostly CO2 , H2O, and N2. Balancing this reaction stoichiometrically we are left 

with: 

 

πȢψχὅὌ  πȢρσὅὌ ρςȢςὕ σȢχφὔ  ᵼχȢψὅὕ ψȢψφὌὕ ττȢφσὔ  

 

To obtain the air-to-fuel ratio (AFR) from this equation, we must break up the reaction into 

moles and molar masses.  
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Molecule Molecular Weight (g/mol) 

C8H18 (octane) 114.2 

C7H16 (heptane) 100.2 

O2+3.76N2 (air) 29.0 

Table 6.1: Air to Fuel Molecular Analysis 

 

Then, to calculate the air-to-fuel ratio with respect to mass (AFRmass) we must first calculate it 

with respect to the number of moles of each reactant in the system (AFRmole) 

 

ὃὊὙ
 ρςȢςz ρ σȢχφάέὰὩ ὥὭὶ

πȢψχ πȢρσάέὰὩ ὪόὩὰ
υψȢπχ 

Now, by using the molecule weights listed in the Table 6.1 we can calculate the AFRmass for 

stoichiometric conditions. 

 

ὃὊὙ ὃὊὙ
 ςωȢπ ὫȾάέὰ ὥὭὶ

πȢψχz ρρτȢς ὫȾάέὰ έὧὸὥὲὩ πȢρσz ρππȢς ὫȾάέὰ ὬὩὴὸὥὲὩ
ρτȢω 

 

Once we have solved for the stoichiometric AFR, we are able to accurately solve the combustion 

portion of the Otto Cycle. This AFR can also be updated in the future by dividing it by an 

equivalence ratio factor, ὲ. The equivalence ratio corrects the AFR when the engine is running 

rich (ὲ>1) at high load conditions and when it is running lean (ὲ<1) at low load conditions. 

6.2 - Ideal Otto Cycle 

6.2.1 - Overview 

 In order to start the thermodynamic analysis with relative ease, we decided to first 

analyze the Four Stroke Otto Cycle [1], a simple 4-step cycle commonly used to analyze internal 

combustion engines. The terms top dead center (TDC) and bottom dead center (BDC) will be 

utilized to describe the piston position at the smallest and largest cylinder volumes respectively. 

The values for this section were determined using FourStrokeOttoBTN.m and the trade studies 

were carried out using OttoCycleTradeStudy.m, both available for reference in Appendix E. 

Since this cycle is simplified in order to start working out initial engine characteristics, there 

were a number of assumptions that had to be made. 

First, throughout all of the cycle analysis we assumed that the ambient air was at a 

temperature of 294K (~70 oF) and a pressure of 101.3 kPa. For this specific analysis, there had to 
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be large assumptions about the Otto Cycle processes themselves. We first assumed that the 

intake phase took in enough air to fill each cylinder fully with fresh air on each cycle. Then we 

assumed that the air experiences the full compression of the cycle, such that no air is able to 

escape from an open intake or exhaust valve. Next, we assumed that combustion is a one-step 

process that happens instantaneously as all of the reactants go to products. We also assumed that 

the exhaust phase was able to eject all of the products of the reaction for each cycle. Finally, we 

assumed that the specific heat ratio, ɔ, is a constant throughout this process. Later on when we 

look into the real Otto Cycle, all of these assumptions will be proven inaccurate, but for the case 

of simplicity they will do for now. Table 6.2 details the variables that we had to determine or 

approximate in order to complete the cycle analysis.  

 

 

Symbol Property  

T Temperature (K) 

P Pressure (kPa) 

 Density (kg/m3) 

R Specific Ideal Gas Constant for Air (J/(kg-K)) 

rc Compression Ratio 

Ὓ Specific heat ratio 

Comb Combustion Efficiency  

Qlhv Lower heating value for gasoline (kJ/kg) 

Cp Specific heat at constant pressure (kJ/kg) 

Cv Specific heat at constant volume (kJ/kg) 

AFRmass Air-to-fuel ration (mass) 

Table 6.2: Ideal Otto Cycle Units 

6.2.2 - Phase 1: Intake 

The intake phase is modeled as if atmospheric air fills the cylinder unchanged. This 

allows us to calculate an initial density which will change significantly during the compression 

phase. This phase generally occurs from TDC to BDC.  
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6.2.3 - Phase 2: Compression 

The compression phase is the phase after the intake and after the piston reaches BDC. At 

this point, the intake valve closes and the piston compresses to TDC. This is an isentropic 

process because it is assumed to be adiabatic and reversible, with work transfer to the system of 

air.  
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6.2.4 - Phase 3: Combustion 

For this simplified ideal Otto Cycle analysis, combustion is assumed to occur 

instantaneously at TDC after compression. This process is modeled as a constant volume heat 

addition. During this process, the combustion efficiency is assumed to be a constant 0.8, however 

this assumption changes later in the detailed analysis.  
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6.2.5 - Phase 4: Expansion 

 

The expansion phase occurs directly after combustion at TDC and continues until BDC at 

which point all of the gases are ejected through the exhaust. This is also known as the power 
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stroke of the engine because it is when the combustionôs heat is transformed into work. This 

phase, like compression, is assumed to be isentropic.  
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6.2.6 - Findings 

After running through this idea Otto Cycle analysis we were left with the following state 

points.  

 

State Temperature (K) Pressure (MPa) 

Intake 294 0.101 

Compression 739 2.544 

Combustion 3007 10.36 

Expansion 1197 0.412 

Table 6.3: Ideal Otto Cycle States 

 

Important to note is that our compression temperature is lower than 87 octaneôs auto 

ignition temperature of 886K, so our engine would not experience any knock [2]. Also important 

to note is that these temperatures and pressures are still rather high, but we will see that they start 

to fall once we take into account realistic phenomena. 
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6.3 - Ideal Work and Power  

6.3.1 - Overview 

After finding the state points in the cycle, we can use these points to calculate the ideal 

work created by the cycle, and therefore, the ideal power at a reference RPM [1]. Below is a 

table of new properties needed to complete the analysis.  

 

 

Symbol Property  

mair Mass of air (kg) 

D Total cylinder displacement (m3) 

C Number of cylinders 

 Air density (kg/m3) 

rc Compression ratio 

T Cylinder Temperature during combustion cycle (K) 

cv Specific heat with a constant volume (J/kg) 

Vcyl Volume of cylinder (m3) 

Ws Specific Work (J/kg) 

WT Total Work (J) 

 PwT Total Power (W) 

N Revolutions per Minute of Crankshaft 

Ű Torque (N-m) 

Table 6.4: Ideal Otto Cycle Work and Power units 

 

First the maximum mass of air in the cylinder must be calculated. 
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From here, we calculated final work by looking at the temperature differences between the 

compression (work in) and expansion (work out) stages.  
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After calculating work, we can transform this into power produced by the engine per cycle 

through utilizing the engine RPM. 
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Then, if the desired output is to be in horsepower (hp) for clarity, the PT answer can be 

multiplied by a factor of 0.00134 to take it from watts to horsepower.  

 

Finally, torque can be calculated through the following relation. 
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For the case of ideal Otto Cycle, the power curve will end up being linear with RPM, which 

means that the engine torque will be a constant. This same relationship is later used to construct a 

power-torque curve for an Otto Cycle analysis with inefficiencies.  

 

6.3.2 - Ideal Cycle Results 

 

Through completing this ideal Otto Cycle analysis, some very important trades were able 

to be made that helped with determining engine characteristics. For example, below in Figure 

6.1, taken from OttoCycleTradeStudy.m there is a trade of engine power vs compression ratio 

and displacement. This graph shows that we would be able to get enough power out of the engine 

at low displacement while maximizing compression ratio for efficiency purposes. This follows 

our goal of designing an engine to be very powerful at high load conditions and very efficient at 

low load conditions.  
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Figure 6.1: Compression Ratio and Displacement Trade Study 

6.4 - Mechanical Redline Limit 

6.4.1 - Overview 

After completing the initial Otto Cycle and determining characteristics like compression 

ratio and displacement, we then focused on some trade studies that could help us determine other 

characteristics like bore, stroke, crank arm length, and other mechanical characteristics.  

 

Symbol Property  

b Cylinder Bore (mm) 

bs Bore to stroke ratio 

s Stroke 

N Engine RPM (rev/min) 

Spavg Mean piston speed (m/s) 

Table 6.5: Mechanical Redline Units 
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Through use of the following equation, we were able to calculate the mean piston speed ratio for 

our engine assuming a bore to stroke ratio. According to Heywood, the mean piston speed should 

stay below 25 m/s in order to prevent catastrophic mechanical failure [1].  
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6.4.2 - Trade Study and Selection 

After getting this relation, we were able to trade bore to stroke ratio with mean piston 

speed in order to help determine the correct bore and stroke for our engine with the desired 

redline.  

 

 
Figure 6.2: Bore - Stroke Ratio Trade Study 

 

With our target redline being around 9000, we decided to go with a bore to stroke ratio of 1. This 

decision led our redline to be about 8800 RPM based on the graph below.  
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Figure 6.3: Plot Showing Mechanical Redline 

6.5 - Properties Varying with Crank angle 

6.5.1 - Overview 

Now that a few engine parameters were determined through thermodynamic trade 

studies, we are then able to increase the fidelity of analysis by taking away the assumptions of 

instantaneous combustion and constant gammas. These changes allowed us to more accurately 

see the state values of our engine during the time of conceptual design, and we were able to use 

the functions again  once we started to include inefficiencies.  

 

 

Symbol Property  

ɗ Crank Angle (radians) 

ɗs Start of fuel burn (radians) 

ɗd Duration of fuel burn (radians) 

xb Cumulative Burn Fraction 

a Weibe efficiency factor 

n Weibe form factor 

q Dimensionless total  heat release coefficient 

Table 6.6: Crank angle units 

6.5.2 - Volume 

The first step to getting properties varying with the crank angle is to get a function for 

volume in order to determine other variables dependent on volume. This function for volume can 

be found in VolumeCalc.m which may be referenced in Appendix E. Below is a graph output 

using this function in order to visualize how volume and piston speed vary with crank angle.  
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Figure 6.4: Plot of Cylinder Speed and Volume Functions 

6.5.3 - Specific Heat Ratio (Gamma) 

The next step in improving the accuracy of the analysis is to change the specific heat 

ratio, ɔ, with respect to temperature. To do this, we utilized Matlab code written in the Ferguson 

textbook [3]. Both functions are called in the program GammaCalc.m also shown in Appendix E. 

This ɔ calculation function calls two Ferguson functions that calculate ɔ at two different 

conditions. The first function, farg.m, calculates ɔ at low temperatures, or when the air gas 

mixture is unburnt. The other function, ecp.m, calculates ɔ at high temperature, or when the air-

gas mixture is burnt. Since these two mixtures are composed of different gas compositions, it is 

important to make this distinction when calculating ɔ. Each ɔ calculation function from Ferguson 

includes tables of data for 87 octane gasoline at different temperature and pressure conditions as 

is represented in farg.m and ecp.m in Appendix E. The output of this code, shown below in 

Figure 6.5 is utilized in the weub function code to more accurately determine the ranges of 

temperatures and pressures that the engine experiences.  
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Figure 6.5: Specific Heat Ratio versus Crank Angle 

 6.5.4 - Weib Burn Function 

In the ideal Otto Cycle, it is assumed that all of the chemical potential energy in fuel is 

instantly burned at a constant volume to produce work. Obviously, there must be some time for 

the combustion of the fuel-air mixture to completely propagate through the combustion chamber. 

The Weib Function accounts for this time by looking at temperature and pressure as differentials 

instead of instantaneous changes.  

