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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). TB&EN-1500Eis designed for the sport touring market
and will outpace competitors in terms of efficiency while manitg respectable performance
through the use ofariable valve technology. The engine hasrdime 3 cylinder configuration
as well as a displacement of 1500 cc. It also has a squareksireke ratio and a compression
ratio of 10:1 in order to maximizgower and efficiency. The engine hasaximum power
output of 103 kW (138 hp), maximum torque of 168N 124 ftibs), and aedline at 800 rpm.

1.2- Goals and Objectives

The goal for this project was to design an engine for the Spartan Motorcycle &€any 0 s
(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 enginegsrunique features to the market
including its discrete variable valve lift and variable ealiming which maximize efficiency
compared to its competitorfhe 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 inde 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:

2 or more cylinders,-4troke cycle

Displacement 1500 to 1800cc

Fuel injection, spark ignition

Runs on standard gasoline

Compression ratio 9:1 to 10:1

Capable of B00 rpm continuous service, idle at 800 rpm

Powers a sbspeed transmission

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

© N Ok wWNE
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In addition to these, BTNtrived to maximizduel efficiency, minimize size and weight, and

reduceproductioncost.

2.2- Derived Requirements

Our derived requirements are listed below:

Assigned Requirements

Derived Requirements

Final Design

The system shall have spark igniti

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

1506-1800cc

1500 cc displacement

The system shall have 2 or more
cylinders

2+ cylinders

3 cylinders

The system shall have astroke
cycle

Otto/Atkinson Cycle

Otto/Atkinson cycle

The system shall have fuel injectic

Direct or port injection

Port Injection

The system shall power a sipeed
transmission

Powers a sbspeed
transmission

Powers a sbspeed
transmission

The system shall be capable of 5(C
rpm continuous service

Redline higher than 5000 rp

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 minimi;
noise

CGS § 1480a- 78 dB going
below 35 mph/idle in soft si
at 50 ft from centerline

Meets CGS 8§ 180a

The system design should minimi;
emissions

§86.4102006- CO 12 g/km+
HC + NOx 0.8 g/km

Meets §86.4142006

The system design should maximi

fuel efficiency

Over 17 km/l (40 mpg)

Fuel efficiency of about 5
mpg

12



Less than $10,000 $4811 final cost

The system design should minimi;
cost

The system design should minimijLess than .75m x .75m

overall dimensions X .75m 583 X .466 x .332 m

The system design should minimi;

weight Less than 110 kg 59.4kg

Above 90 kW (120 hp), 150[103 kW (138 hp) 168 #in
Nm (110 Ib/ft) (124 ftIb)

Table 2.1:Derived Requirements

The system should be fun to drive

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 Specifybut not Buy Specifically
Buy
O  Short block 0 \Valve 0 Oil Pump O Spark plugs
0 Camshaft Springs 0 Oil O Injectors
O Cylinder head 0 Head 0 Coolant O Fasteners
0 Valve cover _ Gasket O Sensors O  Sprockets
O Rocker arms O  Bearings O Chain
O  Sprockets O Tensioners
O Camshaft caps O Linear Actuators
O Crankshaft O Coolant Pump
O Valves O Catalytic Converter
O  Connecting rod 0 Valve stem seals
0  Piston rings
0 Etc.
Table 2.2:Make \s. Buy
The components were split into four catego

Specify but not Buy, o0 and ABuy Specifically.o
by BTN and will also be manufactur edyus,n house
but the manufacturing wil!/| be outsourced. The

13



been chosen by BTN but will not be provided with our engine. These components are also
affected by other parts of tmpeentsbaveobeeny cl e. Th
specifically sourced and will be bought from other companies.

The components deemed as-ofiscope are as follows:

Transmission

Fuel pump

Gas tank

ECU

TCU

Chassis

Production intake and exhaust manifold
Catalytic converter

Exhaust

O« O« O« O« O« O« O¢ O« O«

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 organaionshad to be considered. We will comply with all regulations set by the
OccupationbSafety and Health Administration (OSHA) as well as the National Highway Transit
Safety Administration (NHTSA) and the stamds as set forth in tHeederal Motor Vehicle
Safety Standards (FMVSS) in order to ensure company and road safety. We aredalddgui
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 (ER#940 CFR
regulation. 40 CFR subpart F outlines the emission teseg@uoes while 40 CFR 86.41D06
states the emissions standards for vehicles after the year 2006. Our product will be used in a class
[l 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))C + NOx emissions.

14



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 Connec t80aoliBdB going eiove3dd r egul a
mph in soft site conditions at a distance of 50 feet from the centerline of the vehicle.

Additionally, we meet the Low Nois&mission 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 (anduthorized maintenance that may result in
modification) as well as esofthe 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 67.

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. Thssa very large demand that is currently being met by
competitors such as Harl ey Davidson, Pol ariso
have a steady customer base despite downward trends in motorcycle popularity and we believe
there is space farompetition in this market. THBTN-1500Eby 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. Thes 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 illustratesdegision process:

15



Characteristic|Weight (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.

as listed below

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

Characteristic Weight (01) Undersquarel 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 51 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 (01) 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 V\(/(?%ht Inlizne InI:igne Inléilne Vitwin| V4/5| V6 |Flat2| Flat4 [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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Mggﬂgﬁ;}fg‘g 03| 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 8.281954|864| 756 | 6.84 | 648 7.74 | 648 | 6.3

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

Table 5.4:Cylinder Configuration Pugh Chart

5.2-Top End

5.2.1- Cam Configuration

this decision can be seen below.

Characteristiq Wei(‘i?t © Pushrod| Freevalve | Desmodromic/Army 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 | 3Valves | 4Valves | 5Valves | 6 Valves
Complexity 0.4 8 3 7 2 1
RPM 0.25 1 5 6 7 8

18




Power 0.25 3 5 6 7
Cost 0.1
Total 1 1.8 3.1 6.6 49 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.

Variable
Characteristics Weight 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 foldbldefine the
target fuel to aim for. Due to a ®ENived requ
Performance decided to use 8@tane 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 C& H>O, and N. Balancing this reaction stoichiometrically we are left
with:

RO 6O p&O ox¢ + xAOO YWPIO THG

To obtain thaair-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)
CgHasg (octane) 114.2
C7H16 (heptane) 100.2
O2+3.76N (air) 29.0

Table 6.1:Air to Fuel Molecular Analysis

Then, to calculate the dio-fuel ratio with respect to mass (ARR9 we must first calculate it
with respect to the number of moles of each reactant in the systemd&FR

5 P&Z p og Qe

0]

@) T® 0 G ¢ aUb Qa

L X

Now, by using the molecule weights listed in Treble6.1 we can calculate the ARRsor

stoichiometric conditions.

