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Abstract

The goal of this project was to produce a turbocharged engine system that maximized the
syst emo6s -tbh-weighteapo@mndeauld be installed on the 2008 FSAE racecar. In
order to accomph this goal, a complete turbocharged engine system was designed and
optimized based on limitations such as cost, FSAE rules and chassis size. Most necessary
components were purchased or machined. Ultimately, the design was completed but the

implementatio could only be advanced as far as the budget would permit
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Introduction
Each year, a group 0¥PI students designs, assembles and tests a rateelwar
entered irthe Formula Society of Automotive Engineers (FS&Bnpetition.That
project team must develop every aspect of the car from the chassis to the seatbelts. This
project, however, is a supplement to the main FSAE project that focuses entirely on the
engine of the FSAE car. In particular, this project involhesdevelopment of a
turbocharged engine for the FSAE team to use in their car.
The primary goal of the projeisto produce a working turbocharged system that
meets all FSAE rulesand carbe implemented on éh2008 WPFSAE car.This involves
fully dedgning the system, acquiring all the necessary parts and assembling the system.
The secondary goal of the projéeto maximize the horsepowés-weight ratioof the
engine Thiscanbe accomplished byaximizingthe horsepower of thengine
throughout tle power band while minimizing the overall weight of the sygsem
components.
At the start of this project, the team collectively had no experience working with
engine or turbochargers. TRdQPr eport from | ast year 6s FSAE
(Turbochargingghe FORMULA SAE Race Chy Jahnke, Locke and Shuman) was
provided to serve as a starting point for th
team was given sever al components from | ast
intercooler and bast control assembly. The team was also provided with an
undocumented pile of disassembled engine components. A bench was provided in

Washburn Shops to serve as the teamdbs wor k a



Giventhese starting condition)e following plarwas developed to acmplish
the stated goal3.he first step was to acquire a running naturally aspirated engine and test
it for necessary data. Thextestep was to use this data along with the results of the
teamds research to compl eteltthestheds i gn a t ur bo
objectives. Once the design was complete, all the necessary components were to be
purchased or machined. The actual system would then be assembled and tested. Finally,

the operational system would be installed on the FSAE car.



171 Background Information

This section of the paper contains the results of the background research
conducted by the team. These findings include general information about internal
combustion engines, forced induction and turbochargers. A summary of FSAE rules
relevant to turbocharging is also included since the turbocharged sysitegrdbeeloped
must be designed to comply with all FSAE rules so it could be entered into the FSAE

competition.

1.17 Internal Combustion Engine

The internal combustion engine is th@nghouse of a varietgf machines and
equipment ranging from small lawn equipment to large aircraft or l®atsn the focus
of this paper, the most important machine powered by an internal combustion engine is
the automobile. The engine literally providas driving force of the car while also
directly or indirectly powering just about every other mechanical and electrical system in
the modern automobile. While there amverakypes of internal combustion engstbat
cover the aforementioned large ramg@pplications, they all basically do the same thing.
They all convert the chemical energy stored in a fuel of some kind into mechanical
energy, which can then be converted into electrical en&fgythree most common types
of internal combustion aredh4stroke gasoline enginthe 2stroke gasoline engine, and
the diesel engine brief description of each tr@ommontypes of internal combustion
engine is provided belaw

The 4stroke gasoline engine is the most frequently used engine in cars dnd ligh

trucks as well as in larggoats and smadlircraft. The major components of the cylinder



of a 4stroke gasoline engine are shown in Fig. 1.1. Whileathengement and numbefr

the cylindersn an engindgends to vary, the parts that make up an indi@ictylinder

remain pretty constanthe most significant component is the piston which is connected
to the crankshaft via a connecting rod. The motions of the piston and crankshaft are
always related, witlbnealways forcing the other to move. The twowed, intake and
exhaust, at the top of the cylinder are aaend closed by separate camshafts that
precisely control the timing of each vafBenovement. The spark plug at the top of the
cylinder is powered by the engine battery and activated by the ergimmiter at the
appropriate time. Finally, the entire cylinder is surrounded by coolant channels that run
through the engine block to remove the massmeunt of heat generated by the running

engine.

valve
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cam
| exhaust

valve

mixture in—]|

intake __—"|

valve

|~ cylinder

> head
= cooling

| water

I g piston

crankcase

combustion = |
chamber

connecting
rod

crankshaft

© 2006 Merriam-Webster; Inc.
Figure 1.1 Components of a 4stroke gasoline engineinder. (Retrieved from
http://cache.eb.com/eb/image?id=72180&rendTypeld=36n April 14, 2008
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The four strokes of a-dtroke gasoline engine, illustrated in Fig. 1.2, are intake,
compression, power and exhaust. During the intake stroke, the camshaft opens the intake
valve as the crankshaft lowers the piston, which allows the cylinder to be filled with a
precise mixture of air and gasoline. Once the piston reaches the bottom dirttiercy
the camshatft closes the intake valve. The piston is now at what is known as bottom dead

center, and the cylinder is completely filled with the air/fuel mixture.

Four-stroke cycle intake exhaust
intake valve  SPark plug valves closed valves closed  valve closed valve open
open ;

air-fuel_,. f
mixture

exhaust valve
closed

=— spark plug
firing
combustion

chamber
piston l
connecting |
rod

crankshaft

intake compression power exhaust
Air-fuel mixture Air-fuel mixture Explosion forces Piston pushes out
is drawn in. is compressed. piston down. burned gases.

© 2007 Encyclopadia Britannica, Inc.
Figure 1.2Engine cycle of a4-stroke gasoline engine. (Retrieved from
http://cache.eb.com/eb/image?id=93572&rendTypeld=3dn April 14, 2008

The compression stroke comes next. With both intake and exhaust valves
closed, the crankshaft raises the piston, compre#isengir/fuel mixture. When the piston
has been raised to the top of the cylinder, it is said to be at top dead center. Once the
cylinder has reached top dead center, the air/fuel mixture has been compressed as much

as possible.
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The power stroke is nexpuWith the piston still at top dead cenéerd both
valves closedthe spark plug firesgniting the compressed air/fuel mixture. Once ignited,

a flame begins to move through the mixture, causing it to expand downward smoothly.
This expansion downwardrices the piston to move down. This means that the piston is
rotating to the crankshaft, whereas the rotation of the crankshaft moves the piston in the
other three strokes. The fact ttia¢ piston is driving the crankshaft means that energy is
being trangdrred to the crankshaft. This is how an internal combustion engine transforms
chemical energy in the fuel into mechanical energy. The power stroke is completed once
the expanding gases have forced the piston to bottom dead center.

The final stroke is thexhaust strokeélhe camshaft opens the exhaust valve as the
crankshatft raises the piston, which pushes the exhaust gases out of the cylinder. Once the
piston has reached top dead center, all of the exhaust gases have been removed from the
cylinder. The ciinder is now ready to start the cycle over again with another intake
stroke.

The 2stroke gasoline engine accomplishes the same thing asstheké gasoline
engine but with half as many strok&snce they can produce a good amount of power for
their relatively small size, -8troke gasoline engines are fownda variety of lawn care
and recreational equipment like lawnmowers, chainsaws, snowmobiles and small boat
engines. They are generally not used for larger application because they are less efficien
and dirtier than their-4troke counterpart&side from having fewer strokes;s2roke
engines differ from 4-stroke engines in their fuel mixtures and cylinder components. The
two strokes, upstroke and downstroke, ofsirdke engine along with the aytier setup

can be seen in Fig. 1.3.
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Figure 1.3 Engine cycle of a-&troke gasoline engine. (Retrieved from
http://cache.eb.com/eb/image?id=310&rendTypeld=4n April 14, 2008

Thereare no camshafts or complicated valve trains involved here, meaning the
piston basically has to perform more diverse functions thasinoke engines.
Furthermore, special two cycle oil is mixed in with the gasoline to help lubricate the
piston, so theidfuel mixture in a 2stroke engine includes oil. When the piston is at the
bottom of the cylinder, the already compressed air/fuel mixture has moved via the
transfer port into the top of the cylinder. On the upstroke, the piston further compresses
the ar/fuel mixture, creates a vacuum in the crankcase and uncovers the intake port. The
vacuum opens the intak@lveand draws more air/fuel mixture into the crankcase. The
spark plug fires and ignites the mixture, which forces the piston down just like 4h th
stroke cycle. On the downstroke, the piston transfers energy to the crankshaft while

compressing the air/fuel mixture in the crankcase and uncovering the exhaust port. As the
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pistonreaches the bottom of the cylinder, the compressed air/fuel mixtageaiis forced
into the top of the cylinder via the transfer port, which forces the remaining exhaust out

of the cylinder. The cycle can now begin again.

intake valve

intake compression power exhaust
€1 2007 Encyclopsadia Britannica, Inc.
Figure 1.4 Engine cycle of a-4troke diesel engine. (Retrieved from
http://cache.eb.com/eb/image?id=24075&rendTypeld=dn April 14, 2008

Diesel engines can have &®oke cycle, but most have sttoke cycle,
particularly those used by large trucks. Th&trbke diesel engine shovin Fig. 1.4 will
thus be focused oithe 4stroke diesel cycle is very similar to thes##oke gasoline cycle
with the big differences, aside from fuel type, being the fuel injection timing and ignition
method. During the intake stroke, the intake vagens as the crankshaft lowers the
piston, drawing in pure air. Once the piston reaches bottom dead center, the intake valve
closes. The crankshaft then raises the piston, compressing the air. Diesel engines
compress the air to much hgftompression ratiokhan their gasoline counterparts do
the air/fuel mixture, which means the compressed air reaches scorching temperatures.