The first part of the Weib Function is the cumulative burn fraction. This function, shown 

below, allows us to understand how much of the fuel is burned by assuming a Wieb efficiency 

parameter, a, and Weib form factor parameter, n, given as 5 and 3 respectively in Ferguson as 

good estimates [3]. These assumptions allow us to relate burn fraction of fuel in regards to the 

crank angle, and also account for parts of the mixture that are unburnt. The Weib function is a 

much more efficient way of modeling flame propagation in the cylinder, since our alternative 

would be doing some type of simulation, which seemed out of scope for the project.  
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After understanding the burn fraction equation, we could then combine this with our specific 

heat release coefficient. This will give us the amount of heat release corresponding to crank 

angle. 
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Once we have the energy modeled, we can then relate the above two equations to physical 

properties of our system like temperature and pressure. These relations are outlined in detail in a 

modified Matlab script found in Ferguson, FiniteHeatReleaseBTN.m. Below are two outputs of 

the Matlab function which show how the temperature and pressure change with crank angle 

when you involve the mass burn fraction. Important to notice is how temperatures and pressures 

do not get as high as they previously did in the absolute ideal cycle. This is because not all of the 

combustion is happening at TDC, so we are not utilizing all of the compression work done by the 

system.  

 
Figure 6.6: Pressure During Four-Stroke Engine Cycle (Left), Temperature During Four Engine 

Cycles (Right)  

6.5.4.1 - Spark Timing 

The spark timing above occurs at 30 degrees TDC, and while we did not do much 

optimization with this value we realize that the timing of this spark is very important. As 

outlined in Figure 6.7 below the spark timing can have effects on anything from the MBT (mean 

best torque) to the BSHC (brake-specific exhaust emissions for hydrocarbons).  
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Figure 6.7: Spark Timing Diagram [4] 

 

While the property of spark timing would have been useful to model, to do so is very complex. 

Usually, an experimental apparatus is necessary to fully understand the effects because of the 

complex flame speed in the cylinder. The spark-timing is almost completely based off of the 

flame speed which varies with the changing pressure of the cylinder [4]. Without combustion 

modeling tools, there was no accurate method for us to optimize the spark timing farther than it 

already is. In reality, both the spark timing and the equivalence ratio would be tuned, or 

calibrated, for all engine operating loads and conditions. 

6.6 - Air Modeling  

6.6.1 - Overview 

This part of the thermodynamic analysis details the process of creating a model to predict 

how various designs of valves and cams affect the performance of our engine. To be brief, the 

goal of air modeling is to boil down all of the results to obtain a volumetric efficiency for a valve 

geometry at a specified engine RPM. As is shown, this process is anything but brief, and 

extensive care must be taken in the analysis to ensure the credibility of the results. Note that all 

of the calculations carried out below are done twice. Once for the intake valve and once for the 

exhaust valve.  

 

Symbol Property  
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ɗ Crank angle (degrees) 

ɗop Valve lift open angle 

ɗcl Valve lift close angle 

ɗdur Valve lift duration  

i Properties that have to do with the intake valve 

e Properties that have to do with the exhaust valve  

D Valve diameter (m) 

Ds Valve stem diameter (m) 

Dv Valve head diameter (m) 

w Valve seat width (m) 

Dm Valve mean seat diameter (m) 

 Valve seat angle (degrees) 

Lv Valve lift (m) 

Am Minimum flow area (m2) 

CD Flow Coefficient 

Tcyl Temperature in cylinder (K) 

Pcyl Pressure in cylinder (kPa) 

Po Stagnation Pressure (kPa) 

To Stagnation Temperature (K) 

o Stagnation Density (kg/m3) 

co Stagnation speed of sound (m/s) 

R Ideal Gas Constant (J/kg-K) 

 Mass flow rate (kg/s) 

Table 6.7: Air Flow Variables 
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6.6.2 - Valve Lift  

The first step in air modeling is to determine a valve lift profile [1]. From a 

thermodynamic standpoint, a good starting point for a valve lift profile would be a second order 

polynomial with zeros at the points that your valve would open and close. This polynomial 

would be multiplied by the maximum lift, Lv (max), in order to achieve the correct lift function. 
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Figure 6.8: Initial Valve Lift Profile 

 

After some feedback from the mechanical design team, this valve lift profile had to be edited in 

order to reduce unnecessary jerk and forces on the valves. While this change affects the 

thermodynamics minimally, a 6th order polynomial was decided on that caused the valve lift to 

change shape as shown below.  
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Figure 6.9: Final Valve Lift Profile 

6.6.3 - Minimum Flow Area  

 

After determining initial valve lift values based on a recommendation in Heywood, and 

receiving optimized valve diameters from the mechanical team, we could now begin defining 

new characteristics of the valves through relations provided in Heywood [1]. These valve 

characteristics are very important in determining how much air flow can get through the valves 

on any given cycle.  
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Figure 6.10: Basic Valve Shape [1] 

 

Now that values are known for the valve geometry, we can start looking at the flow effect of 

these different geometries to see if we can maximize it in any way. To do this, we next looked at 

the minimum flow area versus the crank angle for our valve design. According to Heywood, the 

minimum flow area is broken up into three sections. The first two sections depend on the frustum 

of a right circular cone which touches the seat in two different ways, and the third area depends 

on the difference between the port area and stem area [1].  

 

 
Figure 6.11: Additional Valve Properties [1] 
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Using these equations during the right moments in the valve lift, as it is outlined in 

AirFlowModelBTNFinal.m in Appendix E, we acquired data for minimum flow area versus 

crank angle for a given cycle. Plotting the data we got the graph shown below.  
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Figure 6.12: Inlet and Exhaust Minimum Area Profiles 

6.6.4 - Flow Coefficient 

 

The next necessary step in correctly modeling the air flow is to understand how flow 

coefficient through the valves changes with variables such as crank angle and valve lift [1]. 

These values are one of the main differentiating factors for intake and exhaust valves, because 

the flow behaves differently when flowing into or out of the cylinder. Both of these trends were 

taken directly from Heywood and were created using the Matlab polyfit feature.  

For intake valves, the flow coefficient is controlled by how well the flow is jetting [1]. 

This correlation depends solely on the ratio between lift and valve head diameter. Much like the 

minimum flow area, there are three regions that correspond to this trend. At low lift, the flow 

remains attached to the valve head and the seat, which allows for a smooth jetting. This results in 

a rather high flow coefficient. Then, once the lift becomes too high, into the intermediate range, 

the flow becomes separated from the valve seat and is only attached to the valve head. There is 

still jetting that occurs here so the flow coefficient curve looks similar to how it did before. 

Finally, the flow becomes separated from the valve head and seat. At this point the flow area 

remains constant and jetting significantly reduces so the flow coefficient begins to drop.  

 

 
Figure 6.13: Effects of Jetting on Valve Airflow 
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For exhaust valves, the flow coefficient also depends on the ratio between lift and valve head, 

however, for slightly different reasons [1]. While the inlet valves have three discontinuous 

curves to model the discharge coefficient, the exhaust curve only has one, and it depends on the 

geometry in the exhaust manifold. At low lifts, the flow is able to swirl and be sucked out of the 

cylinder more, while at high lift, the flow again separates and the flow coefficient drops as a 

result. To maximize this flow coefficient over the entire lift range, we decided to go with the 

design associated with ñdò in Figure 6.14.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.14: Effect of Swirling on 

Cylinder Airflow 

 

Since lift changes with crank angle, we can then create a vector of flow coefficients that depends 

on crank angle. Plotting this data, we get the graphs shown below. Important to note is that the 

inlet Cd is full of discontinuities, much like the graph it is made from, whereas the exhaust graph 

is much more smooth. 

 
Figure 6.15: Lift Profile Accounting for Dynamic Airflow 
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6.6.5 - Mass Flow 

Now that we have developed a model for the valve lift, minimum valve flow area, and 

flow coefficient, we can use all of these values, along with pressures values obtained from 

FiniteHeatReleaseBTN.m in order to calculate the total mass flow rate of air for a given cycle. 

During this process, ideal gas properties were assumed to relate pressure and density among 

other properties. While the equations for intake and exhaust are very similar, there are some key 

differences as to which pressure to use that are important to note.  

6.6.5.1 - Exhaust 

First, we modelled exhaust because it was the phase that we knew could start with known 

initial conditions of a cylinder initially full of burned products. Notice that we multiplied our 

mass flow by two in order to account for having two exhaust and two intake valves in each 

cylinder. When the exhaust valves are open, the flow will normally flow out as long as Pcyl>Poe 

[1].  

 
ςὅ ὃ ὖ

ὙὝ
ᶻ
ὖ

ὖ

Ⱦ

ᶻ
ς‎

‎ ρ
ᶻ ρ

ὖ

ὖ

Ⱦ

 

 

If the pressure inside the cylinder became less than the stagnation pressure in the exhaust 

manifold, then the flow would reverse and the equation would change as it is shown here.  
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6.6.5.2 - Intake 

Next, we modeled the intake flow into the cylinder. Pcyl is the same continuous vector as 

in the exhaust calculation. This means that in if Poi>Pcyl then the air will flow into the cylinder.  
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Figure 6.16: Mass Flow for Intake and Exhaust 

 

If the pressure in the cylinder is too great, as it normally is at the initial inlet valve open, then 

there will be reverse flow.  
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6.6.5.3 - Choked 

For both the intake and exhaust cases (but mostly the exhaust), the pressure difference 

between the cylinder and stagnation condition can become so great that the air flow can not 

move fast enough. Once the flow into the cylinder reaches the speed of sound then the flow 

becomes choked. Choking the flow causes a significant mass flow drop as is represented in the 

equation below [1].  
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It was a design requirement to try to reduce choked flow as much as possible through valve 

design. Figure 6.17  shows that at 7000 RPM the pressure starts to rise very minimally in our 

current design. In order to choke, this pressure increase would have to be much more significant. 
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Figure 6.17: Plot of Relation of Pressure and Volume 

6.6.6 - Mass in Cylinder 

Once we have the total mass flow as a function of crank angle, we can determine how 

efficient our valves are at getting the mass of air into and out of the cylinder. This was done as a 

numeric integral, where we would take a small crank angle section, turn it into a small unit of 

time through relating it to the current engine RPM, and add or subtract small increments of mass 

for each time step. We would then use the ideal gas law to calculate the new density, pressure, 

and temperature in the cylinder for the incremental mass accounted for using conservation laws. 

This process can be clearly seen in AirModelBTNFinal.m in Appendix E. 

 

 
Figure 6.18: Mass Flow for Intake and Exhaust 

6.7 - Var iable Valve Technology 

6.7.1 - Overview 
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Variable valve technology (Vtech) has countless opportunities to improve the 

thermodynamics of an engine. With the current thermodynamic engine model that we have 

developed so far, we are limited in the applications of Vtech, however there still are some very 

good prospects. Through completing trade studies of the current model we can see that there is 

some optimizing that can be done. We can look at low load, low rpm scenarios, like cruising. At 

these conditions, power is not as important because you would not be operating at full throttle. In 

this case you could sacrifice some of the power of the engine for better thermodynamic 

efficiency or fuel economy. Another option would be looking at the high load, high rpm 

conditions. At these conditions we would want to maximize torque and power to try to get the 

most out of our engine. There are many methods of doing this, but the one we explore using 

Vtech is to simply find ways to get more air into the engine.  

6.7.2 - Variable Valve Timing (VVT)  

Variable valve timing is the process of phasing the camshaft in some way so that either 

the exhaust or intake valve timings are differed. While this is very complex mechanically, this 

section will just discuss the thermodynamic benefit. Mechanical design will be specifically 

considered in a later section. Our plan is to utilize VVT at low load and low RPM conditions. 

Like discussed above, this would be done at cruising conditions in order to maximize fuel 

efficiency [8]. We accomplish this task thermodynamically by phasing the inlet cams 15o. 