¢ @&'qu ¢ @iQ

0 0y

WY pp& AL B0 GE G p TG E @n o Ot QD

Oncewe 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 djvidig an

equi valence ratio factor
rich (&€>1) at high |l oad

, €. The equivalence

conditions

6.2- Ideal Otto Cycle

6.2.1- Overview

and

when

In order to stdrthe thermodynamic analysis with relative ease, we decided to first
analyze the Four Stroke Otto Cy¢lg, a simple 4step 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 FourStrokeOttoBdindrithe trade studies
were carried out using OttoCycleTradeStudy.m, bgtilable for eferencen 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 airavas at
temperature of 294K (~7%) 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 wihe
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 combustiorstep one
process that happens instantaneously as all of the reactaotprgaucts. We also assudibat

the exhaust phase was able to eject all of the products of the reaction for each cycle. Finally, we
assumed t hat t hesas@stanithraughouttlesgptocess.a ater on,whem we
look into the real Ott&ycle, all of these assumptions will be proven inaccurate, but for the case
of simplicity they will do for nowTable 6.2detaik 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/n3)
R Specific Ideal Gas Constant for Air (J/¢kQ)
rc Compression Ratio
Y Specific heat ratio
Comb Combustion Efficiency
Qihv 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 6.2:1deal 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.

v oy
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6.2.3- Phase 2: Compression

The compression phase is the phase after the iatakafter theistonreaches BDC. At
this point, the intake valve closes and the piston compresses to TDC. This is an isentropic
process because it is assumebdadiabati@andreversible, with work transfer to the system of
air.

6.2.4- Phase 3: Combustion

For this simplified ideal Otto Cyclanalysis,combustionis 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 detaalealysis.

—_ z

vy

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 exhgtistis also known as the power
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strokeof the engine because it is when the combu&ibeat is transformed into work. This

phase, like compression, is assumed to be isentropic.

4 1
4
4 3% —
3
4
. —
4
6.2.6- Findings
After running though 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 6.3:1deal Otto Cycle States
| mportant to note is that our compression

ignition temperature of 886K, so our engine would not experience any Keloétdo important
to note is that these temperatures and pressures are still rather hige valltsee that they start

to fall once we take into account realistic phenomena.
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6.3- ldeal 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 thiere, the ideal power at a reference RPIYl Below is a
tableof new properties needed to complete the analysis.

Symbol Property
Mair Mass of air (kg)
D Total cylinder displacement @n
C Number of cylinders
Air density (kg/n)
rc Compression ratio
T Cylinder Temperature during combustion cycle (K)
Cv Specific heat with a constant volume (J/kg)
Veyl Volume of cylinder ()
Ws Specific Work (J/kg)
Wt Total Work (J)
Pwr Total Power (W)
N Revolutions per Minute of Crankshaft
U Torque (Nm)

Table 6.4:1deal 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 wobly looking at the temperature differences between the
compression (work in) and expansion (work out) stages.

@ 6Oz Y Y Yoty
G G zq 28

After calculating work, we can transform this into power produced by the engine per cycle
throughutilizing the engine RPM.
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Then, if the desired output is to be in horsepower (hp) for clarity,it@$ver 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 ideétto Cycle, the power curve will end up being linear with RPM, which
means that the engine torque will be a consi#ns same relationship is later used to construct a
powertorque 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 hetd with determining engine characteristics. For example, bel&wgume
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 outghthe en
at low displacement while maximizing compression ratio for efficiency purposes. This follows
our goal of designing an engiteebevery powerful at high load conditions and very efficient at
low load conditions.
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Figure 6.1: Compression Ratio andigplacement 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 detemmine othe
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)
Shavg Mean piston speed (m/s)

Table 6.5: Mechanical Redline Units
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Through us ofthe 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 preveatastrophic mechanical failurg][

iz¢gz0

ht o

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 forgine eith the desired
redline.

Mean Piston Speed vs Bore-Stroke Ratio
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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.

- Mean Piston Speed vs RPM
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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 arthen able to increase the fidelity of analysis by takingyativa 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 inclingéficiencies.

Symbol Property

d Crank Angle (radians)

ds Start of fuel burn (radians)

dy 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 referencefippendixE. Belowis 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

Piston Speed and Volume vs Crank Angle for 8000 RPM
T T T T

200

R

—Volume

!
300

6.5.3- Specific Heat Ratio (Gamma)

The next step in improving the accuracy of thalgsis is to change the specific heat
ratio, 9, with respect to temperature. To do this, we utilized Matlab code written in the Ferguson
textbook B]. Both functions are called in the program GammacCalc.m also shoppendixE.
This o0 cal aulcat il en tfwvondtirguson
conditions. The first functi

mi xture is unburnt. The

i mportant to make this

ot her

di

St

on,

nct.i
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t hat
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cu

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

c al

includestables of data for 87 octane gasoline at differempgerature and pressure conditions as
is representeth farg.m and ep.m in Appendix EThe output of this code, shown below in
Figure 6.5s utilized in the weub function code to more accurately determine the ranges of

temperatures and pressures that tigiree 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. Oblyiahgre must be some time for
the combustion of the fuair 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 &iredpén Ferguson as
good estimatel3]. 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 flanpropagation in the cylinder, since our alternative
would be doing some type of simulation, which seemed out of scope for the project.

® p Qan e

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.

(O I . — —
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Once we have thenergy 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 twosootput

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 ide&l. Gywk 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.

Internal Pressure vs Crank Angle

o Internal Temperature vs Crank Angle

Pressure (MPa)
o
Temperature (K)

2

0 0
-200 -150 -100 -50 0 50 100 150 200 =200 -150 =100 -50

50 100 150 200
Crank Angle (degrees)

0
Crank Angle (degrees)

Figure 6.6: Pressure During FotBtroke Engine Cycle (Left), Temperature During Four Engine
Cycles (Right)

6.5.41 - 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 inFigure6.7 below the spark timing can have effects onthimg from the MBT (mean
best torque) to the BSHC (brakpecific 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 exp@mental apparatus is necessary to fully understand the effects because of the
complex flame speed in the cylinder. The sgarkng is almost completely based off of the

flame speed which varies with the changing pressure of the cyldd&¥ithout combstion

modeling tools, there was no accurate method for us to optimize the spark timing farther than it
already is. In realityboth 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 downl af 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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d Crank angle (degrees)
dop Valve lift open angle
el Valve lift close angle
aur 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)
Dy Valve head diameter (m)
w Valve seat width (m)
Dm Valve mean seat diameter (m)
Valve seat angle (degrees)
Lv Valve lift (m)
Anm Minimum flow area ()
Co Flow Coefficient
Teyi Temperature in cylinder (K)
Peyi Pressure in cylinder (kPa)
Po Stagnation Pressure (kPa)
To Stagnation Temperature (K)
0 Stagnation Density (kg/H
Co Stagnation speed of sound (m/s)
R Ideal Gas Constant (J/K)
4 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 Ffrom 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 liftyl{max), in ordetto achieve the correct lift function.

b — 0 G — — z— —

Valve Lift vs Crank Angle at 7900 RPM

T
— Intake Lift
——Exhaust Lift

Valve Lift (mm)
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0 | !
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Figure 6.8: Initial Valve Lift Profile

After some feedback frothe 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
charge shape as shown below.