The compression stroke is complete when the piston reaches top dead center and the air is
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completely compressed. It is at this monthat the fuel is injected into the compressed
air. The extreme temperature of the compressed air immediately itatesel. The
expanding gases then force the piston down, transferring energy to the crankshatft. The
power stroke is complete when the pisteaches bottom dead center. During the exhaust
stroke, the crankshatft raises the piston, forcing the exhaust gases out of the now open

exhaust valve. Once the piston reaches top dead center, the cycle is ready to begin again.

1.27 Regarding Automobile Engines

Since it was known early on that the engine to be turbocharged in this project was
going to be a 4troke gasoline engine from an automobile, extra attention was paid to
this particular engine and its application in cars and motorcythesighthe 4stroke
gasoline cycle and the components of an individual cylinder have been covered, there are
some other general findings that should be noted.

It was previously stated that engines can have different numbers and
arrangements of cylinders. Maaitomobile engines have four, six or eight cylinders
arranged vertically in a line (inline), horizontally opposed (flat) or ingh¥pe (V) as
shown in Fig. 1.5The total engine displacement is the total volume, measured in liters,
cubic centimeters ombic inches, of all the cylinders combined. Generally speaking,
higher engine displacements lead to higher engine power output, measure in horsepower.
The volume of an individual cylinder is determined by its bore (cylinder diameter) and
stroke (distancéhe piston moves from bottom dead center to top dead center). There are
thus three ways to increase engine displacement: increase cylinder bore, increase cylinder

stroke, or add more cylinders.



Figure 1.5 Inline, flat and V cylinder arrangements. (Retrieved from
http://auto.howstuffworks.com/question366.htmon April 14, 2008)

While the events in the cylinder have been discussed, the means by which the
air/fuel mixture arrives at the iste valve and where the exhaust goes after being forced
out the valve have not betlked aboutAlthough engines tend to vary from vehicle to
vehicle, the following is generally truAmbient air enters the engine through an air filter
that keeps nastydf like dirt and bugs out of the engine. The air then erberplenum
which is a large thin walled chamber that gathers and distributes the air to the runners.
The runners are simply pipes that connect the plenum to the intake ports. At the base of
therunners, just prior to the intake ports, the throttle bodies and fuel injectors are located.
The throttle bodies are valves that control the amount of air that enters the engine. Each
engine has a specific air/fuel raabwhich is it designed to operafehe engine computer
calculates how much air the throttle bodies let into the engine and then activates the fuel
injectors to spray just the right amount of fuel into the air. The air/fuel mixture then
enters the cylinder during the intake stroke of thgiree cycle. After being expelled
during the exhaust stroke, the exhaust gases enter pipes known as primaries. The
primaries, one per cylinder, are then merged into a single pipe before entering the

catalytic converter, which cleans the exhaust of sonweatse pollutants. The exhaust

1C


http://auto.howstuffworks.com/question366.htm

then goes through the muffler, which silences that noise of the thousands of explosions

taking place in the cylinders each mindiefore leaving the tailpipe.

1.37 Forced Induction

In automotive applications, forced unction quite literally means to force air into
the engine. Under standard atmospheric conditions, the engine will naturally consume a
volume of air equal to its engine displacement each time it completestitskécycle
and is said to be naturally asgtied.When some form of forced induction is added, the
engine will be forced to consume a volume of air greater than its engine displacement
each time it completes itsstroke cycle. While this may seem trivial, it is very
significant and can result inrige power gains for the engine.

The method by which adtroke gasoline engine converts chemical energy into
mechanical energyg discussedn Section 1.11t should be stated plainly that the
chemical energy is found entirely within the fuel, and thesptbwer generated by the
engine is directly related to how much fuel is in the cylinders during the power stroke.
However, simply flooding the cylinder with gasoline will not result in more power but
will manage to seriously damage the engine. Sectiom#rions that the engine is
designed to operate at a specific air/fuel ratio (AFR). What this means is that for every
particle of fuel there needs to be a corresponding number of air molecules. If this ratio is
disturbed, the engine will run lean (tool&tfuel) or rich (too much fuel), either one of
which is bad for engine. The engine control unit (ECU) monitors the airflow into the

engine and adjusts fuel injection accordingly to maintain a proper AFR. Thus the only
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way to really get more fuel into tloglinders, and enjoy the added power, is to irgeea
the airflow into the engindience the importance of forced induction.

Forced induction systems make use of a compressor to force more air into the
cylinders of the engine. In order to maintain a prof€eR, the ECU tells the fuel
injectors to spray more fuel into the cylinders, resulting in more power. The compressor
is able to force more air into the cylinders by increasing the pressure of the ambient air
before it enters the intake por®ith a consant cylinder volume, a lot more air can fit
into the cylinder at 20psi than at atmospheric pressure, 14Afpanavoidable
thermodynamic result of increasing the ai
The compressor thus raises both thesguee and the temperature of the air.

The two most common types of forced induction are turbocharging and
superchargingTurbochargers and superchargers both use compressors to raise the
pressure of the intake air as described above. These devicesndifierwvay by which
they power the compressor. A turbochangees exhaust gases expelled from the
cylinders to spin a turbine, which in turn powers the compressor. Figure 1.6 shows a
cutaway view of a typical turbocharger. The black housing with redigigklon the left
is the turbineThe gray housing witblue highlights on the righsthe compressofhe
yellow and green section in the middle contains the connecting shaft between the turbine

and compressor with its bearings.
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Figure 1.6 Cu??Cvéy view of a turocharger. (Retrieved from
http://commons.wikimedia.org/wiki/lmage:Turbocharger.ipg on April 14, 2008)

A supercharger uses a bel tankshatohai n conne
power the compressor. Figure 1.7 shows a cutaway view of a tgpjgatharger. The
belt i1 s attached to the pulley on the | eft d
crankshaft rotates, it causes the pulley to rotate, which in tures#us internal gears in

the supercharger to rotate. These gears power the compressor.

drive gear

driven impeller gear

internal oil gear

4 L 4
Figure 1.7 Cutaway view of a supercharger. (Retrieved from
http://auto.howstuffworks.com/superchargel.htm on April 14, 2008)
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On the right side of Fig. 1.7, there is a centrifugal compressor like that found on a
turbocharger. Whereas this is only type of compressor that is found on turbochargers,
there are actually a couple other types of compresisargan be found on superchargers,
shown in Fig. 1.8. Each of these compressor variants does the same thing. It draws in
ambient air at atmospheric pressure, compresses said air and directs the high pressure air
towards the engine. The differences initidetailed operations are not relevant to this

project.

FILL SIDE

FILL SIDE

DISCHARGE SIDE

©2006 HowStufWorks

006

7 ©2008 Howstultoks
Figure 1.8 Types of supercharger compressors: Roots, twistrew and centrifugal.
(Retrieved from http://auto.howstuffworks.com/supercharger2.htm

http://auto.howstuffworks.com/supercharger3.htm and
http://auto.howstuffworks.com/supercharger4.htmon April 14, 2008)

Since the goal of this project is to produce a turbocharged system, superchargers

will not be discussed again in this paper.

1.47 Turbochargers
As stated in the previous section, a turbocharger is a device that uses engine
exhaust gass to power a compressor that increases the pressure of the air entering the

engine, which results in more power from the endtigure 1.9 is a simple illustration of
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how a turbocharger works with a single cylinder. Air enters the compressor fromthe lef
is compressed and then directed to the intake valve of the cylinder. Exhaust exits the
exhaust valve of the cylinder, spins the turbine and is expelled. Thentajeepieces of

a turbocharger introduced in the previous section and shown in Figelttear

compressor, bearings section and turbine. Each of these sections has an important
function and deserves further attentitinis alsoimportant to recognize in any discussion

of turbocharging that turbocharging an engine involves more than jusing/app
turbocharger on to the engine. An entire system must be developed for the turbocharger,

including a means démperature and pressure control.

Figure 1.9 Simplified drawing of turbocharger and engine cylinder. (Retrieved from
Hu g h Ma cTurboohargeds courtesy of Schwitzer)

1.4.17 Turbocharger as a Device
Before getting into the details of a turbocharged system, the turbocharger as a

device will be describenh more detail. Figure 1.10 shows a drawing of what a
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turbocharger would look like if it were cut right down the middle. It effectively illustrates

the relationship between the three sections as well as the input and output of each section.
The heart of th turbocharger is the assembly of comprebkades, shaft and turbine

blades. It is this assembly that rotates at over a 100000 RPM when the turbocharger is
operational. This assembly also serves as the common connection between the three

major componentsf the turbocharger, which otherwise are independent of each other.