Through moving the inlet cam to a later starting time in the crankshaft, while keeping the lift 

profile identical, we operate more in the Atkinson Cycle. The Atkinson cycle is very similar to 

the Otto cycle, but it keeps the inlet valve open some time into the compression stage. While this 

reduces the overall power that the engine produces, it allows us to squeeze more work out of the 

gasoline that we are using to power the engine. Therefore, by phasing the inlet valve to start 

later, we are able to achieve a slight improvement in specific power. While the graph below 

shows only a marginal benefit, we believe that experimentally this benefit of using Atkinson 

Cycle at low load, low RPM conditions would be much more pronounced since our 

thermodynamic model ignores many phenomena including the flow in the intake manifold.  
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Figure 6.19: Benefits of Atkinson Cycle Phasing 

6.7.3 - Variable Valve Lift (VVL)  

Variable Valve Lift is the process of having a second set of cams on the cam shaft which 

the engine can switch to at specific conditions. Generally in VVL engines, there is a low RPM 

cam and a high RPM cam that can be switched between using complex mechanical features. 

Again, the thermodynamic impact will be discussed here while a later section will focus on 

mechanical implementation. In most cases of VVL, only the inlet cam is considered because itôs 

valve curve properties have the largest outcome on overall engine efficiency. Since RPM is the 

major factor in determining which lift curves to use, VVL works very well with the 

thermodynamic model we have built. In order to maximize volumetric efficiency, discussed in 

more detail later in the analysis, across the entire RPM range, we can break up the RPM range 

into low and high sections, and analyze these sections separately. This way, we can determine 

the optimal lift curve for each condition and we can manufacture our cams in such a way to get 

the best performance out of the engine.  

We completed these trade studies over high and low RPM ranges in order to maximize 

valve lift, duration, and timing for each cam configuration. Figure 6.20 below represents two 

trade studies completed to pick the duration for the small cam and the lift for the large cam 

respectively.  
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Figure 6.20: Thermo Trade Studies 

 

As you can see, both of these decisions maximize the average volumetric efficiency. These trade 

studies were run through twice each in order to ensure accuracy, because a bad initial guess 

could have resulted in skewed results in another factor. These trade studies were also run for the 

exhaust valve over the entire RPM range in order to ensure that the exhaust valveôs properties 

were maximized with respect to the inlet valveôs properties.  

In the end we determined the follow cam characteristics for the exhaust and both inlet 

cams as seen in Table 6.8.  

 

 Large Inlet Small Inlet Exhaust 

Lift (mm) 10.9 8.5 8.5 

Duration (degrees) 235 220 235 

Opening (degrees) -4 before TDC -8 before TDC -45 before BDC 

Table 6.8: Lift Angles Determined by Trade Studies 

 

 

 
Figure 6.21: Visual Representation of Valve Timing 

6.8 - Lubrication  

In order to size the oil pump, the required oil flow rates through the engine were 

determined for startup, cruise, and redline. The most critical components for oil flow are the 

journal bearings and calculations for the main, rod, and cam journals were performed using the 
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method described in Machine Component Design [5]. An example of the properties and 

calculations for redline and maximum loading condition is shown in Table 6.9 below. 

 

 

Radius 

(mm) 

Film 

Thickness 

(mm) 

Clearance 

(mm) 

Width 

(mm) 

Max 

Load (N) 

Temp 

(C) 

Visc. 

(Pa) 

Speed 

(rpm) Sommerfeld 

Flow 

Variable Flow Qs/Q 

Flow to 

Replace 

Main 

Journal 32.25 0.0015 0.02 23.7 34000 100 0.0119 9000 0.208147 5.9 13528.55 0.88 1623.42 

Rod 

Journal 25.8 0.0012 0.02 27 34000 100 0.0119 9000 0.121410 5.8 12120.84 0.82 2181.75 

Intake 

Cam 

Journal 30 0.0014 0.04 16 4154 100 0.0119 9000 0.231456 6.1 17568 0.9 1756.8 

Exhaust 

Cam 

Journal 30 0.0014 0.04 16 3334.2 100 0.0119 9000 0.288369 6.1 17568 0.89 1932.48 

Table 6.9: Oil Flow properties 

 

The total head was estimated to be 1m. Overall head, flow rates for each bearing and headloss to 

them from path, and the additional effect of VVL were combined to calculate a required flow 

rate of 1.7 L/min and a required power of 223W.  

6.8.1 - Oil Sump 

When designing a system to pump oil around the engine there is a critical early design 

choice; wet vs. dry sump storage. Wet sump engines have a large oil pan directly below the 

crankshaft to collect oil which is then recirculated through the system by a pump. Dry sump 

systems take the oil and put it directly into a separate tank from which the oil pump draws oil. 

High performance bikes and cars typically use dry sump because as the vehicle turns at high 

velocities the oil doesnôt slosh about in the pan as it would in wet sump systems. The system, 

however, is not without fault as it requires an additional pump and storage tank which take up 

space on the engine. Added components increase engine complexity, cost, and size all of which 

are limiting factors for our motorcycle engine. Also, for a sports touring market we donôt expect 

sloshing of oil to be a major problem. Therefore a wet sump is sufficient.  

6.8.2 - Oil type 

Oil is essential to the function of any engine as it reduces the friction and wear on engine 

components, which increases efficiency and longevity. This means selecting the right oil is 

essential to the functio of an engine. Oils are named in accordance with an SAE (Society of 

Automotive Engineers) standard and are in the form __W-__. The two blanks correspond to 
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performance at different temperatures the first being low start up temperatures and the second 

being performance at operating temperature[16]. General rule of thumb follows that the lower 

the first number the better start up performance and the higher the second number the better 

operating performance. For this reason we selected a 10W-40 oil which has a good balance of 

start up and operating performance. Confirming our selection, many sports touring bikes on the 

market today use the same brand of oil. 

 

 

 

 

 

 

 

 

 

Characteristic Weight 15W-40 10W-40 20W-50 10W-30 5W-20 

Bearing 

protection 0.2 8 9 6 8 5 

High end 

viscosity 0.3 8 8 10 6 4 

Low end viscosity 0.2 7 8 6 8 10 

Corrosion 

resistance 0.1 10 8 7 8 6 

Cost 0.1 5 7 7 9 10 

Lifetime 0.1 9 8 6 10 5 

SUM 1 7.8 8.1 7.4 7.7 6.3 

Figure 6.22: Oil Specification 

 

The next distinction between oil varieties is distinguishing mineral oil, semi-synthetic, 

and synthetic oils. Mineral oils are the cheapest and have minimal processing and are closest to 

natural petroleum that comes out of the ground. Synthetic oils are the opposite of mineral oils 

and only use compounds of petroleum to create a more efficient oil.They often include additives 

that improve performance and effectiveness of the oil but are more expensive. Semi-synthetic is 

somewhere in between, not providing all the benefits of synthetic but providing some additional 

longevity and a lower cost. Since our engine is designed to have as good performance as 
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possible, we recommend using a full synthetic oil, despite the cost, to improve mechanical 

efficiency. 

Characteristic Weight Mineral Oil Semi-synthetic Full Synthetic 

Lubrication 0.3 5 7 9 

Thermal resistance 0.1 4 6 7 

Lifespan 0.25 6 8 10 

Cost 0.1 8 8 3 

Hot vs cold performance 0.15 4 6 8 

Evaporation 0.1 5 7 9 

SUM 1 5.3 7.1 8.3 

Figure 6.23: Oil Type 

6.8.3 - Effect of VVT and VVL on oil requirements 

One of the unique features of the BTN-1500E engine is its use of Variable Valve Lift and 

Variable Valve Timing to improve engine efficiency. These technologies adjust the camshaft and 

response of the intake and exhaust valves to change how the engine operates. These technologies 

rely upon shifting the camshaft horizontally using oil flow to activate the change in profile. This 

means that at a specified RPM (4000 for VVT and 6000 for VVL) additional oil must be injected 

into the system to replace the oil lost to activating these technologies. Oil is lost opening the 

channels for VVL and also in sliding the camshaft horizontally across the bearings shearing oil 

off their surfaces. We predict as much as 50% of the oil on the surface of the bearings could be 

lost and will need to be replaced by the pump system to accommodate for this change. 

6.8.4 - Lubricant parts  

While deciding on a specific pump and filter were determined out of scope as they would 

be very dependent on the rest of the motorcycle, the below properties are what would be required 

of a pump. 

 

Flow rate (L/min) 1.7 

Required Pressure (MPa) 0.4 

Power (W) 223 



 

 

 
 

48 

Table 10: Pump Requirements 

6.9 - Real Otto and Atkinson Cycle (Inefficiencies) 

6.9.1 - Overview 

There are a few main inefficiencies that can hinder an engine's performance versus RPM. 

The first inefficiency is how well the fuel injected into the cylinder can combust on each cycle, 

or combustion efficiency. This inefficiency is rather constant with RPM, unlike the others [1]. 

The second inefficiency takes into account the mechanical losses from parts of the engine 

moving through air and the losses due to lubricated parts causing friction, which we call 

mechanical efficiency. From Heywood, this inefficiency varies approximately linearly with 

RPM, but as we show in the following analysis, this is not completely accurate. The third 

inefficiency we analyzed is the inefficiency of the air going into the cylinders, or volumetric 

efficiency. This inefficiency varies significantly with RPM, especially with choking conditions, 

because of the shorter time step the valves are open at higher RPMs. Finally, we analyzed the 

basic pumping losses in the engine, which are the losses of work from pressure differentials 

during intake and exhaust.  

 

 

Symbol Property  

ɗ Crank angle (degrees) 

ɗop Valve lift open angle 

ɗcl Valve lift close angle 

ɗdur Valve lift duration  

i Properties that have to do with the intake valve 

e Properties that have to do with the exhaust valve  

comb Combustion Efficiency 

vol Volumetric Efficiency 

mech Mechanical Efficiency  

q Specific Weib Function Heat  

Qlhv Lower heating value for gasoline (kJ/kg) 
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ű Equivalence Ratio 

mair Ideal mass of air in cylinder (kg) 

P1 Initial Cylinder Pressure (Pa) 

V1 Initial Cylinder Volume (m3) 

wcycle Specific Work per cycle 

Wcycle Work per cycle including mechanical inefficiencies (J) 

Wpump Pumping loss work (J) 

Wnetcycle Work per cycle including all engine inefficiencies (J) 

Table 6.11: Inefficiency Calculation Units 

6.9.2 - Combustion Efficiency 

While ideally all of the fuel that you inject can combust, due to some mixing and swirling 

characteristics, 100% combustion is virtually impossible. While modeling the turbulent swirling 

in a cylinder versus RPM is extremely complex, there are empirical relations that come close. 

Heywood states that combustion efficiency almost entirely depends on equivalence ratio, as is 

shown in the chart below [1]. To estimate combustion efficiency for our engine, we created a 

curve from the mean of the points shown below and calculated the combustion efficiency. In 

order to maximize fuel efficiency at cruise conditions and maximize power at max high load 

conditions we choose equivalence ratios of 0.974 and 1.190, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24: Rich versus Lean Fuel Analysis 

 

Condition Equivalence Ratio Combustion Efficiency ( comb) 
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Fuel Efficient 0.974 0.93 

High Power  1.190 0.81 

Table 6.11: Efficiency of Fuel Ratios 

 

6.9.3 - Mechanical Efficiency 

Friction is a major source of energy loss for an engine. Depending upon the RPM, it can 

account for as much as 20% loss of the total power output. Unfortunately, without assembling 

the engine and testing it, calculating the friction on each surface is incredibly difficult. In 

Heywood there is a method for calculating piston friction which uses a graph that shows what 

portion of total friction is each component [1]. 

 

 
Figure 6.25: Mechanical inefficiencies 

 

For each RPM, piston friction makes up approximately half the total friction. Therefore, 

by calculating the loss of the piston and doubling it we can estimate total mechanical losses. The 

work due to friction is calculated using the following equation. 