34



Valve Lift vs Crank Angle
T T

12 T !
—Intake Lift
——Exhaust Lift
10
—_— 8 [ B
E
E
=6
)
>
©
>
4+ i
2
L L 1 L
-400 -300 -200 -100 0 100 200 300 400

Crank Angle (degrees)
Figure 6.9: Final Valve Lift Profile

6.6.3- Minimum Flow Area

After determining initial valve lift valuebased ora recommendation in Heywood, and
receiving optimized valve diameters from the mechanical team, we could gowdedining
new characteristics of the valves through relations provided in Heywpothlese valve
characteristics are very importantdeterminng 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 &ea 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 thardardepends

on the difference between the port area and stem Hrea [
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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 inAppendix 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 valvehanges with variablesich as crank angle and valve Iiff.[
These valug 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 polyfitréeat

For intake valves, the flow coefficient is controlled by how well the flow is jettihg [
This correlation depends solely on the ratio between lift and valve head diameter. Much like the
minimum flow area, there are three regions that correspahisttrend. 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 sepdaea from the valve seat and is only attached to the valve head. There is
still jetting that occurs tre 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 poioivthecth
remains constant and jetting significantly reduces so the flow coefficient begins to drop.
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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,
howeve, for slightly different reasond]. 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 tolsand 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 assockFigutee@ld with Ado i n

INg
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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 Cyis full of discontinuities, much like the graphistmade from, whereas the exhaust graph

is much more smooth.
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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 alf 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 assunrethte pressure and density among
other progrties. 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 starbwith
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 withadly flow out as long asc?>Poe

[1].

If the pressure inside the cylinder became less than the stagnation pressure in the exhaust
manifold, then the flow would revse and the equation would change as it is shown here.

N
cq &
N

6.6.5.2- Intake

Next, we modeled the intake flow into the cylindesy B the sameontinuous vectoas
in the exhaust calculation. This means that inyi#lyi 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 intaé 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
bemmes choked. Choking the flow causes a significant mass flow drop as is represented in the
equation belowl].

co O_U I T 2z
Y'Y [ p
It was a design requirement to tryremluce choked flow as much as possible through valve

design. Figure 6.4 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 valvesre 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 tdatal¢lie 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.iAppendixE.
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Figure 6.18:Mass Flow for Intake and Exhaust

6.7- Variable 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 applicatioihgtech, 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, peer is not as important because you would not be operating at full throttle. In
this case you could sacrifice some of the poweheéngine 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 camshatft 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 thermodynarhenefit. Mechanical design wile specifically
considered in a later sectidur plan is to utilie VVT at low load and low RPM conditions.

Like discussed above, this would be done at cruising conditions in order to maximize fuel
efficiency [B]. We accorplish this task thermodynamically by phasing the inlet chbis

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 progjutcallows us to squeeze more work out of the
gasoline that we are using to power the engine. Therdfpghasing the inlet valve to start

later, we are able to achieve aybliimprovement ispecific 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 conditis 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 Hag 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 ipact will be discussed here while a later section will focus on
mechanical i mplementation. I n most cases of
valve curve properties have the largest outcome on overall engine efficiency. Since RPM is the
mgor 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 breaRBpitihenge
into low and highsectionsand 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 thse trade studies over high and low RPM ranges in order to maximize
valve lift, duration, and timing for each cam configuratiBigure 6.2(elowrepresents 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 radted in skewed results in another factor. These trade studies were also run for the

exhaust valve over the entire RPM range in or

were maximized with respect to the inlet valyv
In the end wealetermined the follow cam characteristics for the exhaust and both inlet

camsas seen in Table 6.8.

Large Inlet Small Inlet Exhaust
Lift (mm) 10.9 8.5 8.5
Duration (degrees) 235 220 235

-4 before TDC

-8 before TDC

-45 before BDC

Opening (degrees)

Table 6.8:Lift Angles Determined by Trade Studies

Valve Timing Diagram
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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. frtwest 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 iMachine Component Desidf]. An example of the properties and
calculations for redline and miaxum loading condition is shown in Table 6.9 below.

Film

Radiug Thicknesd Clearanc{ Width| Max | Temp| Visc. | Speed Flow Flow to

(mm) [ (mm) (mm) | (mm) |Load (N)| (C) (Pa) | (rpm) |SommerfeldVariablel Flow [ Qs/Q| Replace
Main
Journall 32.25( 0.0015 0.02 23.7 | 34000 | 100 | 0.0119( 9000 | 0.208147( 5.9 |13528.54 0.88(1623.42
Rod
Journall 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
Exhaus
Cam
Journall 30 0.0014 0.04 16 | 3334.2( 100 |0.0119| 9000 | 0.288369 | 6.1 17568 | 0.89| 1932.48

Table 6.9:0il Flow properties

The total head was estimated to be Owerall 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;wetvs. dry sump storage. Wet sump engines have a large oil pan directly below the
crankshatft to collect oil which is then recirculated through the system lapp. ory sump
systems take the oil and put it directly into a separate tank from which the oildrawgp oil.

High performance bikes and cars typically use dry sump because as the vehicle turns at high
velocities the oil ddawaldidwetsurhposgstemsaThesystem,i n t he
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 foour motorcycle enginélso,f or a sports touring mar
sloshing of oil to be a major probleifhereforea 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 @& engi
componentswhichincreagsefficiency 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-__WThe two dnks correspond to
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performance at different temperatures the first being low start up temperatures and the second
being performance at operating temperatlég[General rule of thumb follows that the lower

the first number the better start up performaaree the higher the second number the better
operating performance. For this reason we selected a4lDW¥ which has a good balance of

start up and operating performance. Confirming our selection, many sports touring bikes on the
market today use the sarend of olil.

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 viscosit 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 varietieglistinguishingmineral oil, semisynthetic,
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 petiaie to create a more efficient diheyoften include additives
that improve performance and effectiveness of the oil but are more expensivasyg#ratic 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 Semisynthetic 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 6.23:0il Type

6.8.3- Effect of VVT and VVL on oil requirements

One of the unique features of the BTINOOE 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 engitesoddrase technologies
rely upon shifting the camshatft horizontally using oil flow to activate the change in profile. This
means that a specifiedRPM (4000 for VVT and 6000 for VVLadditional oil must be injected
into the system to replace the oiltiés activating these technologies. Oil is lost opening the
channels for VVL and also in sliding the camshaft horizontaipssthe bearingshearing oil
off their surfacesWe 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 belqvepies are what would be required
of a pump.