AIR OUT
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|r: ] /\
I !
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I
%"} >
AlR IN | || IE)(HAUST GAS OUT
.c«‘(;\?h ] II+
TURBINE
COMPRESSOR =sEhIoN
SECTION ]

EXHAUST GAS IN
Figure 1.10 Sectioned drawing of turbocharger components. (Retrieved from Hugh
Ma c | n Tusbgcbargers courtesy of Schwitzer)

The compressor blades, shaifd turbine blades that make up the rotating
assembly are distinctly inside of the compressor housing, bearings housing and turbine
housing, respectively. The role of the compressor housing is to direct ambient air axially
into the spinning compressoradles. The blades and housing are designed together such

that the ambient air is compressed and forced intaitrehannel wrapped around the
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center of the compressor housing, which expels the compressed air tangentially. The
compressed air leaves the casgsor with higher pressure and temperature. The pressure
increaseacross the compressor is known as boost. For example, if ambient air enters the
compressor at atmospheric pressure (14.7psi) and leaves at a pressure of 19.7psi, the
turbocharger is said toe creating 5psi of boost. Generally speaking, the hitjegboost
pressure, the higher the power gdsmore difficulty and cosareinvolved in

developing the system. The compressor works best at a particular combination of airflow
and boost presseirThe compressor should be chosen wisely to ensure most efficient
operation.

The primary function of the bearings housing is to guide the rotating shaft
connecting the compressor and turbine blades. This shaft is guided using either journal or
ball beaings. The bearings housing has a secondary function of lubricating the shaft and
bearings. This is accomplished by routing engine oil into the bearings housing, which
distributes the oil around the shaft and bearings. The oil is then drained out of the
beaings section at which point it can be returned to the engine. Heat from the exhaust
gase<an lead to oil coking, the charring of the oil on to the oil channels. This restricts oll
flow and eventually destroys the bearings. Some bearings sections havg@ulats that
allow engine coolant to reduce the temperature of the oil.

The main function of the turbine housing is to direct exhaust gadas torbine
blades to accelerate theam quickly as possible. Exhaust gas enters the turbine housing
tangenially and travels through the channels surrounding the center of the turbine. These
channels lead the air into the turbine blades, forcing them to rotate. The exhaust is then

expelled from the turbine housing axialljhe size of the turbine housing has a
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significant impact on the behavior of the turbine. In particular, changing the size of the
turbine effects turbocharger response, power gains and the engine speed at which the
turbocharger is most effective.

The desirable featus®f each of these turboalger components will be discussed

in sectiond 1 Turbocharger Selection

1.4.27 Turbocharger as a System

Now that the basics of a turbocharger have been covered, the major components
of a turbocharged system can be discussed. Unfortunately, a tarpedisystem is a lot
more complicated than the illustration in Fig. 1.9 might sugé#simbing, engine
modifications, intake air temperature and boost control are all major concerns that need to
be addressedrigure 1.11 illustrates more completely whdiasic turbocharged system
for an inline four cylinder engine would look like. It includes all the plumbing for the
intake and exhaust, oil feed and drain lines, an intercooler for temperature control and a
wastegate for boost control. These componentdwidiscussed briefly here and then at
length in subsequent sections of the paper.

The intake system consists of everything from the air filter to the intake ports on
the engine. This includes the compressor, intercooler (see next paragraph), naawifold
throttle bodiesThe job of the intake system is to connect all of these components with
hoses or pipes. The design of the manifold, which consists of the plenum and runners,
and the throttle bodies are also considered part of the intake systemtakieesystem in
general and specifically for this project will be discussed at length in sédtibmtake

System.
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Figure 1.11 Drawing of basic turbocharged system. (Drawn by D. Curran)

The intercooler is a heat exchanger that is included to remewenthanted heat
added to the intake air by the compressor. It is impossible to prevent the compressor from
adding heat to the air as it compresses it, though the amount of heat added can be limited
by choosing a properly sized compressor. It is undesitalplest allow the hot intake air
to go straight to the engine as it can reduce power gains and lead to engine knocking. An
intercooler is thus included in the system to remove the heat added by the compressor.
The heat is removed via cross flow of a coglfluid, either air or water. The air is then
free to flow to the engine with a lower temperature but still higher than atmospheric
pressure. Theatercoolerin general and specifically for this project will be discussed at
length in sectior’ i Intercookr.

The wastegate shown in Fig. 1.11 is the most common form of boost control on
modern turbocharged systems. The concept of boost was introduced in the previous

section as was the relationship between boost and the system. That is to say that while
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highea boost generally leads to higher powealso leads to increasingly complicated and
expensive system requirements. Since a turbocharged system is rarely designed with
unlimited budget and design freedom, there will always be a maximum boost that the
sysem is designed to accommodate. This maximum boost is usually chosen based on
performance goals, and the system is then dedigpecifically for that boost pressure. If
this maximum boost pressure is exceeded, the system could very likely fail, resulting i
damage to the turbocharger or engine. If left unchecked though, the turbocharger will
continue to create boost well past the maximum boost pressure. A boost control system is
thus added to limit the boost created by the turbocharger. A wastegate woltkediyng
exhaust gas away from the turbineeerthe maximum boostgssuresreached. As less
exhaust reaches the turbine, the turbocharger slows down and creates less boost pressure.
Boost control and wastegates in general and specifically for thiscprill be discussed
at length in sectio81 Boost Contral

The exhaust system consists of everything from the engine exhaust ports to the
tailpipe. This includes the manifold, turbine, wastegate and the muffler. The job of the
exhaust system is to coeet and support all of these components with pipes. The design
of the exhaust manifold, including the primaries and merge collectors, is considered part
of the exhaust system. The exhaust system in general and specifically for this project will
be discussiat length in sectiofi Exhaust System

The final major system component shown in Fig. 1.11 is the lubrication system
for the turbocharger bearings. In the drawing, this system consists of an oil feed line and
an oil drain line between the turbochargearings and the enginghe oil feed line is

connected to the engine at a location with positive oil pressure, and the oil dr&n line
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connected to the engineds oil pan. Mor e comp

and oil reserves are not uncommm The coolant lines between the turbocharger bearings
and the engineds radiator <circuit are not
available on all turbochargers and thus are not considered to be standard. Turbocharger
lubrication in generadnd specifically for this project will be discussed at length in
section10i Turbocharger Bearings

In addition to these components, any high boost turbocharged system is going to
require modifications to various engine parts. Electrical and ignitistes)ys may need to
be upgradeto ensure proper ignition. The fuel injection systems may need to be
upgrade to maintain the correct AFR. The throttle bodies and valve train may need to be
changed to provide for proper flow conditions. A more detailed déweripf necessary

engine modifications will be provided in sectib®i Engine Modifications

1.57 FSAE Rules

Since one of the goals of the project is to design a system that meets all FSAE
rules, it was important to review all rules for the 2008 FSABEmetition. Appendix A
contains a list of selected rules quoted directly fromattiaal document, which can be

found at the FSAE websitatfp://students.sae.org/competitions/forasdries/rule$/

This section will providea brief summary of the most notable rules affecting the design
of the turbocharged system.

The rule that has the biggest impact is the requirement that a gD#Bi@4 inch)
restrictor be placed on the intakessgm between the throttle body and compregsbr.

air into the engine must pass through the restrigtoe. 20mm diameter of the restrictor
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is intended to severely limit airflow into the engine and thus engine power. The order of
intake components is maaigd as throttle body, restrictor, compressor and enggme.
intercooler is permitted between the compressor and engine but can only be cooled with
ambient air or engine coolant, which must be either plain water or water with small
amounts of rust or corston preventie additives.

The remaining significant rules follow. The engine must besaake engine with
displacement of 610cc or less. The fuel used must either be 93 octane gasoline or E85
and must not have its temperature altered or contain ahgddgives. A muffler must be
included to limit noise. The exhaust outlet cannot extend more than 60cma(
distance) beyond the nreaxle and cannot be raised more than 60cm off the ground. There
must be at least 25.4mm of ground clearance for alher@pmponents. Finally, all
engine components must fit in a roll envelope defined by the roll hiodphe rear tires

as shown in Fig. 1.12.

REAR VIEW SIDE VIEW
SURFACE ENVELOPE SURFACE ENVELOPE

Figure 1.12 Roll envelope defined by FSAE rules. (Retrieved from
http://students.sae.org/competitions/formulaseries/rules/rules.pdin April 16, 2008)
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21 Naturally Aspirated Engine

The first step in the plan included in tléroductionsectionwasto acquire an
operational naftrally aspirated engine. The team had to usergine from d&onda
CBR600 F4imotorcycle the same engine that the 2008 WPI FSAE team was U3ieg.
same engine lokto be used bewise one of the project goalasthat the system be
designed to be implemt=d on the 2008 WPI FSAE racecar. This section of the paper
describes the teambés efforts to acquire a Ho

running.

2.171 Original Engine

At the onset of the project, the team was anticipating that a completellgnd
functional enginevould beprovided andavailable at WRIEventually the team was
provided something very different. Sevesakes of unlabeled and unorganized engine
components were provided. The possibility of reassembling these components and
essehi ally rebuilding the engine needed to be
working with engines and lack of knowledge about the detailed inner workings of an
engine proved an obstacle in this effort.

The collection of engine components was imeeied and analyzed to determine
the condition of each component. There was a stripped down engine block that the team
was told had a damaged journal bearing. dfimderhead was partially disassembled
but did appear to have all camshafts and valkkdsw other miscellaneous components
that had been stripped off the block including a damaged clutch basket, an alternator

cover, some gears and shafts were mixed in with dozens of unlabeled nuts and bolts.
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There were no pistons in the block, but there vgereeral removed pistons lying around,
both with and without connecting rodshe gark plugs appeared to be missing. The
entire fuel system was missing including the inject@i, pump and lines. Thereas
neither radiator nor coolant lines. All the @lécal components were missing from the
harnessto the sensorgo the ECU.The throttle bodies and air box were also missing.