 

ὡ Ὂ ὈzὭίὸὥὲὧὩ 

 

 The distance travelled is directly related to the RPM of the engine and the stroke of the 

cylinder. The force of friction is much harder to calculate as it varies based upon the pressure in 

the cylinder, the coefficient of friction on each piston ring, and the surface area of the piston 

rings. The coefficient of friction of the piston rings was found using the equation shown below 

which relates the oil friction and surface friction together to find the combined constant [1]. The 

constant Ŭ determines what percentage of friction is fluidic versus solid. 
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 To account for the uneven distribution of area and pressure, as well as the different 

materials of each piston ring, we used a weighted average to determine the friction of the solid. 

With a coefficient of friction established we could now find the normal force on the piston rings 

using another graph from Heywood which shows pressure on the piston rings at different motor 

conditions [1]. 

 

.  

Figure 6.26: Pressure on piston ring versus crank angle 

 

 These motor conditions were equated to different RPMs, plotted using excel, and then a 

polynomial fit was performed on the data. This trendline provided a function of piston ring 

pressure versus RPM which could be used to find values at each RPM we tested. The surface 

area of the rings was provided by the mechanical teams, Using that value we were able to find 

the total work due to friction at each RPM. 

 

 
Figure 6.27: Loss Due to Mechanical Friction 

 

 The function has two modes: a linear portion due to the constant change in RPM and an 

exponential change due to the pressure within the system. At low RPM values mechanical 

friction accounts for 3% of total work but at redline, it is over 22% of the total work produced by 

the engine. 
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6.9.4 - Volumetric Efficiency  

 

The volumetric efficiency is based off of the previous analysis for the air model in the engine. 

Simply stated, the volumetric efficiency is calculated from the percent of mass left in the 

cylinder after exhaust, multiplied by the percent of mass not able to completely fill up the 

cylinder during intake. This is because even if the valves are able to get 100% of the original 

mass in the cylinder at the end of each cycle, if the exhaust stroke is only able to get 50% of the 

burned fuel out then there will only be 50% of new fuel-air mixture to burn. These equations 

below represent how we calculated volumetric efficiency from the mass in cylinder, Figure 6.19, 

for each RPM. 
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6.9.5 - Weib Function Work 

After we determine all of the efficiencies above, we can start plugging them into the right 

sections in the analysis. Since an input to finite heat release is the specific heat transfer from 

burning the fuel, q, we can change it for the non ideal conditions. This number depends on the 

mass of fuel, which is related to the mass of air per cycle. This means that the mass of fuel 

directly correlates to the volumetric efficiency since we are trying to keep a constant air-fuel 

ratio. Also, q depends directly on combustion efficiency, because q says how much work we can 

get out of combusting the gas. Therefore we also multiply q by the combustion efficiency from 

Heywood. After that we can incorporate mechanical efficiency by taking a fraction of the work 

outputted by the algorithm in FiniteHeatReleaseBTN.m.  

ή
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From here we also get updated temperature and pressure in the cylinder during combustion as 

shown in Figure 6.28. 
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Figure 6.28: Cylinder Properties With Inefficiencies 

6.9.6 - Pumping Losses (Simplified) 

Much like it is difficult to get air into and out of a syringe, it is difficult to get air into and 

out of the engine. Significant work is done if the hole in the top of the syringe is small, due to the 

large pressure differences between the cylinder of the syringe and the environment during intake 

and exhaust. An engine can be modeled in the same way. Since we know that the work in a 

cylinder is directly related to the product of pressure and volume, we can calculate the work as 

an integral with small volume steps. With our current model, we have a constant pressure outside 

both the intake and exhaust valves, however this is inaccurate. While it is outside the scope of 

this project, if we were to model the intake and exhaust manifold, along with the pressure drop 

across the throttle and pressure build before the catalytic converter, we would be able to get a 

much better model of the pumping losses at less than ideal conditions [11]. However, if we 

ignore these phenomena for now we can model the pumping losses using the pressures in the 

cylinder determined from the volumetric efficiency and air model as shown below. For the 

exhaust, the pumping losses happen from BDC to TDC, since this is the time period where the 

cylinder is trying to push high pressure out of the cylinder. For the intake portion the pumping 

losses happen from valve open to BDC since the intake valve both pushes some high pressure air 

out of the valve, and causes a vacuum which sucks in lower pressure air.  
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Figure 6.29: Effect of Pumping Losses on Total Work 

6.10 - Final Power-Torque Curves  

6.10.1 - Incorporat ing Inefficiencies  

Power and torque are the main goal of this engine thermodynamic analysis. All of the 

other steps, from combustion modeling, air modeling, and everything in between act as inputs to 

this relatively simple calculation. From the processes outlined above, we now are able to 

determine the work produced per cycle for our engine model, and with a few equations we can 

turn these into our torque and power curves. First, below, in Figure 6.30 we summarize the 

efficiencies analyzed in the cycle that affected the power torque curves. Initially the torque curve 

is flat and the power curve is linear without any inefficiencies. However, the efficiencies outlined 

below show how the plots become curved.  

 

 
Figure 6.30: Four Primary Inefficiencies 

 

6.10.2 - Torque and Power for Different Operating Conditions 
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Symbol Property  

Pwreal Engine Power (kW) 

real Engine Torque (ft-lb) 

 Unit Conversion (Metric-English Conversion) 

Table 6.12: Torque and Power Units 

 

ὖύ
ὡ ὔz ὅz

ςz φπ
 

 

†
ὖύ σzσπππ

ὔ ςz“
 

 

Using these two equations, and changing the model to incorporate varying levels of 

variable valve lift and timing, we can get a few torque power curves that describe the engine well 

[1].  

The first graph shown below is for constant valve lift (lower lift value), but variable valve 

timing in order to achieve a more Atkinson-phased cycle. This graph shows a lower torque and 

power for the Atkinson phase, at the benefit of fuel efficiency. Since this graph best represents 

fuel efficient driving, it is also created using our lean equivalence ratio. This torque power curve 

in real life would not mean much, because we would only be running Atkinson at low throttle 

and low RPM conditions. However, it is good to illustrate the drop in max power required in 

order to create better specific work from the engine.  
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Figure 6.31: Initial Power and Torque Curves with Phasing 

 

The next two graphs show more realistically how the engine would operate, using 

variable valve lift. The first graph shows both the low and high lift power torque curves in order 

to justify the switch between the two cam profiles. These curves are good for high load, or max 

throttle, and are both made using the rich equivalence ratio described in the sections above. They 

show that at low RPM it is beneficial to stay on the lower cam to achieve better volumetric 

efficiency and therefore better torque and power. Torque in particular is seen to be almost 10% 

higher at low RPMs for the low cam than the high cam. As the RPM starts to climb, the qualities 

of the two cams converge until they reach around 6000 RPM. At this speed, it is beneficial to 

switch to the high cams to improve volumetric efficiency. We can see that without this switch 

the power curve levels off a lot earlier, causing our redline to be closer to 7500 than 8800. Again, 

we also get around 20% better torque at very high RPMs for the high cam when compared to the 

low cam. Obviously, there are very large effects for max throttling conditions for variable valve 

lift technology.  
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Figure 6.32: Final Torque and Power curves with High and Low Valves 

 

Realizing the benefits of the variable valve lift technology, this graph below simply 

chooses the correct curve for the RPM that you are running at. Below 6000 RPM the camshaft is 

running the low cams, but after the engine is sensed to run above that speed the cams will shift to 

the high ones in order to get more air into the cylinder and improve redline performance.  

 
Figure 6.33: Final Torque and Power Curves 
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Overall, variable valve technology has significant impacts on engine performance and 

efficiency, and this thermodynamic analysis justified its use in our engine. Below is a table 

summarizing all of its benefits in our engine ranging from increased horsepower to better fuel 

efficiency.  

 

Characteristic Improved Variable Valve Lift (VVL) Variable Valve Timing 

(VVT)  

Idle Torque (%ft-lb) 13% -8% 

Redline Torque (%ft-lb) 22% N/A 

Redline Power (%hp) 20% N/A 

Redline Value (%RPM) 21% N/A 

Fuel Efficiency (%mpg) N/A 4% 

Table 6.13: Effect of Variable Valve Technologies on Power, Torque, and Fuel Efficiency 

6.11 - Emissions Analysis 

6.11.1 - Overview 

A critical component of engine design is carefully considering if your engine will meet 

emissions standards laid out by the governing body you are using the engine in. This could be a 

time to consider redesign of the engine in order to make it use more or less fuel per cycle. 

Through using NASAôs Chemical Equilibrium Applications (CEA) program, we are able to see 

how our engine operating conditions affect the emissions in the engine [17]. Below in Table 6.14 

are the outputs of the CEA program for the two air-fuel ratios that we plan on operating at. Also, 

the percentages of the emissions that are controlled through strict standards are shown in Figure 

6.34 across a wide range of air-fuel ratios.  

6.11.2 - CEA Analysis 

 

 Mass Fractions 

Air -Fuel Ratio CO NOx HC 

15.4 (ű=0.954) 1.9663e-2 9.5619e-3 6.8031e-6 

12.6 (ű=1.19) 6.4632e-2 2.5057e-3 6.0788e-6 
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Table 6.14: Air to Fuel Ratios 

 

 

 
Figure 6.34: Emission of CO and NO+HC  

6.11.3 - Standards and Emissions  

Getting the data from CEA is the first part, now we need to see if our mass fractions are 

able to meet emissions at the testing speed designated for our class of motorcycle. For the United 

States government, the GPO standard § 86.501ï78 states the below testing speeds for a 

motorcycle [6]. Since our thermodynamic engine model is most accurate at high load conditions, 

we will only be looking at the testing conditions for top gear. According to Figure 6.35 below 

this means that we want to look at the speed of 75 km/hr (46.6 mi/hr) for our engine. After 

completing some market research, and making our own estimates about the transmission 

designers at the Spartan Motorcycle company, we concluded that an RPM of 2500 would be 

sufficient estimate for this testing speed. 

 

 

 
Figure 6.35: Speed Required for Emissions Test 
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Symbol Property  

X CEA Mass Fraction  

Sp Vehicle Speed (km/s) 

EmX Emissions of Component (g/km) 

Table 6.15: Emissions Fractions 
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Figure 6.36: Emissions for Two Fuel Mixtures 
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 Due to the size of our motorcycle engine, we fall under the class III motor vehicle 

specification. According to EPA regulation §86.410-2006 we must meet the emission standards 

laid out below [18]. 

 

 
Figure 6.37: Motorcycle Class 

 

However, as shown in Table 6.16, our emissions at 2500 RPM are much too high to meet 

emissions standards. For this reason, BTN performance will utilize a catalytic converter in order 

to reduce emissions. While a catalytic converter is an expensive component, and has the potential 

to reduce performance, it is a necessity to make our engine legal. In order to reduce our 

emissions to an acceptable level as outlined in the standard above, we decided on the 

MagnaFlow California Grade CARB Compliant Universal Catalytic Converter, which can 

reduce CO emissions by 95% and NOx+HC emissions by 95%. 

 

Molecule(s) Worst Case 

Equivalence 

Ratio 

Untreated 

Emissions 

(g/km) 

Catalytic 

Converter 

Efficiency 

Treated Emissions 

(g/km) 

Emissions 

Standards (g/km) 

CO 1.190 120.5 95% 6.03 12.0 

HC+NOX 0.974  16.2 95% 0.81 0.8 

Table 6.16: Effect of Catalytic Converter on Emissions 

6.11.4 - Emission Benefits From VVT  

 Our NOX emissions shown above are above the regulation and this is unacceptable for 

our design. Luckily there is a feature of our design that we have not taken into account in the 

analysis yet. Variable valve timing technology is able to reduce NOX emissions by reducing the 

burn temperature of the fuel [7]. It does this by allowing some of the previous burned product 

into the intake manifold to mix with the incoming fuel-air mixture. This new mixture comes in 
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and is combusted. However, since it is not as fuel rich as the previous charge, it burns at a lower 

temperature. This lower burn temperature allows for a significant NOX emissions reduction, at 

little to no change in other emissions. While we were not able to show this in our thermodynamic 

analysis due to the optimization and analysis of the intake manifold being out of scope we were 

able to find some sources to get some reasonable estimates. As shown below in Figure 6.38, 

from the journal of applied mechanical engineering, the NOX emissions in one case were reduced 

by 7.5% [7]. 