Flow rate (L/min) 1.7
Required Pressure (MPa) 0.4
Power (W) 223
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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,

Table 10: Pump Requirements

6.9.1- Overview

6.9- Real Otto and Atkinson Cycle (Inefficiencies)

or combustion efficiency. This inefficiency is rather constant witMRE&hlike the othes [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 ineféiocy varies approximately linearly with
RPM, but as we show in tHiellowing analysisthis is not completely accurate. The third
inefficiency we analyzed is the inefficiency of the air going into the cylinders, or volumetric
efficiency. This inefficiencyaries 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
d Crank angle (degrees)
dop Valve lift open angle
dai Valve lift close angle
aur Valve lift duration
[ 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
Qinv Lower heating value for gasoline (kJ/kg)
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( Equivalence Ratio

Mair Ideal mass of air in cylinder (kg)

P1 Initial Cylinder Pressure (Pa)

V1 Initial Cylinder Volume ()

Weycle Specific Work per cycle

Weycle Work per cycle including mechanical inefficiencies (J)
Wpump Pumping loss work (J)

Whetcycle 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 empiriedibres that come close.
Heywood states that combustion efficiency almost entirely depends on equivalence ratio, as is
shown in the chart belowl]. To estimate combustion efficiency for our engine, we created a
curve from the mean of the points shown laebnd 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.
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6.24:Rich versus LeaRuel 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 enddepending 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 caldutg piston frictionwhich uses graph that shows what
portion of total friction is each componedi.

Engine speed, rev/min
Figure 6.25:Mechanical inefficiencies

For each RPM, piston friction makes up approximately half the total frickioerefore,
by calculating théoss of the piston and doubling it we can estimate total mechanical losses. The
work due to friction is calculated using the following equation.

@ "O0Z0QI 0ME OQ

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, gr@dsurface area of the piston
rings. The coefficient of friction of the piston rings was found uiiegequation shown below
which relates the oil friction and surface friction together to find the combined corigtartig
constant U dercergagenof fricios is fluidi@viersup solid.

N p | Q
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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 [].

—270 —180 -%0 0 90 180 270
Crank angle, deg

Figure 6.26:Pressure on piston ring versuark angle

These motor conditions were equated to different RPpMsted using excel, and then a
polynomial fit wasperformed on théata. This trendline provided a function of piston ring
pressure versus RPM which could be used to find values at edthvBRested. The surface
area of the rings was provided by the mechanical tedsisg that value we were able to find
the total work due to friction at each RPM.

Engine Work and Mechanical Losses vs RPM
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Figure 6.27:Loss Due to Mechanical Friction

0

The function has two modes: a linear partdue to the constant change in RPM and an
exponential change due to the pressure within the system. At low RPM values mechanical

friction accounts foB% 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 percehinass 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 outhten thee will only be 50% of new fuedir mixture to burn. These equations

below represent how we calculated volumetric efficiency from the mass in cylifigere6.19
for each RPM.

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 conditibmis 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 constame air

ratio. Also, q depends directly @ombustion efficiency, because g says how much work we can
get out of combusting the gas. Therefore we also multiply g by the combustion efficiency from
Heywood. After that we can incorporate mechanical efficiency by taking a fraction of the work
outputtedby the algorithm in FiniteHeatReleaseBTN.m.

, 6 - d Z - Z o
n =
00 LW
W 0 z - z0 z

From here we also get updated temperature and pressure in the cylinder during combustion as
shown inFigure 6.28

52



I Internal Temperature vs Crank Angle for 8800 RPM Internal Pressure vs Crank Angle for 8800 RPM
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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 dificto get air into and
out of the engineSignificant work is done if the ®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 directlyrelated 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 dldsgd®pe of
this project, if we were to medithe 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 leas ideal conditiongL1]. 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 hapfrem 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 ofthe valve, and causes a vacuum which sucks in lower pressure air.

W 0Q®
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Work Lost Through Simplified Pumping Losses
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Figure 6.29: Effect of Pumping Losses on Total Work

6.10- Final Power-Torque Curves

6.10.1- Incorporating 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 processagfined 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, belokigiimre6.30we summarize the
efficiencies analyzed in the cycle ttadfected 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.

Engine Efficiencies for phi=1.19 »

Volumetric
= Pumping

0.85

=
©
T

Efficiency
o
[+-]
(3]

A

0.76

0.7 I L I L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

RPM
Figure 6.30:Four Primary Inefficiencies

6.10.2- Torque and Power for Different Operating Conditions
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Symbol Property
PWeal Engine Power (kW)
real Engine Torque (ftb)
Unit Conversion (MetricEnglish Conversion)

Table 6.12:Torque and Power Units

. w z()z0
00
CZQm
; O0Z0OTMTT

0z¢"

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 cuhasi¢scribe the engine well
[1].

The first graph shown balv is for constant valve lift (lower lift value), but variable valve
timing in order to achieve a mofgkinsonphased cycle. This graph shows a lower torque and
power for the Atkinson phase, at the benefit of fuel efficiency. Since this graph bestrmeprese
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 rurtiigson at low throttle
and low RPM conditions. However, it is good to illustréme drop in max power required in
order to create better specific work from the engine.
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Real RPM vs Horsepower for an I3 Engine bt
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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. Tlefirst 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 thessaotioa. 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 cAsithe RPM starts to climb, the qualities
of the two cams converge until they reach around 6000 RPM. Agpbedjt is beneficial to
switch to the high cams to improve volumetric efficiency. We can see that without this switch
the power curve levels off 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. Obviouslythere are very large effects for max throttling conditions for bbeiaalve
lift technology.
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Real RPM vs Horsepower for an I3 Engine
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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. BBRWRPM the camshatft 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.

Real RPM vs Horsepower for an I3 Engine
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Figure 6.33:Final Torque and Power Gres
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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 increasesg:power to better fuel
efficiency.

Characteristic Improved Variable Valve Lift (VVL) Variable Valve Timing
(VVT)
Idle Torque (%ftb) 13% -8%
Redline Torque (%ftb) 22% N/A
Redline Power (%hp) 20% N/A
Redline Value (%RPM) 21% N/A
Fuel Efficiency (%ompg) 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
emissons 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 NASA6s Chemical E q uarelalblebtoseeu m Ap p
how our engine operating conditions affect the emissions in the edgin&¢low inTable 6.14
are the outputs of the CEA program for the twefal ratios that we plan on operating at. Also,
the percentages of the emissions that angrolled through strict standards are showRigure
6.34 across a wide range of-aiel ratios.