It took the team a significant amount of time just to sort through the mess and
identify each part and assess its conditioneAfompleting this process, it was
concluded that rebuilding the engine from the comporiaritand wouldoe next to
impossible. Given the knowledge and experience levels in this area, it would have taken
the full efforts of the entire team over months tiviege all the missing parts and
assemble the engine.

The possibility of rebuilding the engine was subsequently taken off the table. A

new engine had to be obtained.

2.17 New Engine

Once the decision to acquire a new engine was made, the teamliegeaocess
of finding one. This process included extensive online searches, phone calls to
motorcycle dealers and trips to junkyards. The objective was a recent model year Honda
CBR600 F4i engine. Since money was not unlimited, a new bike could not ibagenlc
just to be stripped down to its engine. The focus of the search had to be on finding a
wrecked bike with an intact engine or an engine removed from the bike. The overall cost

of the engine or wrecked bike had to be under $1000.
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After completing ths exhaustive search, a 2001 Honda CBR600 F4i was located

on eBay www.ebay.com The engine was being sold by a vendor called Cycle Pros
Salvage in Bridgewater, Massachusetts for $699.99. The engine was in excellent

condition, so the team decided to purchase it. Table 2.1 below lists the engine

specifications.
Make Honda
Model CBR600 F4i
Year 2001
Miles 8600
Displacement 599cc
Cylinders 4
Arrangement Inline
Bore 67mm
Stroke 42.5mm
Compression Ratio | 12.0:1
Redline 14500 RPM
Fuel Electronic Fuel Injection
Cooling Liquid Cooled
Valves Dual Overhead Cams, 4 Ports/Cylinder
Block Material Aluminum

Table 2.1 Engine specifications.

With the new engine in hand, the next task was to manufacstamdon which

the new engine could be placed.

2.31 Engine Stand

The primary purpose of the engine stand was simply to support the engine so it
would not just be lying on the ground. Since the team did not possess its own chassis, the
enginealsoneeded to actualllye able to run on this stand. Ideally, the engine would be
able to run on the stand both naturally aspirated and turboch&vgadhis in mind, the

team began the process of designing the engine stand.
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At this point in the year, the 2007 WPI FSAE chassas still in the shop and had
its engine in itObviously, the naturally aspirated engine and its subsystems could fit and
run in the chassis. Furthermore, the 2007 chassis was fairly similar to the anticipated
2008 chassis, in which the turbochargedesyswould need to fit. Since a new chassis
was being designed for 2008, the teamdés firs
use as an engine stand once the FSAE team removed its engine. Unfortunately, this was
al so the FSAE t ewan6csatched.an, so this pl an
The next idea was to build a new engine stand based on the desigr200th
FSAE chassis. Numerous measurements were taken of the chassis while it had the fully
assembled engine in it. These measurements were then used to creatmadsllaf the
upper half of the chassis in SolidWorks. Some modifications were made to the lower half
of the model, so the engine would be a little higher off the ground, making it easier to
work on. Finally, some rotating industrial wheels were acquin@u the shop to be
affixed to the bottom of the engine stand, making it mobile. The completed model of the

engine stand is shown in Fig. 2.1.

Figure 2.1 Engine stand concept. (Modeled by D. Curran)
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With the engine stand model complete, it was time toadly manufacture the
stand. A technical drawing was made for the engine stand. The team took the drawing
and engine td/erchants Sheet Metal Auburn, Massachusett®avid LamoureuxSr.
andRonnie Withersvere very helpful. After taking some measuretaai the engine,
Ronnieexpressed some concerns over how well the dimensions on the drawings matched
up with the actual engine. Figure 2.2 shows a model of the engine created by the FSAE
team and inserted into the stand model well after the fact. It canydbeasken that the
mounting points on the engine stand do not match up with the bolt holes on the engine.
An additional concern was that the fully assembled engine was too wide to be slid into
the stand. Thus the engine would need to be disassembled bafuydolted into the

engine stand, and then the engine would need to be reassembled.

Figure 2.2 Engine inside of engine stand concept. (Stand modeled by D. Curran,
engine modeled by members of the FSAE team)

After considering the potential probletought up byRonnie the team decided

to defer to the wisdom of David afbnnieand let them modify the design as they saw
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fit. As a result, they were able very quickly build an excellent engine stand made out of
squaresteelbeamsandbolted the enige into the stand. The completed stand with the
engine in it is shown in Fig. 2.8Several of the components shown in the picture were
added well after the making of the engine stambg estimated cost of the parts and

laborwas$80Q but they very gesrously let the tearnorow the stand free of charge.

Figure 2.3 Engine bolted into engine stand.

The actual engine stand clearly came out very different than thgg descept.
The design ofhephysical stand is far simpler than the design concept for the stand. It
also clearly addresses the problems of the assembled engine being too big to fit into the
stand asvell as the bolt holes not liningp properly.

With theengine securely bolted to the engine stand, the team turned its attention

to getting the engine operational.
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2.47 Getting the Engine Running

Even though the team had an assembled engine on an engine stand, there was still
a long way to go to get the@ne running. The picture in Fig. 2.3 is somewhat deceptive
because, as indicated in the previous section, many of the components clearly visible in
the picture actually were not on the engine when it was first put on the engine stand. The
radiator, batter, wiring harness, throttle bodies, fuel rail and fuel injectors were not on
the engine, or even in the team0s possession
They were acquired over a period of several moashgart of the process of getting th
engine running. In fact, when the engine was first put into the stand, there was not a
whole lot more than the fully assembled block and cylinder head.

Given a lack of knowledge about engine components and a lack of clean and
secure working space at WHkhe team took the engine and stand to Bruce and Keith
Ar ¢ h a migarage andworkshop in Hollis, New Hampshire. They graciously offered
a place to store and work on the engine as wehlasyears of experience of working
with engines, all free offarge.They helped assess the state of the engine and
determined what components were missing. Based on their recommendations, the team
purchased stock components including a fuel pump, fuel rail with fuel injectors, throttle
bodies, wiring harnessxhaus manifold and gaskets. A complete list of purchases can be
found in Appendix B. An appropriately sized battery was purchased. A muffler was
obtained from the WPI shop for free. The stock ECU and old FSAE intake manifold were
temporarily borrowed from thESAE team in order to get the engine running. The old
FSAE intake manifold consisted of an air filter, restrictor, plenum, runners, and sensors.

David LamoureuxSr.from Merchants Sheet Metalas again very helpful in
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manufacturingand lendinga custom battery boof steel sheet metaind fuel tanlof
aluminum sheet metahgain free of charge.

Once all of these components were in hagalth assisted in assembling
everything.The battery box was bolted to the stand, and the battery was inserted into it.
The radiato was bolted to the engine stand, and the coolant hoses were attached to it. The
stock throttle bodies were clamped to the intake ports, and the fuel rail and injectors were
connected to the throttle bodies. The fuel pump was sealed in the fuel tankywakich
then connected to the fuel lines of the engine. The stock exhaust manifold was bolted on
to the exhaust ports with the new gaskets in between. Atdhig the engine was ready
to run mechanically.

Though the engine was in good shape mechanithéyelectrical systems were
still a problem.The stock wiring harness was connected to the sensors on the engine, and
the stock ECU was then connected to the wiring harKesth wired a makeshift
ignition switch to start the engin@/ith everything in phce, the engine was theoretically
ready to run. However, after multiple attempts, the engine still would not run. It would
successfully turn over, but it would not run. The conclusion was that there was a problem
with thewiring harness that was preventiagroper electrical signal from reaching the
fuel pump, fuel injectors and spark plugs. Keith suggested that the problem was a result
of using the stock ECU and wiring harness, which are supposed to be gn a full
assemblednotorcycle, on an engine stand that mightdcking some important sensors.

The engine was then brought back to WPI to work on the electrical components.
In an attempt to solve this problem, the team bought the service manual for the

20012004 Honda CBR600F4i models. This manual contained theleteanwiring
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diagram for the engine. After reviewing the diagram, some modifications were made.
Several unnecessary connectors for things like headlights, brake lights, etc. were cut off

of the wiring harness. Several other connectors needed to be bypass&CU was

expecting a signal from the kickstand and clutch sensors even though neither component
was present on the engine stand. These sensors needed to be bypassed rather than simply
cut, so the ECU would be receiving the signal it expected. Howafter bypassing

these sensorte enginestill would not run.

At this point, the team decided to enlist the help of the FSAE team, as they had
experience wiring the engine to their chassis. All of the fuses were checked to make sure
the problem was ndhere. A voltmeter was used to check all the connections and the
battery, and everything had a strong voltage. The fuel pump was connected to the battery
and ran properly. After further examination of the wiring diagram, the problem was
found. The ignitio switch needed to be altered. The bike actually had two ignition
switches that needed to be activated for the engine to run. The first ignition switch was
activated when the key was inserted into the ignition, and the second ignition switch was
a push bubn connected to the starter rejJayhich actually started the enginen&
everything dése checked out proper]yhe ignition svitch problem was the onlybstacle
standing in the way. The FSAE team managed to construct a switch for their car, but they
did not haveitne to assist in building a second one for this engine.