 

 
Figure 6.38: Emissions changes for Variable Valve Timing 

 

 In another study by Concordia university they showed that ñ... there was a 24 per cent 

reduction in NOx (OttoïAtkinson cycle) engine experiments [8]. The tests were emissions at 

mid-load with no change in hydrocarbons performed on a Ford 2.0 l, DOHC, 16-valve engine. 

(HC ).ò Using these two numbers in our design, and incorating the geometry of each engine used 

in the test, we determined a conservtive estimate for our engine would be to reduce NOX 

emissions by 15%. Adding this into our analysis we get the results in the Table below.  

 

 Worst 

Case 

Equivalenc

e Ratio 

Untreated 

Emissions 

(g/km) 

VVT 

Reduction 

of 15% 

(g/km) 

Catalytic 

Converter 

Efficiency 

Treated 

Emissions 

(g/km) 

Emissions 

Standards 

(g/km) 

HC+NO

X 

0.974  16.2 13.79 95% 0.69 0.8 

Table 6.17: Effect of Variable Valve Timing and Catalytic Converter on NOx+HC Emissions 
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Figure 6.39: MagnaFlow California Grade CARB Compliant Universal Catalytic Converter 

 

 The catalytic converter we elected to purchase is the MagnaFlow California Grade CARB 

Compliant Universal Catalytic Converter. Like traditional catalytic converters, it uses a chemical 

process to convert harmful emissions into less toxic molecules. As the chemicals within the 

catalytic converter saturate, itôs efficiency will fall off from around 99% to 95% [19]. This 

threshold is still more than acceptable to ensure our emissions are below regulations. This model 

has a durable stainless steel structure and is fairly small, making it an ideal fit for a motorcycle. 

In addition, the model passes regulations for air quality in all 50 states ensuring we can sell our 

engine in valuable markets like California. 

6.12 - Cooling Analysis 

6.12.1 - Overview 

Once the thermodynamic combustion analysis of our engine were completed, we needed 

to design a cooling system capable of keeping both rider and engine safe during operation. 

During combustion, each cylinder heats up to over 2000 oC briefly as the gasoline is ignited. This 

temperature, if allowed to heat up the engine block, will quickly scorch a rider. To ensure as 

much of this heat is dissipated as possible, we employed a liquid cooled engine. Liquid cooled 

engines circulate cooling fluid around the cylinders and cylinder head to dissipate a significant 

portion of the heat. The liquid is then passed through a radiator which transmits heat to the 

atmosphere which keeps the coolant from becoming too warm. Conduction through the metal 

engine must also be considered, however the radiation is small and can be neglected [1]. Using 
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these assumptions we began to analyze the heat loss from each cylinder individually using a 

thermal resistance approximation 

 

 
Figure 6.40: Cooling Resistance Model 

 

This model served as the basis for our cooling calculations Rcyl, Rsleeve, and Rwall are all 

constants found using the respective thermal conductivity of the metal. The convective resistance 

was found using the Woschni correlation. The correlation is based on a constant characteristic air 

velocity based on piston speed and pressure and is used to find an equivalent resistance. From 

there, we can approximate temperature of the outer surface without accounting for coolant flow. 

To calculate the heat transfer coefficient of the fluid we used properties of our coolant selection 

(50/50 mix of ethylene glycol and water) and dimensions of our cooling channels. Once these 

values were established we could iterate flow rate until the engine outer temperature was below 

our desired surface temperature of 40 oC. We were then able to do this iteration for each RPM 

value of the engine to find required flow at engine redline 9000 RPM.  

6.12.2 - Convective Heat Transfer Analysis 

One of the largest sources of thermal resistance in the model comes from the heat transfer 

between the air gas mixture and the cylinder wall. The heat transfer coefficient within the 

cylinder varies depending upon the flow velocity in the cylinder, the bore diameter, the 

temperature of the components, and pressure of the air as a function of crank angle. In order to 

find the flow velocity in the cylinder we used the Woschni Correlation from Heywood which 

suggests that the air speed is correlated to mean piston speed uses characteristic changes in 

pressure and temperature as compared to a reference state [1]. To calculate this for each RPM, a 

Matlab script was written to find airflow at each crank angle and then iterated to create a 

complete profile. After the velocity profile was calculated, through the use of the Hohenberg 

formula, we can approximate the heat transfer coefficient between the air-gas mixture and the 

steel cylinder walls. 

6.12.3 - Conductive Heat Transfer 

The conductive heat transfer coefficient between the various metal alloys in the engine 

was then calculated. Each of the values of thermal resistivity is found in CES Edupack and this is 

used to find the heat dissipated through each section. The thermal resistivity was multiplied by 
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the respective thickness of the metal determined by our mechanical teams to find an initial wall 

temperature. It is assumed that even as the cylinder heats up it dissipates the same amount of heat 

to simplify the thermodynamics model. From this point, we can set an acceptable outer surface 

temperature of the bike to figure out an appropriate resistivity for the coolant. 

6.12.4 - Liquid Cooling  

Liquid cooling involves flowing a cool liquid over and around the cylinders to carry away 

as much thermal energy as possible. The hotter the cylinder temperature the faster the coolant 

must travel to dissipate the heat. This is reflected in the increased thermal resistivity at higher 

fluid velocities. The coolant we selected for our engine was a 50% mix of Ethylene Glycol and 

50% water to get a higher boiling point and a lower freezing point, both of which are 

advantageous for the system [9].  

 

Ethylene Glycol / Water 50% Mix 

Freezing Point -36.8 oC 

Boiling Point 107.2 oC 

Table 6.18: Freezing and Boiling Point of Coolant 

 

The system also retains good thermal and fluid properties which we calculated using an 

average of the respective traits. To calculate the convective heat transfer coefficient of the 

coolant, we needed to find the Nusselt Number of the fluid, the thermal conductivity of the fluid, 

and the hydrodynamic diameter. The thermal conductivity and hydrodynamic diameter are 

determined by the coolant and coolant channel respectively, but the Nusselt number depends on 

the flow rate. As coolant flow increases, the Nusselt Number and thermal conductivity rise, 

decreasing surface temperature. 

By iterating the flow rate for each RPM we could find the flow rate required to keep our 

surface temperature at a safe level. We found that for low RPM conditions, a low flow rate of 

less than 2 gallons per minute was required but at redline we needed over 15 gallons per minute 

to cool the outer surface. Due to our variable valve technologies, our cylinders get hotter than 

other comparable engines and thus require additional cooling. To enable this our system will 

require a slightly larger pump than a normal engine of this scale. Once fluid is pumped through 

the engine and heated it will pass over a thermometer which will restrict flow out of the cylinder 

making sure the engine doesnôt overcool before heading to the radiator to exchange heat with the 

environment.  
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6.12.5 - Cooling Channels 

The engine cylinders are located centrally within the engine block and emit heat 

primarily through the cylinder walls and heads. This means that coolant must flow over these 

areas to ensure appropriate cooling for all parts of the engine. Our coolant was designed to have 

parallel flow around the Siamese bores as it was simpler to model and easier to implement than 

counterflow which provides more efficient cooling. Siamese bores provide additional strength to 

the engine since there is solid material between each of the cylinders. The Siamese bores also 

simplifies the heat flow model out of the cylinder. One challenge we encountered was an 

inability to cool the the top of the combustion chambers. The top of the cylinder experiences the 

same heat as the cylinder walls, but since there is less material less heat is dissipated. To limit 

some of this heat transfer we routed large coolant channels up and over the engine cylinders 

along the side of the cylinder head around the intake and exhaust ports. These channels are 

further illustrated in section 10.2 

6.12.6 - Cooling results 

Our cylinder air reaches an approximate temperature of 2025 oC which is higher than the 

standard melting point of iron. This extreme temperature must be diminished before the outer 

engine wall or it will burn the rider. We determined that 40 oC would be a safe wall temperature 

since the minimum temperature to sustain burns is 44 oC. We found that without any coolant in 

the engine whatsoever the outer engine temperature was 1200 oC. This shows important coolant 

is at high RPM. The graph below shows the flow rate of coolant in liters per second of fluid to 

dissipate the heat of the cylinder. 

 
Figure 6.41: Plot of Coolant Flow Rate vs. RPM 

 

 In order to size a pump for the US market we converted our units to gallons per minute 

which are often used to size pumps for motorcycles. At the low end, our system needs to move 



 

 

 
 

67 

about 2 gallons per minute, and at the high end, 17 gallons per minute. This value is higher than 

traditional motorcycle engines but that makes sense as our engine temperature is higher than 

other motorcycles. It is important to note that that at specified RPMs the variable valve 

technology built into the engine activates causing a change in the ratio between flow rate and 

RPM. Once the valve technology is activated the engine heats up faster, requiring additional 

cooling to keep a safe wall temperature. Any pump selected must be able to force sufficient flow 

through the pipe network accounting for pipe flow losses, neglected during our initial 

calculation. The other essential component for the coolant is the radiator which must keep the 

coolant at the 90° threshold we want. 

 

 
Figure 6.42: Meziere 100 Series Electric Water Pumps 

 

 Since the motorcycle requires a high flow rate we decided to specify a water pump that 

was capable of moving enough coolant. The pump needed a volumetric flow rate of at least 17 

gallons per minute and the Meziere 100 Series Electric Water Pumps can move 30 gallons per 

minute [10]. The model is made of stainless steel with a number of gaskets to provide seals in 

and out of the pump. Power is supplied to the pump via the standard electric control unit and it 

runs using the twelve-volt electrical current of the engine. 

6.13 - Fuel Efficiency Analysis 

6.13.1 - Overview 

The fuel efficiency of the engine might be the characteristic that we can most relate to. 

From our own everyday experiences we know the range of numbers we should be seeing, so it is 

easier to set and understand our own requirements. For our purposes, we utilized the specific fuel 

consumption along with the road load power method in order to evaluate how efficient our 

engine is. This method is appropriate for this analysis because it combines two simple methods 

in order to get a more accurate prediction for fuel efficiency.  
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Symbol Property  

SFC Specific Fuel Consumption (kg/kJ) 

mfuel Actual mass of fuel used per cycle (kg) 

trans Transmission Efficiency 

MPG Fuel Efficiency (miles/gal) 

PwR Power required for cruise (kW) 

CR Coefficient of Road Load Drag* 

M Mass of motorcycle (kg)* 

g Gravity (m/s2) 

Cd Coefficient of Air Drag* 

As Surface Area of Motorcycle (m2)*  

Pwnet Net Power for Vehicle (kW) 

Pwratio Ratio between power needed and power available 

Wnetcycle Work per cycle with thermodynamic efficiencies (J) 

Wtotcycle Work per cycle involving drag (J) 

Ůtrans Transmission Efficiency*  

Pwreal Real Power produced by engine (kW) 

Table 6.19: Fuel Efficiency Units 

 *Denotes an estimate was made for analysis 

6.13.2 - Efficiency Analysis 

The fuel efficiency equations below are a combination of the Heywood and Stone 

references. They attempt to capture a more realistic analysis of how fuel efficiency is for a real 

motorcycle [20].  
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The fuel efficiency analysis already takes into account all of the previously discussed 

losses and efficiencies, but since we are now talking about the entire vehicle, we have to start 

looking at larger forces on the motorcycle itself. The PR calculation above tries to estimate these 

losses by incorporating both a road drag and air drag that change with speed [1]. The constants 

that we used in this equation were determined through research of other similarly sized bikes and 

can be seen in FuelEfficiencyBTN.m. While incorporating road load losses on top of SFC 

(Specific Fuel Consumption) gives a pretty good estimate for fuel efficiency, there are still the 

phenomena of throttling unaccounted for. When the engine is throttled, there are complex 

pressure and density changes in the intake and exhaust manifold that can have significant effects 

on pumping losses. While we cannot account for this in the project, due to the design and 

analysis of the manifolds being out of scope, we would expect a fuel efficiency drop of anywhere 

from 10-20% when incorporating these losses. Also accounted for in this analysis is the benefit 

of variable valve timing on fuel efficiency. Due to VVT improving the specific work produced 

by the engine, we are able to go a little bit farther on the same fuel as is shown in Figure 6.20. 