6.11.2- CEA Analysis

Mass Fractions

Air-Fuel Ratio cO NOx HC
15.4 (a4G= 1.9663e2 9.5619€3 6.8031e6
12.6 (4= 6.4632e2 2.5057¢e3 6.0788e6
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Table 6.14:Air to Fuel Ratios
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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 8§ 86.80%tates the belowstng speeds for a
motorcycle f]. Since our thermodynamic engine model is most accurate at high load conditions,
we will only be looking at the testing conditions for top gear. Accordirigjgore6.35below
this means that we want to look at the speetbdfm/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 RBMafould be
sufficient estimatdor thistesting speed.

Shifft Spaad
1st o 2d gear ..o 30 km/h [(18.8 mifh).
2d 1o 3d QeAr .o 45 km/'h (28.0 mifh).
3d to 4th gear ... 60 km'h (373 mih).
dth to St géar ... 75 km/h [46.8 mih).

Figure 6.35:Speed Required for Emissions Test
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Symbol

Property

CEA Mass Fraction

Sp

Vehicle Speed (km/s)

Emx

Emissions of Component (g/km)

Emissions (g/km)
B @ ®
S 3 3

N
S

o

o 1000

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 Ill motor vehicle
specification. According to EPAegulation886.4102006 we must meet the emission standards
laid out below 18].

TasLe E2006-2—Cuass 11l MoTtorcycLe EMission STANDARDS

Emission standards

(g/km)
Tier Model year HC + NOy co
Tier 1 2006-2009 1.4 12.0
Tier 2 2010 and later 0.8 12.0

Figure 6.37:Motorcycle Class

However, as shown ifiable6.16,our emissions @500 RPM are much too high to meet
emissions standards. For this reason, BTN performance will wilkizgalytic 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 levebatlined in the standard above, we decided on the
MagnaFlow California Grade CARB Compliant Universal Catalytic Converter, which can
reduce CO emissions by 95% and,M8C emissions by 95%.

Molecule(s) [ Worst Case | Untreated Catalytic Treated Emissions Emissions
Equivalence | Emissions | Converter (9/km) Standards (g/km)
Ratio (g/km) Efficiency
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 NOk 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 é@ssions byeducing the
burn temperature of the fuel][ It does this by allowing some of the previous burned product
into the intake manifold to mix with the incoming feat mixture. This new mixture comes in
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and is combustedHowever, since it is not as fuel riels the previous charge, it burns at a lower
temperature. This lower burn temperature allows for a significantéw@ssions reduction, at

little to no changén other emissions. While we were not able to show this in our thermodynamic
analysis due to theptimization and analysis of the intake manifold being out of scope we were
able to find some sources to get some reasonable estimates. As shown bédmneis.38,

from the journal of applied mechanical engineering, the BQissions in one case wereueed

by 7.5%[7].
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Figure 6.38:Emissions changes for Variable Valve Timing
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reduction in NOx (OttbAtkinson cycle) engine experimen®][ The tests were emissions at
mid-load with no change in hydrocarbons performed on a Ford 2.0 |, DOR&INE engine.

(HC ). 0 Using these two numbers in our desi

in the test, we determined a conservegéimate for our engine would be to reducexNO

emissions by 15%. Adding this into our analysis we get the results Tratiiebelow.
Worst Untreated VVT Catalytic Treated Emissions
Case Emissions Reduction Converter Emissions Standards

Equivalenc (g/km) of 15% Efficiency (g/km) (g/km)
e Ratio (g/km)
HC+NO 0.974 16.2 13.79 95% 0.69 0.8
X

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 ahemic
process to convert harmful emissions into less toxic molecules. As the chemicals within the
catalytic converter saturate, 1tos efficiency
threshold is still more than acceptable to ensure our emissiobelave 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 maeks like California.

6.12- Cooling Analysis

6.12.1- Overview

Once the thermodynamic combustemalysisof our engine were completed, we needed
to design a cooling system capable of keeping both rider and engine safe during operation.
During combustioneach cylinder heats up to over 20@briefly as the gasoline is ignited. This
temperatureif allowed to heat up the engine blgakill quickly scorch a riderTo ensure as
much of this heat is dissipated as possible, we employed a liquid cooled éigickcooled
engines circulate cooling fluid around the cylinders eylohderheadto dissipate a significant
portion of the heat. The liquid is then passed through a radiator wargmitsheat to the
atmospherevhich kees the coolant from becoming too war@onduction through the metal
engine must also be considered, however the radiation is small and can be nefjledsdd
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these assumptions we began to analyze the heat loss from each cylinder individually using a
thermal resistance approximation

Rcom'ection Rslee\'e Rcylinder Rcoolant Rblock Rcom'ection

AMA—AMA—AM—AMA—AMA—ANN~

Figure 6.40:Cooling Resistance Model

This model served as the basis for our cooling calculatignsfgeeve and Ruan are all
constants found using the respective thermal conductivity of the metal. The convective resistance
was found using the Woschni celation. The correlation is based on a constant characteristic air
velocity based on piston speed and pressure arsgdto find an equivalent resistance. From
there, we camapproximate 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 ¢hylene 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 o"@0We were then able to do this iterationdach 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 theroyér wall. The heat transfer coefficient within the
cylinder varies depending upon the flow velocity in the cylinder, the bore diarineter,
temperatur®f the componentsand pressure of thar as a function of crank angle. In order to
find the flow velaity in the cylinder we used the Woschni Correlation from Heywood which
suggests that the air speed is correlated to mean piston speed tse®iGHiEC changes in
pressure and temperature as compared to a referenddstatecalculate this for eadRPM, 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 bfdhenberg
formula, we can approximate the heat transfer coefficient leetivee aigas 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 resistiviiyinglin CES Edipack and this is
used tdind 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 agyheder 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 fagyure out an appropateresistivity 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 heghis is reflected in the increasdtetmal 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 syste@j. [

Ethylene Glycol / Water 50% Mix

Freezing Point -36.8 °C

Boiling Point 107.2 °C

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 thermddictivity 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 Nitddamberand 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 coolingndble 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
maki ng sur e tdvercod lmefpre heading to thesradi@tor 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 thatriculast 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 efficiecooling. Siamese bores provide additional strength to
the engine since there is solid material between each of the cyliiitlerSiamese bores also
simplifies the heat flow model out of the cylinder. One challenge we encountered was an
inability to cod the the top of thecombustion chamber3he top of the cylinder experiences the
same heaasthe cylinder wallsbut since there is less material less heat is dissipated. To limit
some of this heat transfer we routed large coolant channels up andeogagihe cylinders
along the side of theylinder headaround the intake and exhaust poftisese channels are
further illustrated in section 10.2

6.12.6- Cooling results

Ourcylinder airreaches an approximate temperature of 2@2&nhich is higher thathe
standard melting point of iron. This extreme temperature must be diminished before the outer
engine wall or it will burn the rider. We determined thaf@Qvould be a safe wall temperature
since the minimum temperature to sustain burns REC4%Ve faund that without any coolant in
the engine whatsoever the outer engine temperature was@20bisshows importantoolant
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.