It was thus decided to completely redo the wiring. An aftermarket ECU was
purchased for the turbocharged system at this point. (See sktiidflectrical Systems
for details.) The aftermarket EClamme with a spool of wire for a new wiring harness.

The plan was to build a new harness for the aftermarket ECU that would circumvent all
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the problems experienced with the stock harness. The FSAE team took the new spool of
wire for their car, though. Theyffered the use of their completed wiring harness from
the previous year. Theoretically this made the engine ready to go, both mechanically and
electrically. Unfortunately, it was at this point that it was made cleatlteangine
required forty hours aluning. Very few people at WPI are qualified to tune the engine,
and it was so late in the year that none of them had the time to do it.

Getting the naturally aspirated engine running then became impossible. The goal
shifted towards physically implemengithe then completely designed turbocharged
system. Assurances were made that the turbocharged system would be tuned if it were

completely assembled.

2.57 Results

The original engine was damaged and incompleteas given to Keith in
exchange for hiassistanceA new engine was found and purchased. David and Ronny
manufactured an engine stand for the new endih@ecessary mechanical and
electrical components were obtained and assembled. The engine successfully turned over
but did not run. It woul have taken an estimated forty hours to tune the engine, which

was not feasible.
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31 Data Acquisition

Acquiring data from both the naturally aspirated engine and the turbocharged
system was considered to be essential in order to properly desigptand® the
turbocharged system as well as to compare the performance of each. In order to properly
design and optimize the turbocharged system, several different types of data needed to be
acquired such as airflow, horsepower, air temperature and preSsuarparing the

performance of the tweeparatsystemshoweverwould onlyrequire horsepower data.

3.17 Airflow Data

Airflow data refers to the rate at which the engine consumes air. This airflow rate
depends on engine speed and displacementaldosaffected by whether the engine is
naturally aspirated or under booairflow is important for this project because it is a
maj or factor in properly sizing the turbocha
naturally aspirated is used to predigflow under boost which is plotted on the
compressoros map to determine how efficient
compressor mapping will be discussed more in sedtiomurbocharger Selection
Suffice it to say for now that the airflow daihthe naturallyaspiratecengine across its
rev range is necessary to properly choose a turbocharger for the engine.

Normally, the airflow rates dhe naturally aspirated engine can be calculated
based on known engine displacement and engine speeah &stimated volumetric
efficiency. These calculated values are then used to predict boosted airflow to map the
compressor. However, the FSAE restrictor makes it impossible to accurately do this.

While the engine displacement and speed will still be kndeneffects of the restrictor

33



on the volumetric efficiency of the engine are unknowis iéasonable to assume that

the restrictor hurts the engined6s volumetric
how much of the cyl illeddvaghraid. Klealypoefficiency wauldbeact ual |
100% and the cylinder would be completely filled with air. In reality, the efficiency

typically varies between 580% depending on the engine speed and the design of the

intake systemOne can expect a drop irfiefency over the full rev range as a result of

the restrictor. Figure 3.1 shows the difference between an unrestricted and restricted

intake. Obviously, the unrestricted intake will allow much better airflow than the

restricted intake.

Air Fitver fII\
R

Figure 3.1 Unrestricted (left) and restricted (right) intakes. (Drawn by D. Curran)

In addition to hurting the volumetric efficiency of the engine throughout the rev
range, the restrictor has arimum airflow rate that it permits. The throat of the
restrictor is0.7874 inche# diameter. Since the throat has a circular cross section, the
area of the throat is 0.4869 square inahe.003881 square feetThe maximum velocity

that the air can reh through the throat is approximately equal to the speed of sound,
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about 1130 ft/sec. Since airflow is equal to velocity multiplied by area, the maximum
airflow can be calculated and converted to 229 CFM (cubic feet per minute). This means
that airflow irto the engine can never exceed 229 CFM. This probably would not be an
issue with a naturally aspirated engine, bueity well ®uld be an issue with a

turbocharged engine.

The complications posed by the restrictor made it next to impossible to aljcurate
predict the airflow into the naturally aspirated engine. It thus became necessary to acquire
this data experimentally. The plan was to use an air mass flow sensor that the FSAE team
had to measure airflow into the running naturally aspirated enginesefiser was going
to be installed in the intake manifold after the restrictor. Once the engine was running, the
airflow and engine speed data were going to be exported to a computer spreadsheet. The
data could then be used to predict boost airflow andth@pompressor. It could also be
used to anticipate when the restrictor would choke, when the engine would consume 229
CFM.

Obviously, since the naturally aspirated engine never ran, this airflow data was
never acquired. Unfortunately, the airflow datguaisition system was never completed

either.

3.21 Horsepower Data
Horsepower data basically consists of a graph of horsepower versus engine speed,
which is simply a measure of how much power the engine is producing at a given speed.

This data is usefudbr two important reasons. It provides a basis of comparison between
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the two systems, naturally aspirated and turbocharged. It also helps in the design of the
turbocharged system.

Being able to quantitatively compare the turbocharged system to thellgatura
aspirated system makes it possible to definitively say which system provides superior
performance. The naturally aspirated engine with restricted manifold would need to be
run on a dynamometer over its full rev range to determine its base horsepomwetata
could then be analyzed to determine how the restrictor reduces the engine power. The
shape of the horsepower curve could then be used to figure out what part of the rev range
experiences peak power and how broad that peak is. This informatioth beouéry
useful in designing the turbocharged system. The turbocharger should be chosen such
that it complements the part of the rev range that produces the most Powelthe
turbocharged system was complete, it could be put on the dynamometerit® find
horsepower curve. Comparing this horsepower curve to the one from the naturally
aspirated engine would show how successful the turbocharging effort was in increasing
power.

The need for horsepower data is pretty clear. Acquiring the data is noaskall t
though. Both the naturally aspirated engine and the turbocharged system would be
running on the engine stand since the team had no chassis to make use of. This ruled out
the possibility of using a chassis dynamometer, which the most common and readily
available type. Some kind of engine dynamometer would be required to get the necessary
data. Since there is no engine dynamometer available at WPI, the team was left with three
possibilities to explore: an engine dynamometer could be purchased, timdeoaltted

on somebody el sebds engine dynamometer, ofr
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Extensive time was spent online trying to find new or used engine dynamometers
for sale, but all of the dynamometers found were far too expensive to purchase. A few
leads vere contacted in an effort to find an engine dynamometer to rent time on, but they
did notimmediatelyresult in anythingHowever, Al Smyth of Portatree Timing Systems
in Uxbridge, Massachusetts did indicate that when the engine was operational, he might
be able to find an engine dynamometer to rent time on. Finls decided that there
simply was not time to design and build a properly functioning engine dynamometer in
addition to everything else that had to be done.

Ultimately, as it became cletrat the engine was not going to run, the need for an
engine dynamometer diminished. Efforts to get an engine dynamometer were eventually

abandoned.

3.37 Air Temperature and Pressure

Once the turbocharged system was finished, there was an intentistatb
several temperature and pressure sensors throughout the intake manifold to acquire data
about the effects of the componemgferring to Fig. 3.2,ensors would have been
placed(1) between the restrictor and compres$®ythe compressor andtercooler, and
(3) the intercooler andlenum. These sensors would have provided data about the
temperature and pressure changes across the restrictor, compressor and intercooler. This
data could have been used to improve the design of the restrictomncthrd efficiency
of the compressor and intercooler, and locate the best places to source the wastegates.
However, since the turbocharged system was never operational, this plan was never taken

out of the initial stages.
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Figure 3.2 Turbocharged FSAE sgtem with three sensor locations. (Drawn by D.
Curran)
3.471 Results
Since none of the data acquisition systems were ever realized, there benefits could
not be enjoyed. However, not having an operational engine would have been a problem
even should theala acquisition systems been completed. Without the airflow data, the
compressor could not be properly sized. Sizing thus had to be approximated, poorly at
that. Without horsepower data, a baseline could not be established for comparison,
making it next tampossible to determine whether or not the designed turbocharged
system actually would have improved power. Without the temperature and pressure
sensors, the turbocharged system would not have been able to have been optimized had it

been operational.
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471 Turbocharger Selection

The selection of the turbocharger for a system is possibly the most important
decision that there in the entire process. A properly selected turbocharger with some nice
features will wonderfully compliment the engine while siifyohg the system design and
plumbing. However, a poorly chosen turbocharger will do little to increase engine power
while causing one headache after another over the system design and plumbing. A
turbocharger is chosen primarily based on its size bu tirerseveral other desirable
features to look for as well. The team went through a lengthy turbocharger selection

process marked by repeated compromises leading to the final decision.

4.17 Turbocharger Sizing

There are two separate parts of the tunlaoger that need to be sized correctly,
the compressor and the turbine. However, before either of these components can be sized,
the objectives of the turbocharged system need to be determined. While engine
displacement and peak horsepower are importagepiof information, a little planning
needs to be added to this knowledge before proceeding with the selection of a

turbocharger.

4.1.17 Planning Ahead

The first stepn choosing a turbochargsizeis determining what the
turbocharger would have t@dThis means coming up with specific performance
objectives as well as determining exactly how the engine is going to beTaiged.

performance objectives are directly related to engine power, either horsepower or torque,
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and what kinds of power gain aresired. The operational objectives are generally related
to issues of drivability and durability.