While this difference is small shown in the graph, the improvement would be expected to be 

much more exaggerated once we take into account the other complex phenomena like throttling.  

 

6.13.3 - Specific Fuel Consumption (SFC) Method 

 

Figure 6.43 shows graphs of the fuel efficiency calculated with work per cycle, but not 

incorporating the drag from the air. Therefore, this method has a Pratio equal to 0. A similar 

method was used in the Stone engine textbook to calculate fuel efficiency as well [20].  
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Figure 6.43: Calculated Fuel Efficiency for 

Cruising Conditions 

6.13.4 - SFC and Road Load Combination 

The graphs below in Figure 6.44 combine the SFC calculation with power losses due to 

air and friction drag. These graphs show a distinct maximum for fuel efficiency, with the 

condition that the transmission would have to be designed to operate at the designated RPM and 

speed. These plots better represent what we see everyday in our own car. If we increase RPM 

while keeping the speed constant, fuel efficiency will start to suffer.  Also, if the engine is able to 

produce enough power at that RPM to travel at the speed, it becomes more efficient to go faster 

rather than slower at a target RPM. 

Important to note is that in Figure 6.44 the fuel efficiency is only better for an Atkinson 

cycle in a range of RPMs for a certain speed. At too low of a speed, the engine is able to produce 

enough power to overcome drag, so it becomes more efficient to use the original. Also at high 

RPM the benefits of VVT are diminished as the volumetric efficiency decreases for the intake 

valve with more Atkinson phasing. 

Figure 6.44: Fuel Efficiency with Road Friction 

 

Mode Fuel Efficiency at 3000 RPM 
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SFC Calculation (Pr=1) 90 mpg 

Including Air/Road Drag  60 mpg 

Expected with More Losses 50 mpg 

Table 6.20: Difference in Cruising Fuel Efficiency 

 

While these fuel efficiencies are still rather high for a motorcycle of our size, we do not 

expect these to be the final fuel efficiencies. If we were to do a more in depth analysis involving 

the greater pumping losses from throttling, including other losses in the intake and exhaust 

manifold, we would expect our fuel efficiency to drop anywhere from 15-40% more depending 

on the operating RPM [11]. In the end we would expect an actual maximum fuel efficiency of 

around 50 MPG 
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7 - Bottom End Component Design 

 
Figure 7.1: Exploded View Render of Bottom End 
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7.1 - Overview 

The bottom end of our engine contains the engine block, rotating assembly, balance shaft 

system, and oil pan. For each component in this section, we will provide a description of the 

components purpose, an overview of the material choice and manufacturing method, a summary 

of the main qualitative design decisions, a walkthrough of the calculations used to drive our 

design, and a breakdown of the analysis that validates this design. Renders, section views, and 

FEA screenshots will be provided where applicable. 

7.2 - Piston 

 
Figure 7.2: Render of the piston  

7.2.1 - Overview 

The piston is the means by which combustion forces are transmitted to mechanical 

components, namely through the wrist pin to the connecting rod and crankshaft. The largest force 

that it experiences is from the combustion itself, and the piston must be able to stand up to this 

and transmit the force without also damaging other components. Additionally, the piston is 

subjected to significant thermal loads due to the large thermal gradient present. Material choice 

and supporting calculations are used to ensure that the expansion of the piston and cylinder along 

with the piston rings allow proper sealing at the expected temperatures. As our design 

emphasizes fuel efficiency, we have also added a number of features to increase the efficiency 

and decrease the friction of the piston. 
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7.2.2 - Materials and Manufacturing:  

For its improved heat dissipation capabilities, the piston will be made of forged 4032 

aluminum. 4032 aluminum is a mid-tier strength aluminum that becomes stronger after a T6 

temper. Forging was decided upon for its improved strength capabilities compared to casting. 

This decision was made using the following pugh chart. 

 

 

Characteristic Weight (0-1) Forged Aluminum 4340 Steel Cast Aluminum 

Wear resistance 0.1 5 6 4 

Strength 0.2 6 8 5 

Cost 0.2 3 6 5 

Thermal deformation resistance 0.2 5 6 4 

Weight 0.3 8 2 8 

SUM 1 5.7 5.2 5.6 

  

Table 7.1: Piston Material Pugh Chart 

 

After forging, the piston with undergo milling and turning operations. These are to cut the 

piston ring grooves, wrist pin hole, and clean the surfaces post forging. Then in order to further 

strengthen the surfaces of the piston, the piston will be mirco shot peened to improve itôs fatigue 

life. The piston skirts are then plated with molybdenum disulfide, MoS2, to improve the surface 

wear life and reduce the friction of the piston along the cylinder walls. The piston crown is 

plasma sprayed with a zirconia, titania, and yttria composite for strengthening as well as its 

reflective properties for improved thermal conditions. 

7.2.3 - Design Considerations 

 BTN Performance initially considered square, undersquare, and oversquare bore to stroke 

ratios. Because we are pushing for a highly efficient engine, undersquare seems to have the most 

advantage. However, we decided that in order to keep good high end performance, a square 

configuration would give the best balance between efficiency and performance. This decision is 

covered in detail in section 5.4. This decision informs much of the design of the piston, the 

diameters necessary, piston ring design, and expected thermal loads. In addition to this, the 

required connecting rod design restricts the design of the piston skirt. 
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7.2.4 - Calculations 

 The largest force that the piston experiences is the force of combustion itself and much of 

the initial mathematical analysis to inform the design focused on this high stress state. The most 

important element is the thickness of the crown: designing it to stand up to both pressure and 

thermal loads. For pressure loads, the required thickness is based on the bore size B, maximum 

pressure of combustion, Pult, and ultimate stress, ůult, of the material. 

 
When thermal effects are taken into account, another equation for thickness from thermal 

stresses is added. For thermal loads, the required thickness is based on the heat power and 

change in temperature. 

 
In order to ensure the piston will fit properly with the effects of thermal expansion, the following 

equations were used to determine initial diameter such that in a hot, expanded state, the piston 

diameter will match the bore of width 86mm: 

 
Piston ring dimensions were calculated considering the pressure on the rings. This pressure is 

estimated at 0.0042 MPa as recommended in Design of Machine Elements [13] and the factor of 

safety is set at 3. The ring thickness is calculated using the following equation: 

 
Also important to note is that the lands on the piston for the rings to seat into are 70% of their 

radial thickness. These general parameters were used to model the piston shape. Following the 

crown design, the skirt was then designed based on the load experienced from the thrust as well 

as the loads on the crown and wrist pin. To minimize the friction, ovality and barrel contouring 

were used in order to slightly decrease the surface area to which the force applies. The ovality 

and contouring are both on a scale of 1-3mm and therefore are difficult to see in the physical 

model, but the figures below show exaggerated versions of the concepts. 

 



 

 

 
 

76 

 

 

 

 

Figure 7.3: Exaggerated views of ovality, left, and barrel contouring, right [12] 

 

In order to reduce weight, an asymmetric skirt was also iteratively designed considering 

thrusts on the major and minor sides. Finally, a small dishing of the piston crown was added to 

improve flow mixing and swirling and provide a slight benefit in terms of efficiency. 

 Lubrication holes were added between the interior portion of the skirt and the oil control 

ring land so that the splash lubrication of the connecting rod and wrist pin will provide 

lubrication of the piston. 

7.2.5 - Analysis 

Following the mathematical analysis and material decisions, FEA was performed on the 

piston model and changes were made to such parts as the thickness of material below the wrist 

pin, the thickness of the major and minor thrust sides, and the required fillets to avoid stress 

concentrations. Given the high temperature that the piston is expected to operate at, the analysis 

was done considering material properties at 200°C. The compressive load was calculated based 

off of the maximum pressure of combustion and the piston was fixed where the wrist pin touches 

the piston.  
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Figure 7.4: FEA FOS Plots for the Piston 

 

As the piston is a critical component, a factor of safety in stress of greater than 3 was desired, 

however the Solidworks simulation finds a minimum factor of safety of only 1.2. As can be seen 

in the Figure below, the only place experiencing less than this is directly surrounding the 

lubrication holes, a noncritical component and location where work hardening is acceptable. 
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Figure 7.5: FEA FOS Plot for the Piston, Showing Areas with Lower Factors of Safety 

7.3 - Piston Rings 

 
Figure 7.6: Render of Piston Rings 

7.3.1 - Overview 

 The purpose of the piston rings is to separate the combustion chamber from the 

crankcase. They are located around the piston and move up and down with it. For our piston 
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rings, we decided upon two compression rings and an oil control ring. The compression rings act 

as moving seals between the piston and the cylinder walls. The oil control ring helps spread the 

oil released from the piston along the surface of the cylinders. 

7.3.2 - Materials and Manufacturing 

The two compression rings will be cast from nodular iron. Nodular cast iron was chosen 

over grey flake cast iron for its improved strength and ductility. The first compression ring will 

be chromium plated for reduced wear. The oil control ring will be a three part control ring made 

from a stamped low carbon steel. This means it will have two support rings and a spring ring. 

These rings will be nitrided to prevent corrosion. 

7.3.3 - Design Considerations 

 For the ring cross-sectional profiles, we used variable profiles for different rings. We did 

a symmetrical barrel contour for the first compression ring. This was picked over the more 

common rectangular profile as it eliminates the run-in phase for rectangular rings. During the 

run-in phase, the rectangular profile is ground into the barrel contour. Eliminating this period 

reduces the friction in the system as well as the wear on the cylinder liner. The second 

compression ring will have a beveled leading shoulder for improved oil retention. The bevel 

works as a scraper to prevent excess oil from entering the combustion chamber. The oil control 

ring profile was picked from a standard style of oil control rings. 

 

   
Figure 7.7: (From left to right) Cross Sections of 1st Compression Ring, 2nd 

Compression Ring, and Oil Control Ring 

7.3.4 - Calculations 

 For the piston gap, we utilized the following table from SAE. This is in reference to the 

final gap for the piston ring. The recommended method of calculating the gap is the cylinder 

bore multiplied by 0.102 mm for the first compression ring and 0.127 for the second ring. 
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Table 7.2: SAE Piston Ring Gap 

 

 For piston ring thickness, refer to section 7.2.4. 

7.4 - Wrist Pin  

 
Figure 7.8: Renders of the wrist pin 
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7.4.1 - Overview 

7.4.2 - Materials and Manufacturing 

 The wrist pin will be manufactured from extruded AISI 4340 steel. AISI 4340 was 

chosen for its high yield and fatigue strength as well as the strength it could gain through 

tempering. Following the extrusion, the wrist pins will be oil quenched and tempered to 205oC. 

This temper temperature was chosen through CES Edupack after comparing the different heat 

treatments for this grade of steel. Following heat treating, the wrist pins will be turned and 

centerless ground with a taper. 