Flow rate vs RPM

Flow Rate L/s

0 L 1 L L L
0 2000 4000 6000 8000 10000
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
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about 2 gallons per mitey 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 thapecifiedRPMs the variable valve

technology built into the engine activates causing a change in the ratio b&oveeste 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 flonskes, 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.

=4 y €y

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 canOrgaln8s 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 twelveolt electrical current ofte engine.

6.13- Fuel Efficiency Analysis

6.13.1- Overview

The fuel efficiencyof 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 itis
easier to geand understand our own requirements. For our purposes, we utilized the specific fuel
consumption along with thead load powemethod in order to evaluate how efficient our
engine is. This method is appropriate for this analysis becacsmliines twasimple methods
in order to get a more accurate prediction for fuel efficiency
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Symbol Property
SFC Specific Fuel Consumption (kg/kJ)
Myel Actual mass of fuel used per cycle (kg)
trans Transmission Efficiency
MPG Fuel Efficiency (miles/gal)
Pwk Power required for cruise (kW)
Cr Coefficient of Road Load Drag*
M Mass of motorcycle (kg)*
g Gravity (m/g)
Cd Coefficient of Air Drag*
As Surface Area of Motorcycle ()t
PWhet Net Power for Vehicle (kW)
PWatio Ratio between power needed and power available
Whetcycle Work per cycle with thermodynamic efficiencies (J)
Wiotcycle Work per cycle involving drag (J)
Chans TransmissiorEfficiency*
PWeal 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 effisdar a real

motorcycle [20].

LO ¢ 6 0°Q mcdpo 2™

- 00
(VIRV) -
P (VIV}

2"YrF pm

68



W W z o z .
VOB a - o a
0 == - -
00 w W

YORTINQ YO ogupnt X QUQ

“YI}F ”
50 Y05

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&culation &ove tries to estimate these
losses by incorporating both a road drag and air drag that change with Hp@ée [constants
that we used in this equation were determined through research of other similarly sized bikes and
can be seen in FuelEfficiencyBTiN. While incorporating road load losses on top of SFC
(Specific ruel Consumptionyjives 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 dsity 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 efficienrpidaoywhere
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 farthrethe same fuel as is showrFigure6.20
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 showgraphs of the fuel efficiary calculated with work per cycle, babt
incorporating the drag from the air. Therefore, this method haso®&ual to 0. A similar
method was usedi ithe $one engine textboadio calculate fuel efficiency as weR(|.
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Figure 6.43:Calculated Fuel Efficiency for
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6.13.4- SFC and Road Load Combination

The graphs below in Figure 6.44 combine the SFC calculation with power thesé&s
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 everydayinrooar. 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 tgt RPM.

Important to note is that iRigure6.44the fuel efficiency is only better for atkinson
cycle inarange 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 moreegifiti use the original. Also at high

RPM the benefits of VVT are diminished as the volumetric efficiency decreases for the intake
valve with moreAtkinson phasing.

Fuel Efficiency vs RPM at Different Speeds y Fuel Efficiency Graph for phi= 0.974 and V=60 mi/hr
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Figure 6.44:Fuel Efficiency with Road Friction
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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 otheekssthe intake and exhaust
manifold, we would expect our fuel efficiency to drop anywhere froMd% more depending
on the operating RPML]]. 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 prodiefeception 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 vagitiis 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, maely through the wrist pin to the connecting rod and crankshaft. The largest force
that it experiencess from the combustion itself, and the piston must be able to stand up to this
and transmit the force without also daging other component&dditionally, the piston is
subjected taignificantthermal loadslue to thdarge thermal gradieqresent Material choice
and supporting calculations are used to ensure that the expansion of the piston and cylinder along
with the piston rings allow pper 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 frictiaf the piston.
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7.2.2- Materials and Manufacturing:

For its improved heat digmtion capabilities, the piston will be made of forged 4032
aluminum. 4032 aluminum is a migkr strength aluminum that becomes stronger after a T6
temper. Forging was decided upon for its improved strength capabilities compared to casting.

This decisiorwas made using the following pugh chart.

Characteristic Weight (31) | 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 resistan 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 surfacesf t he pi ston, the piston wil|l be
life. The piston skirts are then plated with molybdenum disulfide, AMoSmprove the surface
wear life and reduce the friction of the piston along the cylinder walls. The piston 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, amsiqoaee 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 bewefficiency and performancéhis 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 connectingpd 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 stresstsateost
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 combustiony® and ul t iymwfdhe matesidl.r e ss, 0
P,
Tp = 043« B | £ = 5.4mm
Oult

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.

12.56KAT
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:

10 ~ 10mm

A4 st
A,

b2 _d2
42
d = 85.8mm

= 2aAT

Piston ringdimensions were calculated considering the pressure on the rings. This pressure is
estimated at 0.0042 MPa as recommenddaeisign of Machine Elemenit$3] and the factor of
safety is set at 3. The ring thickness is calculated using the following equation

3«P=F0OS
T.=B+ |— " _ 0.89mm
Tyt

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 thexpadenced 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 applmalitihe

and contouring are botma scale of -Bmm and therefore are difficult to see in the physical
model, but the figures below show exaggerated versions of the concepts.
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Figure 7.3: Exaggerated views of ovality, left, and barrel contouring, right [12]

In order to reduce wel, 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 aryais 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
concentrathns. 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 wieengi# 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 onlyAk.2an be seen

in the Figure below, the only place experiencing less than tHieeistly surrounding the

lubrication holes, a noncritical component and location where work hardening is acceptable.
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Figure 7.5. FEA FOSPlot for the PistonShowingAreas withLowerFactors ofSafety

7.3- Piston Rings

(8l

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 dbvtmmar 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 thefaae 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 chromiun 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 Considerdions

For the ring crossectional 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 theiruphase forectangular 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 beveleddesy 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.

L]

Figure 7.7: (From left to right) @oss 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 leaicg the gap is the cylinder
bore multiplied by 0.102 mm for the first compression ring and 0.127 for the second ring.