Specific performance objectives tend to be measurable quantities. For example, a
particular objective could be to have 500 horsepower at 5000 RPM. Toisabvays
the case, though. A performance objective could also be to simply raise the horsepower
curve at engine speedbove 400 RPM.These two examples illustrate the difference
between peak and broad power gains. The first example would be a pasé& pbwer
gains.A naturally aspirated engine will experience a peak power output at a specific
engine speed with power output less at both lower and higher engine speeds. One type of
performance objective is to simply raise this peak power output vaniéging the rest of
the horsepower curve. In this case, the turbocharger is chosen to operate most efficiently
at the precise RPM at which the engine hits peaks power, while the turbocharger
efficiency at other engine speeds is marginalized or ignored.

The second example is a case of broad power gains. If a broad power gain is the
objective, then peak power is basically ignored as it occurs at a very specific RPM. In
choosing a broad power gain performance objective, a range of engine speeds is selected
over which the entire horsepower curve is to be elevated. This range of engine speeds can
usually be characterized as either dspeed, mierange or higkspeed with the actually
RPM values dependingonthe sizeeoh gi nedés overall eev range.
ranges would be chosen to have its power improved, and the turbocharger would then be
selected such that it operated most efficiently in that part of the rev range. Choosing the
area of the rev range to improve upon has a lot to do with what kind/wigdthe

automobile is going to be doing. Most street applications would probably look towards
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improving low and mid range power while racing applications tend more towards
improving high speed power.

In addition to performance objectives, some opemnatiobjectives should be
determined as wellhese objectives generally involve the drivability and durability of
the automobile and its engine. The drivability of the automobile is greatly impacted by
boost threshold and turbo lag. The durability of thgiee is directly related to heat.

Boost threshold is the engine speed at which the turbocharger starts to create
enough boost for the engine to start generating more power. The amount of boost created
by the turbocharger is linked to the compressordpéech is equal to the turbine speed
which is driven by the amount of exhaust flowing througfilie amount of exhaust
flowing through the turbine depends on the engine speed. Lower engine speeds produce
less exhaust. This means that there is not mulcauest making it to the turbine at low
engine speeds, which in turn leads to little boost pressure. There is actually an engine
speed below which the turbocharger is spinning so slowly that no noticeable boost is
being created, and this engine speed it kma®/the boost threshold. Prior to the boost
threshold, the horsepower curve will pretty be the same as the naturally aspirated curve
but it will shoot up once the boost threshold is reached. Accelerating through the boost
threshold can lead to a brief pemsurge affecting drivability. The location of the boost
threshold and its impact on drivability are dictated by the sizing of the turbocharger.

Turbo lag refers to the time delay between stepping ogabgedal and
increased power from the turbochargerldw engine speeds, there can be over a second
of waiting between flooring it and enjoying the benefits of the turbocharger. The presence

of turbo lag cannot be eliminated as it is a result of the turbocharger needing the extra
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exhaust from the higher eing speed to rotate fast enough to create the extra boost.
Turbo lag tends to decrease as engpeed increases past 4000 RPM and it can be
reduced at lower engine speeds by choosing the correct sized turbocharger.

The turbocharger tends to create magathn the engine system. The
turbocharger raises the temperature of the intake air as it compresses it and increases the
temperature of the exhaust as a result of the flow restriction posed by the turbine
increasing its pressure. This added heat decréasekirability of the enginand can
damage various parts of the systéfthile several other steps like adding an intercooler
are important, choosing the proper turbocharger plays a big role in reducing the heat in
the engine. The sizes of the compressat turbine can be chosen as to minimize the heat
added to the intake air and exhaust, respectively, at particular rev ranges.

With specific performance objectives chosen and the concepts of boost threshold,
turbo lag and heat durability in mind, theuwsdtsizing of the compressor and turbine can

be discussed.

4.1.27 Compressor Sizing

The size of the turbocharger compressor plays a major role in meeting
performance objectives and reducing heat but is not so important in the areas of boost
threshold ad turbo lag. The compressor size is important in meeting performance
objectives and reducing heat because its efficiency can vary greatly under different
conditionsand at different engine speedfghen operating efficiently, the compressor
addsrelativelylittle heat to intake air, increasing engine power and reducing overall heat

in the system. When operating inefficiently, the compressor adds a lot of heat to the
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intake air, reducing power gains and increasing the overall heat in the engine. Hotter
intake air hurts power gains because it is less dense than colder air, and denser air means
more air in the cylinder, which means more fuel and more pdvisercompressor must

be sized such that it operates most efficiently at the proper part of the revaanget t
performance objectives and limit heat added to the system. The boost threshold and turbo
lag are not impacted by the compressor size but are products of the turbine size.

A compressor is sized based on two pieces of information, boost pressure and
airflow. The desired boost pressure is chosen based on the performance objectives.
Generally speaking, the minimum boost pressure needed to achieve the performance
objectives is chosen. The airflow is directly related to the engine speed and is thus
calcubted based on what part of the rev raisggesired to experience a power increase
Once the boost pressure and airflow are known, they are usize tihe compressor.

When the compressor was discussed in sedtibd, it was stated that the compressor
works best at a particular combination of airflow and boost presSw@mparison of

this optimal combination of boost pressure and airflow for a given compressor to the
anticipated combination of boost pressure and airflow determines the suitabiligy of th
compressor for the system.

A compressor6s optimum boost pressure
map. Figure 4.1 shows a sample compressor map that happens to be for a Garrett GT15
turbocharger. The-axis is for the airflow, and thegxis isfor the boost pressure. Notice
that the airflow is expressed as Ib/min and not CFM, and the boost pressypeassed
as a pressure ratio, the ratio of absolute pressure under boost to atmospheric pressure.

Equation 4.4 can be used to convert airflol€M to Ib/min, and Eq. 4.2 can be used to
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convert boost pressure into a pressure ratio. Equation 4.1 is included to show how to
calculate the basic airflow of the naturally aspirated engine, and Eqg. 4.3 is used to
calculate the predicted engine airflowden boost. The airflow on the compressor map is
the predicted airflow under boost calculated with Eq. 4.3. Equatiors4ldan be used

with a known engine displacement, an estimated or measured volumetric efficiencies and

a desired boost pressure to pdp map the compressor.

GT1544. 43.9mm, 56 trim, 0.33 A/R

Pressure Ratio

0 5

10
Corrected Air Flow (Ib/min)

Figure 4.1 Sample compressor map for Garrett GT15. (Retrieved from
http://www.turbobyqgarrett.com/turbobygarrett/catelog/ Turbochargers/GT15/GT15
44 454082 2.htnon April 18, 2008)
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BasicAirflow (CFM) = (cid * rpom* 0.5 * E,)/ 1728 (4.1)
cid = engine displacement in cubic inches
rpm= engine speed in revolutions per minute
E, = volumetric efficiency of the gne

Pressure Ratie (14.7 +Boos) / 14.7 (4.2

Boost= boost pressure in pounds per square inch

Turbo Airflow(CFM) =Pressure Ratid Basic Airflow (4.3)

Airflow (Ib/min) =CFM/ 14.27 (4.4)

CFM = airflow rate in cubic fet per minute

The compressor is mapped by plotting three points on the compressor map and
connecting them with straight lines. The first point is at the airflow calculatetie
redline RPM and the pressure ratio for the desired boost pressurec®hd peint is at
the airflow calculated for the engine speed one half of the redline RPM and the pressure
ratio for the desired boost pressure. The third and final point is at the airflow equal to
20% of the maximum airflow and a pressure ratio of onaurgig.2 shows what the
compressor map will look like with these points plotted and connebhedefficiency at
point 1 is primarily what determines how well a fit the compressor is for the turbocharged
system. In this example, the efficiency appears tabdoeit 63%. Peak compressor
efficiency is usually somewhere in the low to mid seventies, but anything above 60%
should be considered acceptable. The line between points 2 and 3 must be completely to

the right of the left most line of the map in order teyamt instability in the turbocharger
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known as compressor surge. This particular compressor would be a pretty good fit the

system based on the sample points plotted.

Pressure Ratlo

GT1544, 43.9mm, 56 trim, 0.33 A/R

15 20

10
Corrected Air Flow (Ib/min)

Figure 4.2 Plotted sample compressor map. (Retrieved from
http://www.turbobygarrett.com/turbobyqgarrett/catelog/Turbocharqgers/GT15/GT15

44 454082 2.htnand edited on April 18, 2008)

With proper airflow data and a desired boost prnesghe compressor can be

mapped to determine how well it will work for the system being designed. The higher the

efficiency at point 1, and the more of the plotted lines that line in the peak efficiency
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island of the map, the less heat the compressorddllto the intake air, resulting in

higher engine power and better engine durability.

4.1.37 Turbine Sizing

Ironically, the selection of the turbine size is a bit simpler than the sizing of the
compressor despite the fact that the turbine size imffee{serformance objectives,
boost threshold, turbo lag and heat added. There are no complicated maps or processes
used to select the turbine size. It is basically just a balancing act. Smaller turbines will
provide lower boost thresholds and better tudgponse but only be able to create
limited airflow through the compressor and will create a lost of back pressure and heat in
the exhaustanifold Larger turbines, conversely, allow much more airflow through the
compressor and reduce back pressure aatlih¢éhe exhaust manifold at the expense of
higher boost thresholds and larger turbo lag. The airflow through the compressor is
directly related to the boost pressure the compressor creates. Therefore larger airflow
through the compressor means highersboessures. Back pressure in the exhaust
manifold can lead to reversion, which is when the pressure is so high in the exhaust
manifold that exhaust gases are forced back into the cylinder when the exhaust port opens
during the exhaust stroke. This obwstunot good and hurts engine power. These
opposing concerns must thus be balanced against each other.