 
Figure 7.9: CES Edupack Plot of Yield Strength (Top) and Fracture Toughness (Bottom) vs 

Fatigue Strength for AISI 4340 at Different Heat Treatment Temperatures  
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7.4.3 - Design Considerations 

We chose to use a full floating wrist pin due to the decrease in friction that it would 

provide. This is a costlier option as compared to a semi floating wrist pin but since our engine 

design emphasizes efficiency with increased cost as necessary we decided that fully floating 

made sense. A Pugh chart for this decision follows: 

 

 

 

 

Characteristic Weight (0-1) Semi Floating Fully Floating 

Friction 0.7 3 7 

Cost 0.3 7 3 

SUM 1 4.2 5.8 

Table 7.3: Wrist Pin Pugh Chart 

7.4.4 - Calculations 

Wrist pin calculations are relatively simple and depend only on being able to sustain the 

maximum stresses over a long life with neither fatigue nor abrupt failures. The maximum double 

shear stress of the wrist pin sets the required outer and inner diameters (OD and ID respectively) 

as in the following equation where the outer diameter itself is also chosen to make sense for the 

piston size. It is based on the maximum force, F, factor of safety, FOS, and yield stress, ůy. 

 

7.4.5 - Analysis 

Once these required sizes were determined, internal taper geometry was iteratively 

designed with FEA to remove additional material and weight where it is unnecessary. Figure 

7.10 below shows the results for stress and factor of safety. 
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Figure 7.10: FEA Stress Plot (left) and Factor of Safety Plot (right) for Wrist Pin 

 

 

Since the wrist pin was designed with a relatively low factor of safety of only 2, a fatigue study 

was conducted on this. Results are shown below in Figure 7.11. As the minimum everywhere is 

greater than 106, the infinite life threshold for steel, this means that infinite life is achieved.  

 

 
Figure 7.11: FEA Fatigue Plot for Wrist Pin  
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7.5 - Connecting Rod 

 
Figure 7.12: Render of Connecting Rod 

7.5.1 - Overview 

The connecting rod is the means by which the force of combustion is transmitted from 

the piston to the crankshaft. As a result of this force, as well as the significant inertial forces that 

come with rotation at up to 8750 rpm, the connecting rod must be a very strong piece. The 

connecting rod is made of two pieces, the connecting rod cap and the connecting rod body, and is 

held together using M8 12.9 steel hex bolts and nuts, with an interfacing pocket machined for the 

heads. 

7.5.2 - Materials and Manufacturing:  

 Similar to the wrist pin, the connecting rod will be made from AISI 4340 steel. However, 

for the connecting rod it will be forged.  

 

Connecting Rod Weight (0-1) Titanium Forged 4340 Steel 

Forged 

Aluminum 
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Fatigue Life 0.25 6 8 5 

Weight 0.35 8 5 7 

Cost 0.2 1 8 5 

Shock Absorbance 0.2 6 5 7 

SUM 1 5.7 6.35 6.1 

Table 7.4: Pugh Chart for Connecting Rod Material & Manufacturing 

 

Following forging, the connecting rod will be oil quenched and tempered to 205oC. The 

end that connects to the crankshaft then needs to be split. To start the split, a laser etched line is 

drawn, then a wedge is pressed in using the etching as split line. The split face then would be 

milled to clean up the faces and will have holes drilled into them for fasteners. The bore will be 

bored and honed to ensure roundness. Oil passages will also need to be drilled. 

7.5.2 - Design Considerations 

In designing the connecting rod, the rod ratio is an important consideration. This is the 

ratio between the length of the rod, which in this case is the distance between the crank pin 

center and the wrist pin center, and the stroke length. In designing the BTN-1500E, it was 

decided to use a connecting rod ratio of 1.825. This would both improve efficiency and high end 

performance in order to better serve the market. (Table 7.4) 

 

Characteristic Weight (0-1) 1.5 1.6 1.7 

Efficiency 0.35 3 5 7 

High End Performance 0.3 3 5 7 

Low End Performance 0.2 7 5 3 

Height 0.15 6 5 4 

SUM 1 4.25 5 5.75 

Table 7.5: Pugh Chart for Connecting Rod Ratio 

This longer rod means that there will be a slightly longer dwell at top dead center but the engine 

will be better able to deal with the forces of combustion in combination with a high red line. In 

accordance with these decisions and to provide a slight boost in high end performance, an I-beam 

design was chosen for the connecting rod. 
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Characteristic Weight (0-1) I H 

High End Performance 0.6 6 4 

Low End Performance 0.4 4 6 

SUM 1 5.2 4.8 

Table 7.6: Pugh Chart for H vs. I Beam Connecting Rod Design 

The cross section varies, slowly growing in width from the wrist pin to the crank pin. This 

ensures that the force is well distributed along the rod. In addition, in order to avoid the creation 

of stress concentrations, the connecting rod will not be threaded, and instead will be fastened 

together using a hex head bolt in a machined pocket, and a nut on the other end. 

7.5.3 - Calculations 

In determining the maximum forces acting upon the connecting rod, there were two 

considerations. First the vertical forces on the connecting rod were calculated, which rely on both 

the force of combustion and the inertial forces that are a result of the rotational speed of the 

crankshaft. The inertial forces were calculated using the rotational mass m  of the connecting rod 

and piston system, and calculated at redline, as that is when the forces would be at a maximum. 

Because the force of combustion varies with crank angle, ɗ, these values were taken at 

increments of 1 degree and added individually to create the plot below.  

 

Next the horizontal forces were calculated, which were simply a product of the inertial forces 

mentioned previously.  

 

The calculations used can be found in the MATLAB file ConRodForcesBTN.m, and the results 

can be found in Figure 7.11 below. 
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Figure 7.13: Plot of Forces on Connecting Rod 

7.5.4 - Analysis 

In determining whether the designed connecting rod would be strong enough to perform 

the necessary force transmissions, Solidworks finite element analysis was performed using both 

the maximum horizontal force, ~20kN, and the maximum vertical force on the connecting rod, 

~79kN. In order to better show the distribution of the factor of safety to yield, the maximum 

factor of safety was set to 20.  The minimum factor of safety for vertical forces is 5.3, and for 

horizontal it is 11. The location of this minimum is a result of the oil passage hole that passes 

from bore to bore. In determining the life of the connecting rod, a Solidworks fatigue analysis 

was conducted with S-n data from CES Edupack and the maximum compressive loading state 

from the earlier condition. As the force experienced is not fully reversed, this simulation was run 

using a minimum force of 0. This determined that the connecting rod would not fail under 

infinite life conditions. 
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Figure 7.14: Vertical FEA for Connecting 

Rod     

Figure 7.15: Vertical FOS Plot for 

Connecting Rod

 

Figure 7.1: Horizontal (Inertial) FOS Plot 

for Connecting Rod 

Figure 7.17: FEA Plot of Fatigue for 

Connecting Rod
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7.6 - Crankshaft 

 

Figure 7.18: Render of Crankshaft  

7.6.1 - Overview 

The crankshaft is designed to create rotational motion from the linear motion created by 

the pistons. The shaft is supported by four journal bearings, two at each end, and two in between 

the connecting rod bearings. One of those two inner bearings is a thrust bearing, to deal with any 

axial forces. Each bearing is lubricated via pressurized oil channels that run through the 

crankshaft, from main journal to crank journal. Because the BTN-1500E is an inline 3 engine, 

each crankpin must be equally spaced around the crankshaft, at 120 degree increments. Finally, 

the crankshaft transmits power to the transmission.  

7.6.2 - Materials and Manufacturing 

 The crankshaft will be forged from AISI 4340 steel. It is a strong steel commonly used 

for crankshafts. Following forging, the crankshaft will be oil quenched and tempered to 205oC. It 

will then be turned and ground on critical points. Finally, oil passageways will be drilled. 
 

 
Table 7.7: Pugh Chart for Crankshaft Material & Manufacturing 
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7.6.3 - Design Considerations 

The crankshaft has two counterweights for each crankpin opposing the webs. These are 

designed to offset the mass of the crankpin and connecting rod. In addition, the oil passages run 

between the main journal to the crank pin, through the webs. These passages can be seen in the 

following Figures: 

 

 
Figure 7.19: Oil Passages Through the Crankshaft 
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7.6.4 - Calculations 

In order to determine the necessary strength of the crankshaft, the bending moment must 

be calculated using the rotational forces and the strength of the vertical forces on the connecting 

rod. Below is the equation for rotation force, with F being the rotational force, R the radius of 

rotation, m the rotation mass, and  the angular velocity.  

 

As there are two counterweights per crankpin, each counterweight balances out half of the mass 

of the connecting rod and crankpin. The following equation ensures that the crankshaft is as 

close to balanced as possible. 

 

Calculating the bending moment itself is fairly simple. This calculation uses the reciprocating 

force from the connecting rod calculations, applied at top dead center. This is shown in the 

following equation. 

 

Using the moment from the previous equation, it is possible to calculate the maximum bending 

stress the crankshaft should experience.  

 

The maximum bending stress that results, however, is dominated by the vertical forces 

experienced by the connecting rod, and therefore those maximum forces as seen in Figure 7.13 

above were used for our analyses. 

7.6.5 - Analysis 

To ensure that the designed crankshaft would be strong enough to hold up to the stresses 

it would be exposed to during its life, Solidworks FEA was performed. This took into account 

the forces that would be applied during the maximum loading period, top dead center for the first 

piston. In addition, at this same time the forces that the other two crank pins were experiencing 

were also included, although these are much less than the max force experienced by the first 

crank pin. The FEA shows a minimum safety factor to yielding of 11.3 which is fairly high, 

which is a result of the maximum stress of 134MPa. This analysis was then applied to a 
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Solidworks fatigue analysis, with a minimum force of 0. The results of that study determined that 

the crankshaft was well within infinite life. 

 
Figure 7.20: FEA Plot for Crankshaft 

 

 
Figure 7.21: FOS Plot for Crankshaft 
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Figure 7.22: Fatigue FEA Plot for Crankshaft 
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7.7 - Engine Block 

 
Figure 7.23: Render of Engine Block 

7.7.1 - Overview 

The engine block serves to tie together and contain all of the separate assemblies in the 

engine. It contains the cylinders, main journals, main seal bosses, oil pan sealing surface, and 

deck. It also contains the oil passages to the main journals and the lower cooling channels. As the 

inlet for oil and coolant, it also must interface with the cylinder head to carry both to the 

necessary locations, and must also provide a way for the cylinder head lubrication to return to the 

cylinder head. 

7.7.2 - Material s and Manufacturing: 

The engine block is made from A356 Aluminum, an aluminum alloy that is well suited 

for casting. Aluminum was chosen over cast iron for its higher coefficient of heat transfer, as 
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well as its superior weight savings. This alloy was chosen by comparing the most common alloys 

used to manufacture engine blocks through the use of CES EduPack.  

 

Characteristic Weight (0-1) Aluminum Cast Iron 

Weight 0.25 7 4 

Cost 0.1 5 8 

Thermal 

Efficiency 
0.3 7 4 

Corrosion 

Resistance 
0.15 8 1 

Size 0.2 6 5 

SUM 1 6.75 4.15 

Table 7.8: Engine Block Material Pugh Chart 

 

The engine block will be sand cast and then tempered to T6. Following casting, the block 

requires machining. The mating faces for the cylinder head and the oil pan will need to be milled 

flat, and the cylinders will need to be bored and honed. The main journals will also require 

boring and honing. Then the oil passages from the main oil rail to the main journals will need to 

be drilled. The coolant inlet needs to be drilled to the proper size.. Exterior mounting holes for 

chain guides, timing covers, and chain tensioners will also be drilled and tapped as needed. The 

holes for the main and head mounting holes need to be drilled and tapped with M10x1.25. Lastly 

the cylinders will be bored and plasma sprayed with a zirconia, titania, and yttria composite.  

Plasma spray was chosen over cast iron cylinder liners because it is a lighter alternative. 