79



SAE RECOMMENDED
AUTOMOTIVE COMPRESSION
RING GAP CLEARANCE

Ring Diameter End Clearance

Inspection Limit
1.0000 23624 006 014
2.3625 29524 008 016
2.9525 3.5424 010 020
35426 4.3299 012 022
4.3300 51174 014 026
5.1175 5.9049 018 030
5.9050 €.8809 020 035
6.8900 8.9999 024 041
9.0000 10.9999 029 047

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®.205
This temper temperature was chosen through CES Edupack after comparing the different heat
treatments for this grade of steel. Following heat treating, the wristvilrise turned and
centerless ground with a taper.

2000

1000 Low alloy steel, AISI 4340, oil quenched & lempered at 205°C

. Law alloy steel, AISI 4340, oll quenched & lempered at 315°C

Low alloy steel, AISI 4340, oil quenched & tempered at 425°C

1800

1700,

1600,

1500/

100

1000

Yield strength (elastic limit) (MPa)

a00 Low alloy sieel, AISI 4340, oil quenched & tempered at 540°C

pon Low alloy steel, AISI 4340, oil quenched & tempered at 650°C

) 380 200 420 440 260 280 500 520 540 560 580 60D 620 B4D 660 880 70D 720 740 780 78D 800

Fatigue strength at 1047 cycles (MPa)

100

Low alloy steal, AISI 4340, oil quenched & tempered at 425°C

751 Low alloy steel, AISI 4340, oil quenched & tempered at 650°C

Low alloy steel, AISI 4340, oil quenched & tempered at 205°C
Low alloy steel, AISI 4340, oil quenched & tempered at 540°C

Fracture toughness (MPa.m*0.5)

Low alloy steel, AIS| 4340, oil quenched & tempered at 315°C

360 80 00 420 a0 60 480 500 520 540 56D 580 600 620 64D 660 BBO 70D 720 740 760 780 8OO

Fatigue strength at 1027 cycles (MPa)

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 chosed 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 decidety tthadtinly
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 ovarong life with neither fatigue nor abrupt failuré@fie maximum double
shear stress of the wrist pin sets the required outer and inner diam&esddD respectively)
as in the following equation where the outer diameter itself is also chosen to make sense for the
pistonsize 1t i s based on the maxi mum forywce, F, fa
8+ F*FOS

0D? —ID? = —— = 172mm

TTO'},

Choose: 0D = 16mm  ID = 9mm

7.4.5- Analysis

Once these requiredzes were determined, internal taper geometry was iteratively
designed with FEA to remove additional material and weight where it is unnecésgarg.
7.10 below shows the results for stress and factor of safety.
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Figure 7.10:FEA Stress Plot (left)rad 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 1 the infinite life threshold for steel, this means that infinite life is achieved.
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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 musteeyatrong 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.

Forged
Connecting Rod Weight (0-1) Titanium Forged 4340 Steel [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 € 206e
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 holeledl 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 ketween 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 tha BIO¥, it was
decided to use a connecting rod ratio of 1.825. This would both improveetfjcand high end
performance in order to better serve the market. (Table 7.4)

Characteristic Weight (0-1) 15 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 theskecisions and to provide a slight boost in high end performanceyeani
design was chosen for the connecting rod.
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Characteristic Weight (01) I H
High End Performanc 0.6
Low End Performance 0.4
SUM 1 5.2 4.8

Table 7.6:Pugh Chart for H vs. | 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 cocentrations, 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 roe, Weze 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 wera@ulatedusing the rotational mass of the connecting rod
and piston system, and calculated at redline, as that is when the forces would be at a maximum.
Becauséhef or ce of combustion varies with crank an
increments of 1 degeeand added individually to create the plot below.

=m, redline® - 0.043 - (005(9)+( @) 008(26))—’_FC'ombusn'on

F 146

Vert

Next the horizontal forces were calculated, which were simply a product of the inertial forces
mentioned previously.

Fp =my: redline” - 0.043 - sin(8)

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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g X 10* Horizontal and Vertical Forces on Connecting Rod

Force(N)
=S

Vertical Foroes
Horizontal Forces

-1‘50 -150 E;O (I] 5:0 1[IJD 1;0
Crank Angle{(Degrees)
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, Sadicks finite element analysis was performed using both
the maximum horizontal force, ~BR, and the maximum vertical force on thenoecting rod,
~79KN. In order to better show the distribution of the factor of safety to yield, the maximum
factor of safety was set 0. The minimum factor of safety for vertical force$i8, and for
horizontal it is 11 The location of this minimurs a result of the oil passage hole that passes
from bore to boreln determining the life of the connecting rod, a Solidworks fatigue analysis
was conducted with-8 data from CES Edupack and the maximum compressive loading state
from the earlier conditin. 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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Model name:Conrod copy
Study name:Max Compression{-Default-)
Plot type: Static nodal stress Stress1
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Model name:Conrod copy
Study name:Max Compression(-Default-)
Plot type: Factor of Safety Factor of Safety1
Criterion : Automatic
Factor of safety distribution: Min FOS = 5.3
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Figure 7.14:Vertical FEA for Connecting

Rod

Figure 7.15:Vertical FOS Plot for
Connecting Rod

Model name:Conrod copy

Study name:Horizontal(-Default-)
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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

7.6.2- Materials and Manufacturing

Figure 7.18:Render of Crankshif

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 twelifrearings 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-BIDOE is an inline 3 engine,
each crankpin must kegjually spaced around the crankshaft, at 120 degree increments. Finally,
the crankshaft transmits power to the transmission.

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®@. 205
will then be turned and ground on critical points. Finally, oil passageways will be drilled.

Characteristics] Weight (0-1) | Cast Nodular Iron| Cast Mild Steel | Forged Mild Steel = Forged 4340 | Billet Cromoly
Fatigue 0.35 3 5 5 7 7
Weight 0.45 3 4 5 6 7

Cost 0.2 10 9 8 7 1
SUM 1 4.4 535 56 6.55 5.8

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, thiotlge webs. These passages can be seen in the
following Figures:

L
</

Figure 7.19 Oil Passages Through the Crankshatft
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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, whttbeing the rotational forc® the radius of
rotation,mtherotation mass, and the angular velocity.

F = mRw?

As there are two counterweights per crankpin, each counterweight balances out half of the mass
of the connecting rod and crankpin. The following etumeensures that the crankshatft is as
close to balanced as possible.

(mcon rod T mcrankpin) Stroke

m(.‘ounterwei_qhtRCOM Counterweight — 2 2

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 shiben in
following equation.

Mpending max = Froc * Stroke [2

Using the moment from the previous equation, it is possible to calculate the maximum bending
stress the crankshaft should experience.