Once again the manner in which the automobile is to be used will come into play
here. Performance objectives focused on high RPM ranges will likalyrees large
turbine, whereas low range objectives are better suited for a small turbine. The size of the

turbine can be described either by its exducer bore or its A/R ratio. Using the exducer

47



bore to size the turbine provides a ballpark size but itaypcrude. Figure 4.3 provides

a general guideline as to bore size based on airflow through the compressor, the value
calculated using Eq. 4.8Ising the graph in Fig. 4.3, the approximate size of the turbine
can be determined based on the compresstowairT he rough size indicated is for a
turbine that will adequately balance the design considerations described above, the A/R

ratio needs to be used to fine tune the turbine size for maximum benefit.
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Figure 4.3 Turbine exducer bore for given compressaairflow. (Retrieved from
Cor ky Neagirhumd@sos)

The A/R ratio of the turbine is the ratio of the housing discharge area to the radius
of the center of the discharge area to the center of the turbine blades. Figure 4.4 illustrates
this relationshipEach circular area represents the discharge point of the turbine housing.
The discharge point is the circular hole in the turbine housing through which the exhaust
gases flow into the turbine bladd$ie smaller the area, the faster the gases flow ieto th

turbine but the higher the exhaust back pressure. The reverse is true of a larger discharge

area.
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Figure 4.4 lllustration of turbine A/Rratio. ( Ret ri eved f rMaxmuwor ky Bel
Boos)

Selection of an appropriate AHatio can be a tricky task. It oftentimes requires
some trial and error. If it is not possible to try different A/R ratios and test the results,
then Fig. 4.5 can be used as a guide for selecting the A/R ratio. As can be seen from the
figure, higher A/R raos tend to produce more power from the engine. Lower A/R ratios,
on the other hand, lead to better lspeed response, which means lower boost threshold

and smaller turbo lag. As always, a balance needs to be struck depending on the desired

system perfanance.
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4.2 Desirable Featurs of a Turbocharger

While the abovementioned sizing of the compressor and turbine is far and away
the most import part of choosing a turbocharger, several other features contribute to
making a turbocharger the right choice. It would difficult to provide an exhaustive list of
everything that makes a turbocharger desirable. However, there are sestéyal pr
important features to look out for that will determine whether the turbocharger is a
guality machine or a piece of junk.

The single most beneficial feature is a water jacket for the bearings section of the
turbocharger. Sectioh.4.1already introdued the concept of a water jacket, and the
details of this feature will be discussed in sectifii Turbocharger BearingsThe

importance of having a water jacket will be discussed presently. The rotating shaft
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between the compressor and the turbine ctateap to 200000 RPM while being

exposed to some pretty high temperatures. The high speed of the rotating shaft makes
maintaining properly lubricated bearings vital. Without a water jacket around the
bearings, the oil lubricating the bearings can easlprioken down, resulting in charred

oil inside the turbocharger preventing proper flow. In this case, the quality of oil being
used and very frequent oil changes become very important in preventing oil coking. A
water jacket will eliminate the problem af ooking by keeping the oil cool enough that

it does not break down. Using quality oil and getting regular oil changes are still
important but not as vital. A water jacket is a purely beneficial feature to have on a
turbocharger that can greatly extendtht ur bochar ger 6s | i fe and
requirements.

Another purely beneficial feature of a turbocharger is the ability to rotate the
compressor, bearings and turbine sections independent of each other with full 360°
freedom, which is known as clocig. This is an important option to have due to oil and
plumbing requirements. For reasons that will be explained in sédibifurbocharger
Bearings the oil outlet of the bearings section must be facing down, as near vertical as
possible. It is extremglhelpful to be able to rotate the bearings into a position that
satisfies this requirement while being able to orientate the compressor outlet and turbine
inlet independently to facilitate plumbing. Most turbochargers without an integral
wastegate allowhie ideal type of clocking described here. However, most turbochargers

with an integral wastegate, Fig. 4.6, do not allow this type of full clocking.
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Figure 4.6 Turbocharger (Garet GT12) with integral wastegate.

The above picture of a Garrett GT12 shows a turbocharger consisting of the
aforementioned (from left to right) compressor, bearings and turbine with an additional
component in the foreground, an integral wastegatecyliveder at the end of a shaft
that is visible is actually the wastegate housing. The wastegate itself is inside the turbine
housing. Wastegates will be described in more detail in segitiddoost Control Suffice
it to say that integral wastegate valtisfy the system need for boost control, which
means that no additional wastegate will be needed as shown in Fig. 1.11. This does tend
to save money and space in the crowded engine compartment while simplifying the
exhaust plumbing. However, an integnalstegate is not all good. Most integral
wastegates create back pressure problems that hurt engine power and foster reversion
while also causing the previously mentioned clocking problem. Put simply, integral
wastegate are cheap and easy way of providimgtcontrol, but any serious

performance engine will benefit from avoiding an integral wastegate.
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Finally, the connections for all inlets and outlets should be looked at. The
compressor inlet and outlet will both likely be designed for a hose to bpexiom to
them. If this is the case, they should have a lip to assist in clamping. Their diameters
should also be standardized so standard sized hose can be purchased. The bearings
section will have an oil inlet and outlet for sure but may also have a wkgeand
outlet. These inlets and outlets should be examined to determine how easy it will be to
acquire and connect the right hoses for the oil and, possibly, water. The oil inlet and
outlet absolutely should not be on the same face. They shoulddpposite facesFig.
4.7. The same should be true for the water inlet and outlets. If the inlet and outlet are on
the same face, the small size of the turbocharger can create major problems in fitting all
the necessary connections itthat small arealheturbine inlet and outlet will most
likely be bolt on connections requiring flanges. Preferably the turbocharger
manufacturing will produce gaskets and flanges for the turbine, which saves the trouble
of having to design and machine custom ones. Thickrgés and flange connections

seal better and are less likely to fail under the stress they experience.
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‘_
—
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Figure 4.7 Good and bad oil inlet and outlet orientations.
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4.371 Finding the Right Turbocharger for the Project

At the start of the project, theat® was given an unused Garrett GT12
turbocharger, pictured in Fig. 4.6. This turbocharger was selected and purchased by last
yearo0s team. After revi ewi nirgeporthtlee decisiani onal e f
was made to start the turbochargeestbn process from scratch. This decision was
made after examining the airflow data that was used to map the compressor. The data
seemed to contradict itself and its source was not cited, making it suspect. The plan for
this year was to get the naturadlgpirated engine running with a restricted intake, and to
then use an airflow sensor to experimentally acquire airflow data necessary to properly
map a compressor. An ideal compressapwas to then be constructed and used to
locate the most compatiblerbocharger. Since the engine never successfully ran and the
data acquisition system was never completed, this experimental data was never obtained
and an ideal compressor map was never made. The turbocharger selection process thus
had to proceed without engh data to make a proper decision.

In addition to the lack of data problem, a lack of choices problem also existed.
Unfortunately, there is not much of a market for turbochargers for 600cc engosof
the commonly available turbochargers are fagiees 1000cc and larger, with an
emphasis on larger. Further complicating things was the restrictor. The restrictor was
going to cause the engine to consume less air and produce less power than a normal
600cc engine. This means that a turbocharger desfignads00cc engine could end up
being too large for this system. The team decided to try to find the smallest turbocharger
it could to try to compensate for the intake restrictor. Since no empirical data could be

gathered to properly size the turbochasgénis seemed like as good a plan as any.
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The search for small turbochargers thus began. One requirement, however, was
that any turbochargers that were found had to have a compressor map. Even though the
system could not be properly plotted on the mamdpable to compare the compressor
maps of two turbochargers is enough to determine which is better suited for smaller
airflow rates characteristic of smaller enginBse team spent an extensive amount of
time trying to find alternative turbochargers.eTinternet was searched from auction
websites to turbocharger manufacturer websgdsrums Junkyards and motorcycle
shops were contacted. An old turbocharger found lying around the shop was even
investigated until it was found to have severely damagadings. However, after all
that, there were no viable alternatives. The closest thing to a feasible alternative was the
IHI RHF3. The IHI website indicates that this turbocharger is well suited for engines as
small as 550cc and handles airflows up t0.2Z2M. A complete compressor map could
not be found for the RHF3, but Fig. 4.8 shows a simplistic compressor map comparison

between the RA3 and other members of the IHI RH series.
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Figure 4.8 IHI RHF3 compressor map comparison chart. (Retrieved fnm
http://www.ihi -turbo.com/turbo  RHE -RHF.htm on April 19, 2008)
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Since the above compressor map contains no efficiency lines, it is not worth a
whole lot. Incontrastto the IHI RH3, Garrett claisiits GT12 is well suited for engine
displacements between 4@Q00cc and horsepower betweerlEDhp. Figure 4.9 shows
the compressor map for the Garrett GT12, which happens to be a complete compressor
map. Since these two compressor maps use differdiotaunits and scales, it is
impossible to just eyeball them for comparison sake. However, there is a flawed method

of comparison that can be used.