Plasma spray also allows for a more wear resistant surface and lower friction as well as allow 

greater heat dispersion to the aluminum block than cast iron sleeves. The zirconia, titania, and 

yttria composite was chosen from other plasma spray materials as it was rated for the high heat 

of the combustion. 

 

 

 

 

 

Characteristic Weight (0-1) Cast Iron (Dry) Nikasil 
Plasma 

Spray 

Wear resistance 0.3 7 7 9 

Strength 0.25 6 7 8 
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Cost 0.1 8 4 6 

Friction 0.35 6 9 9 

SUM 1 6.5 7.4 8.45 

Table 7.9: Cylinder Liner Pugh Chart 

7.7.3 - Design Considerations 

Our main decision we had to make for the design of the engine block was whether we 

wanted to incorporate an open, semi-open, or closed deck. An open deck has no material at the 

top of the cylinders connecting to the engine block, a semi-open deck has partial webs 

connecting the top of the cylinders to the engine block, and closed deck has no gaps between the 

cylinders and the top of the engine block. More open decks provide better cooling and are 

cheaper to manufacture, while more closed decks are stronger. In the end, our group decided to 

use an open deck style of engine block due to the relatively low compression ratio and 

corresponding maximum cylinder pressure. 

7.7.4 - Calculations 

 The next major design consideration to determine to cylinder wall thickness, we treated 

the cylinder as pressure vessel. Utilizing the max pressure calculated during combustion along 

with the yield strength and bore radius to back solve for the vessel wall thickness, with the 

following equation. T is the thickness, P is the max pressure in the combustion chamber, r is the 

bore radius, and ůo is the yield strength of the engine block material. 
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With a factory of safety of four, we calculated the necessary wall thickness of the cylinder to be 

10 mm.  
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7.8 - Balance Shaft 

Figure 7.24: Render of Balance Shaft Assembly 

7.8.1 - Overview 

The purpose of a balance shaft is to reduce the vibrations produced by an internal 

combustion engine. This is typically accomplished using a series of rotating shafts with eccentric 

weights, where the amount and location of these weights is dependent on the cylinder 

configuration. Our choice to use an inline-three cylinder configuration necessitated the design of 

a singular balance shaft due to a longitudinal rocking moment. This balance shaft will rotate in 

the opposite direction of the crankshaft but at the same RPM. With 120 degree firing interval, as 

our engine uses, the primary and secondary inertial forces are balanced. However, rocking 

moments are not inherently balanced in the inline 3-cylinder engine and so it needs a balance 

shaft module that produces moments with opposite phase.  

7.8.2 - Materials and Manufacturing 

Our balance shaft will be cold rolled out of 4340 steel, turned to the correct diameter and 

to add two grooves for retaining rings. 4340, while pricey, was necessary due to the small 

diameter and large forces being exerted on the shaft. One end will have a slot milled into it for 

the far weight while the other will be tapped for an M8 bolt and will also have a keyway milled 

in. The far weight will be cast out of white iron with two holes taped for M4 screws in the 

bottom, while the close weight will be made out of sintered tungsten. Cast iron was the preferred 

material for both weights, as it is cheap and relatively dense, but due to size constraints tungsten 
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was chosen for the close weight due to its much higher density. The relatively high material cost 

is offset by the significant performance gains due to the smaller size of the weight. The sprocket 

is purchased but will be broached for a key and will be tapped for three M4 holes to accept the 

close weight. 

 

 
Figure 7.25: CES Edupack Plot of Price vs Fatigue Strength for AISI 4130, 4140, and 4340 for 

Balance Shaft Material Selection 

7.8.3 - Calculations 

Considering the No.1 cylinder as the reference cylinder, the balances of forces and 

moments due to the reciprocating masses of the piston and connecting rod, etc. are investigated. 

Since the No.1 cylinder is the reference cylinder, the No.2 cylinder lags 120 degrees behind and 

the No.3 cylinder 240 degrees behind. The total sums of the primary and secondary reciprocating 

forces at any crank angle Ŭ for the No.1 cylinder are in balance, however the primary and 

secondary reciprocating moments remains out-of-balance. The equations for both are given 

below, respectively, where ά is the total reciprocating mass, r is the crank throw length, ‫is the 

rotational speed of the engine, l is the bore spacing, and ‌ is the crank angle. 

 

ὓ  Ȣυz ά ὶzz ‫ ᶻ ὰz ὧέί‌ ρςπЈ ςz ὰz ὧέί‌  ςτπЈ  
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As can be seen by the equations, the primary moment is dominant, and so is the one 

addressed by the balance shaft. This means that the moment generated by the balance shaft 

should be the opposite of that of the primary moment (i.e. ὓ ὓ ). The next step was to 

calculate the necessary design parameters for the balance shaft itself, namely the spacing of the 

weights (lb), the mass of the weights (mb), and the distance from the center of the balance shafts 

to the center of mass of the weights (rb). This was done using the equation below. 

 

ά ὶz Ȣτσσzά ὶzz
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We then iterated across a range of different mb and rb values until we found a 

combination that fit with our geometry constraints. Additionally, as our weights are asymmetric, 

we needed to make sure that they had the same ά ὶzȢFor reference, our analysis used an mp of 

1.44 kg, and we said that lb was equal to .277 m to ensure that the far mass would rotate between 

the counterweights of cylinder 1. For our far mass, we calculated an mb of .273 kg with an rb 

of .043 m, and for our close mass we have an mb of .470 with an rb of .025 m. 

7.8.4 - Analysis 

Figure 7.26 shows the rocking moment of the engine before the balance shaft, the 

corresponding moment of the balance shaft, and the net moment after the balance shaft is 

installed. These graphs were generated using the MATLAB codes Unbalance.m and 

Balanceshaft.m, found in Appendix E. The max moment before the balance shaft is added is 

5213 Nm, while the max moment after the balance shaft is only 794 Nm. This is a reduction of 

almost 85%, which well justifies the added cost and complexity of this component. 
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Figure 7.26: Plot of Engine and BS Rocking Moments 

 

We also performed FEA on the far end of the balance shaft to ensure that, at redline, the 

centrifugal force of the weight would not cause balance shaft failure. We held the faces before 

the retaining ring fixed and placed our force on the mating face between the balance shaft and 

the far weight. Our force was derived from the equation for centripetal force, and came out to 

504 N. Figure 7.27 is a FOS plot of this analysis, which shows that the minimum FOS for the 

balance shaft is above 2. 

 
Figure 7.27: FOS Plot for Centrifugal Balance Shaft Loading 
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7.9  - Balance Shaft Girdle 

Figure 7.28: Render of Balance Shaft Girdle 

7.9.1 - Overview 

The balance shaft girdle exists to connect the balance shaft and balance shaft drive 

assemblies. It bolts directly to the bottom of the engine block and is installed after the upper half 

of the oil pan, but before the bottom half. It contains bronze bearings for the balance shaft, 

bosses for the idler sprockets, and also has mounting holes for the balance shaft chain guide and 

idler. 

7.9.2 - Materials and Manufacturing 

The balance shaft girdle will be sand cast out of A356 aluminum. This material was 

selected due to its excellent tensile properties and its abundance throughout the engine which 

should reduce manufacturing costs. After casting, the bores for the bronze bushings will be bored 

to final diameter and the bushings will be pressed into the bores. The mounting holes for the idler 

sprockets and chain guides will be drilled and tapped for M8 and M4 bolts, respectively, and the 

engine block mounting holes will be drilled for M10 clearance holes. 

7.9.3 -  Analysis 

To ensure that the girdle could handle the centrifugal stresses from the balance shaft 

rotation, FEA was performed using SolidWorks. The results can be seen in Figure 7.29 below.  
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Figure 7.29: Balance Shaft Girdle FEA 

 

As can be seen from the Figure, the balance shaft was constrained on the mating faces with the 

engine block and the bearing faces were each given a load of 500N in opposite directions (taken 

from section 7.8.4). With this loading, we have a minimum FOS of 35, which is well above what 

is required. This means that our girdle should hold up under any condition. 

7.10 - Oil Pan 

 
Figure 7.30: Render of Oil Pan Assembly 
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Figure 7.31: Render of Top Oil Pan 

 
Figure 7.32: Render of Bottom Oil Pan 

7.10.1 - Overview 

The purpose of the oil pan is to contain and seal the engine oil used for lubrication. Our 

oil pan is split into two pieces to allow for the balance shaft girdle to be inserted. The upper oil 

pan seals against the bottom of the engine block with 10 M6 screws and silicone sealant, while 

the lower oil pan seals against the upper oil pan with 8 M4 screws and silicone sealant. The 

upper oil pan contains half of the bosses needed for the front main seal, rear main seal, both idler 

shaft seals, and the balance shaft seal. It also has mounting holes and bosses for the balance shaft 

timing chain tensioner, guide, and cover. The lower half contains bosses for both idler shaft seals 

and the balance shaft seal. It also has a ȧò NPT threaded hole for an oil drain / pickup. 
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7.10.2 - Materials and Manufacturing:  

 The oil pan is made of Aluminum A360, a cheap die castable alloy. Die casting was 

chosen because it allows for higher detailed casting over sand casting. Die casting also becomes 

far cheaper the larger the batch size. Finally, casting was picked over stamping because it 

requires fewer operations. Engine box mating surface and mounting holes will be cleaned up by 

post machining. Additionally, a ȧò NPT hole will be drilled in the bottom to allow an AN-8 

fitting to be attached for draining and exterior oil pump pickup. 

 

7.11 - Bearings 

 
Figure 7.33: Image of King Trimetal XP Series, pMax Black 

 

The bearings for the BTN1500-E will be purchased from King Bearings. In order to 

ensure that the bearings are able to perform in a similar manner to the rest of our engine, we will 

be using King Tri-metal XP bearings. These are high performance, high wear resistance bearings 

that use a proprietary coating for good performance. These bearings will be set into the engine 

block and the connecting rods, and the holes and grooves will ensure that each journal is well 

lubricated. Each bearing has one notch per half, which interface with the larger part of the two 

parts that the bearing will interact with.  

The sizing calculations for the main, rod, intake cam, and exhaust cam journal bearings 

are shown in the lubrication section 6.8, above.  
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7.12 - Bolts 

 
Figure 7.34: Render of Main Bolt 

7.12.1 - Overview 

For bolts, we determined the main bearing cap, connecting rod, and cylinder head to the 

engine block bolts are the most critical, and required proper sizings. These bolts were determined 

as the most critical as they deal with the direct loads from combustion.   

7.12.2 - Materials and Manufacturing 

  For these bolts, we decided to use class 12.9 steel bolts. Class 12.9 steel stands for the 

yield and proof strength of the steel, with the 12 in reference to the 1220 MPa yield strength, and 

the 9 is in reference to the 970 MPa proof strength.  

7.12.3 - Design Considerations 

For the main and head bolts, we choose to use 12-point bolts heads for their improved 

load distributions compared to standard hex head bolts. While the connecting rod bolts are still 

hex head as they mate with connecting rod hex cut outs.   

7.12.2 - Calculations 

 For the thread sizing we needed to define stress area, At. To calculate this area, the load, 

P, factor of safety, FOS, and proof strength, SP.  
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Table 7.10: Bolt Sizing Table [13] 

After the area is calculated, the next larger area is picked from Figure 7.10 above. We 

went with fine thread for the improved resistance to vibrations compared to coarse threads. 

 

Main Bolts M10x1.25 

Head Bolts M10x1.25 

Connecting Rod Bolts M8x1 

Table 7.11: Bolts Size 

 

 For preload we need to calculate the clamping force, Fi for the bolt and nut. From the 

following equation, Aôt is the new stress area, Sp is the proof strength and the 0.75 is a constant 

for fatigue loading. 

Ὂ πȢχυὃᴂ Ὓ 

Af ter the clamping force is calculated the preload is calculated by multiplying that force is by the 

constant 0.2 and the diameter of the bolt. 

 






























































































































































































































































































































