Bending Stress = MC/I

The maximum bending stress that results, however, is dominated by the vertical forces
experenced 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 durints 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 ekyggerienc
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 analysitheaspplied 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.

von Mises (N/m*2)
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Figure 7.20:FEA Plot for Crankshaft
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Figure 7.21:FOS Plot for Crankshaft

92



Model name:Crank copy
Study name:crank fatigue(-Default-)
Plot type: Fatigue(Life) Results2
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Figure 7.22 Fatigue FEA Plot for Crankshaft
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7.7- Engine Block

r

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 alodvitrecooling 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.

Figure 7.23:Render of Engine Block

7.7.1- Overview

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 ehdsy comparing the most common alloys
used to manufacture engine blocks through the use of CES EduPack.

Characteristic | Weight (G1) | Aluminum Cast Iron
Weight 0.25 7 4
Cost 0.1 5 8
Thermal
Efficiency 0.3 ! 4
Cor_rosmn 015 8 1
Resistance
Size 0.2 6 5
SUM 1 6.75 4.15

Table 7.8 EngineBlock MaterialPugh 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 honingThen the oipassages from the main oil rail to the main journals will need to
be drilled. The coolant inlet negtb be drilled to the proper sizExterior mounting holes for
chain guides, timing covers, anlain tensionerwill also be drilled and tapped as needEae
holes for the mia and head mounting holes need to be drilled and tapped with M10k&sby.
the cylinders will be bored andgsma 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
greate heat dispersion to the aluminum block than cast iron sle€hegzirconia, titania, and
yttria composite was chosen from other plasma spray materials as it was rated for the high heat
of the combustion.

Characteristic | Weight (G1) Cast Iron (Dry) Nikasil Plasma
Spray
Wear resistancs 0.3 7 7 9
Strength 0.25 6 7 3
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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 thesign of the engine block was whether we
wanted to incorporate an open, sapen, or closed deck. An open deck has no material at the
top of the cylinders connecting to the engine block, a-®&gr@n deck has partial webs
connecting the top of the cylindeto 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 aropen deck style of engine block due to the relatively low compression ratio and
corresponding maximum cylinder pressure.

7.7.4- Calculations

The next majodesign consideratiom tdetermine 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 equaton. T is the thickness, P the max pressure in the combustion chamber, r is the
bor e r adisthesyield strendth ai the engine block material.

. 0z700 M
O —

With a factory of safety of four, we calculated the necessary wall thicknéss oflinder 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 shatft is to reduce the vibrations produced by an internal
combustion engine. This is typically accomplished using asefirotating shafts with eccentric
weights, where the amount and location of these weights is dependent on the cylinder
configuration. Our choice to use an inktieee cylinder configuration necessitated the design of
a singular balance shaft due tamaditudinal 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
momens are not inherently balanced in the inlineyinder 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 theataliameter 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 &r 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 wights, 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 sizewéitjet. The sprocket

is purchased but will be broached for a key and will be tapped for three M4 holes to accept the
close weight.

|
Low alloy steel, AIS| 4340, oil quenched & tempered at 205°C

Price (USD/kg)

09

Low alloy steel, AISI 4130, water guenched & tempered at 205°C Low alloy steel, AlSI 4140, oil quenched & tempered at 205°C

| f
0.84 +
0.82

530 540 550 560 570 560 500 600 610 620 630 640 650 660 670 680 690 700 710 720 730 740

Fatigue strength at 107 cycles (MPa)

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 nessef 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 U for the No.1 cylind
secondary reciprocating moments remainsaftiialance. The equations for both are given
below, respectively, wher@ is the total reciprocating mass, r is the crdmkw length] is the
rotational speed of the engine, | is the bore spacing, anthe crank angle.

0 ®za6 z12] z woéli pemlczazoéli cTmd

I3 , \ ‘I \ T oo \ Yoo
U ®dza zi 7 262 0z wWeE 2| CTMmMJCZ0ZwWE €2 TYmd
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As canbe 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. 0 ). The next step wase
calculate the necessary design parameters for the balance shatft itself, namely the spacing of the
weights (b), the mass of the weights gpand the distance from the center of the balance shafts
to the center of mass of the weightg.(This was donesing the equation below.

. ., ...«
a zj 8 o va le(‘x_

We then iterated across a range of differemaand pvalues until we found a
combination that fit with our geometry constraints. Additionally, as our weights are asymmetric,
we needed to make suthat they had the sarge 2 i &or reference, our analysis used goMm
1.44 kg, and we said thatwas equal to .277 m to ensure that the far mass would rotate between
the counterweights of cylinder 1. For our far mass, we calculated ah.&v3 kg with an 5
of .043 m, and for our close mass we have aofmd70 with angof .025 m.

7.8.4- Analysis

Figure7.26shows the rocking moment of the engine before the balance shaft, the
corresponding moment of the balance shaft, and the net moment after the balance shatft is
installed. These graphs were genedaising the MATLAB codes Unbalance.m and
Balanceshaft.m, foud in Appendix EThe 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 anplaced 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. Figurer.27is a FOS plot of this analysis, which shows that the minimum FOS for the
bdance shaft is above 2.
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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 shatft 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 lgsafan the balance shatft,
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 shatft girdle will be sand cast out of A356 aluminum. This material was
seleced 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 boresn®@tinting 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 tentrifugal 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 oninlgefanas 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 shdwttl up under any condition.

7.10- Oil Pan

Figure 7.30 ender of Oil Pa\ssembly
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Figure 7.31:Render of Top Oil Pan

L

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 M&/sened 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 balancafsiseal. 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. 't al sup. has a abo
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7.10.2- Materials and Manufacturing:

The oil pan is made of Aluminum A360, a cheap die castable &lieycasting was
chosen because it allows for higher detailed casting over sand casting. Die casting also becomes
far cheaper the larger the batdches Finally, casting was picked over stamping because it
requires fewer operation&ngine box mating surface and mounting holes will be cleaned up by
post machiningAdditionally,aa ¢ NPT hol e wi | | be danAN8 ed i n t|
fitting to beattachedor draining and exterior oil pump pickup.

7.11- Bearings

Figure 7.33:Image of King Trimetal XP Series, pMax Black

The bearings for the BTN15aD will be purchased from King Bearings. In order to
ensure that the bearings are able to perfarensimilar manner to the rest of our engine, we will
be using King Tremetal 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 andthe 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 fohé 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
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Figure 7.34:Render of Main Bolt

7.12.1- Overview

For bolts, we determined the main bearing cap, connecting rod, and cyleatketo 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 ugeoi# 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 dst ou

7.12.2- Calculations

For the thread sizing we needed to define stress ar€bg Aalculate this area, the load,
P, factor of safety, FOS, and proof strength, S

v 00 Y
v
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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 fordey Ehe bolt and nut. From the
foll owi ng tietleenansiressrarea,i®tbe proof strength and the 0.75 is a constant
for fatigue loading.
'O T UL Ok Y
After 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.
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