GT1241, 4mm, 50 Trim, 0.33 AR

Pressure Ratio

10
Corrected Air Flow [Ibimin)

Figure 4.9 Compressor map for Garrett GT12. (Retrieved from
http://www.turbobyqgarrett.com/turbobygarrett/catelog/Turbochargers/GT12/GT12

41 756068 _1.htnon April 19, 2008)

The reason that a compressor cannot be properly mapped is the lack of

expermental airflow data, which is needed to account for the intake restrictor. There are
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equations that can be used to calculate expected airflow values that do not account for an
intake restrictor, though. Thus one method of comparison between these two
turbochargers is to map calculated poifaisa 600cc engine without an intake restrictor.
While far from perfect, this would at least allow some level of comparison between the
two compressors.

Equations 4.44.4 can be used to calculate anticipated airthomt pressure ratios
necessary to plot a compressor map. The engine displacement is 600cc, which equals
36.6142 cubic inches. The redline engine speed is 14500 RPM, making half the redline
7250 RPM. For an unrestricted intake, the volumetric efficiencgssraed to be 85%.

This is merely an assumption for calculations. The actual volumetric efficiency fluctuates
greatly over the rev range and would really need to be obtained experimentally. However,
85% is an entirely reasonable assumptvfith this information and Eq. 4.1, the basic
airflow can be calculated. Two different boost pressures will be plotted. In order to
maximize the horsepower of the engine, the team ideally wanted to produce about 18psi
of boost. However, due to flow problems with the restriand the extensive

requirements this high boost pressure would require, the team decided to initially shoot
for a relatively low 7psi of boost. Thus both 7psi and 18psi will be plotted on the
compressor maps in the form of pressure ratios, calculated Hq. 4.2, of 1.476 and

2.224, respectively. The airflow data and pressure ratios can be used to calculate the
corrected airflow rates from Eq. 4.3. Equation 4.4 can then be used to convert these
values in CFM to pounds per minute. Additionally, mujipg the airflow in CFM by

0.028 will yield airflow in cubic meters per minutes. The results of these calculations can

be viewed below in Table 4.1.
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Point Boostin psi| Pressure Airflow in Airflow in Airflow in
Ratio CFM Ib/min m%/min
1 7 1.476 192.74 13.51 5.40
2 7 1.476 96.37 6.75 2.70
3 0 1 38.55 2.70 1.08
1 18 2.224 290.41 20.35 8.13
2 18 2.224 145.20 10.18 4.07
3 0 1 58.08 4.07 1.63

Table 4.1 Pressure ratios and airflow for compressor mappingt V. = 0.85

The point designations refer to theepiously description of compressor mapping
in section 4.1.2 corresponding to Fig. 4[Be airflow values are calculated in CFM but
converted to cubic pounds per minute and cubic meters per minute so they can be plotted
on the compressor maps for the GBIl RHF3, respectivelfhese values are shown
plotted inFig. 4.10 and Fig. 4.1 on the compressor maps of the RHF3 and GT12,

respectively.
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Figure 4.10 7psi (red) and 18psi (blue) plotted on RHF3 compressor map.
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GT1241, Mmm, 50 Trim, 0.33 AR
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Figure 4.11 7psi (red) and 18psi (lbie) plotted on GT12 compressor map.

These results indicate that neither of these turbochargers would be a great fit for
an unrestricted 600cc engine. While everything is to the right of the surge line as it
should be, the first point in all four casepagrs to be at a point on the map well below
60% efficiency, which should be considered a minimum. However, since the engine has
an intake restrictor, the entire plots will probably move to the left, resulting in a better for
both turbochargers. The lackmroper data just makes it impossible to know for sure.
Assume for an instance that the restrictor causes the volumetric efficiency to change from

85% to 60%. Following the same process as above just for the GT12, which has a real
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compressor map to illustte this on, will result in the values in Table 4.2 and the plotted

map in Fig. 4.12.

Point Boostin psi| Pressure Airflow in Airflow in

Ratio CFM Ib/min
1 7 1.476 136.04 9.53
2 7 1.476 68.03 4.77
3 0 1 27.21 1.91
1 18 2.224 204.99 14.37
2 18 2.224 102.50 7.18
3 0 1 41.00 2.87

Table 4.2 Pressureatios and airflow for compressor mapping at \tL = 0.60.

Pressure Hatio

25 4

W/

GT1241, MAmm, 50 Trim, 0.33 AR

r——1® T 71T "1 "

|

|
___|___

|

|

|
|
|
|
—
|
|

140000 |

[

|

L
1

|

|

|

I AW ==} LY *
| |
B R
| |
E 220000! !
|
200000 |
|
T 7
|
|
|
|
]

] &

20000 |
|
|
1

15

Cormrected Air Flow [Ib/min)

Figure 4.12 Plots of \{= 0.85 and \, = 0.60.

6C

5]
=




As can be seen in the above compressor map, changing the volumetric efficiency
basically pushed thglotted lines to the left. Everything is still to right of the surge line as
it should be, but theompressor does look like it would be more efficient, though still not
perfect. The simple fact of the matter is that the restrictor could cause these jurap
all over the place, so it is impossible to accurately map a compressor. Making matters
worse, Garrett was the only turbocharger manufacturer that the team found that did in
fact provide full compressor maps for turbochargers designed for snpflatiment
engines. Unfortunately the data and choice problems mentioned at the outset of this

section were never really resolved.

4.4 The Final Decision

The final decision was to go with the Garrett GT12. This was the default
turbocharger, since it wais hand at the time. The team simply could not justify going
out and buying any other turbocharger without experimentally obtained airflow data that
could be used to properly map the compressor and show that the new turbocharger was
superior to the GT12Vithout this data and with few alternative options anyway, the
Garrett GT12 became the best chance of getting the system operational.

The GT12 has some good features and some rather unfortunate ones. The best
feature of the GT12 is that it does have a@awgcket around its bearings, which is a big
plus. Unfortunately it kind of goes downhill from there. The GT12 has an integral
wastegate, which is better for economy systems than performance ones. Though, to its
credit, it does have a separate outleti@rwastegate, which helps limit the back

pressure created by the integral wastegate. This will be discussed in more detail in section
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81 Boost Contral The wastegate unfortunately limits the clocking ability of the
turbocharger. The turbine and bearisgstions cannot be rotated with respect to each
other at all. The compressor can be rotated with respect to the turbine and bearings but
only in 60° increments as a result of bolting requirements created by the integral
wastegate mount.he compressor artdrbine connections are not too bad, but they do
have some downsides. The compressor has very unusual metric dimensions, making it
next to impossible to find othe-shelf hoses or pipes to attach to it. Garrett also does not
appear to produce any gasketdlanges for its turbine connections. Furthermore, the
GT12 has the awful oil configuration |
Al | in all, the GT12 is far from an
though. Despite all the flaws described abale,sizing is still the primary factor in
choosing a turbocharger. The GT12 is in the ballpark in terms of sizing. Without proper
airflow data, it is impossible to narrow it down anymore than ballpark. Therefore, the
team could not find or justify buyingtarbocharger other than the GT12, making it the
selected turbocharger by defa@everal pictures and documentation for the GT12 are

included in Appendix D.

62

sted

deal



57 System Layout

System layout concerns the relative placement of the major components of the
turbocharged system within the given vehicle. The components should be placed in a
manner that is most favorable to each particular component while allowing the simplest
plumbing possible. Once the working area, engine compartment or chassis, has been
estdlished, the first step is to place the turbocharger. The other major components then

need to be placed. Finally, all the plumbing needs to be worked out.

5.17 Laying the Foundation

A basic turbocharged system was introduced in section 1.4.2. Figusledw$ a
drawing ofa basic turbocharged system that meets FSAE rules. There are clearly several
major components including the air filter, throttle body, restrictor, intercooler, wastegate,
and muffler connected by a series of pipes and hoses to eaclmdre the intake and
exhaust manifolds on the engine. Finally, there is the turbocharger itself. The
turbocharger is the cornerstone of a turbocharged engines system, and as such, it deserves
to be placed first and foremost. The rest of these componéhite placed in the system
based on the location of the turbocharger. However, before the turbocharger can be
placed in the engine system, the working area needs to be defined. Oftentimes it is
defined as the engine compartment of an automobile. lcdlis, the working

environment is the FSAE racecar.
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Figure 5.1 Drawing of basicFSAE turbocharged system. (Drawn by D. Curran)

The 2008 WPI FSAE team chose to use a Honda ©OBR@i motorcycle engine
in a custom designed and built chas$tse turbocharged system being designed had to
fit within this chassis and its body. The actual physical FSAE chassis and body were not
completed until the end of the year, but the FSAE teasable to provide a SolidWorks
model of their chassis with the engine in it (Fig. 5.2) and some images of the body
concept (Fig. 5.31). The model of the chassis and engine was used extensively in
working on the system layout, particularly in working beexact positions of the major
components and th@umbingbetween themThe images of the body concept were used
to assess the feasibility of the design concepts for system l&yhil¢ it is difficult to
see from the model in Fig. 5.2, this chassacisially pretty small and starved for space
in the engine compartment where the turbocharged system needs to be housed. The body
design tends to correspond to the FSAE roll envelope described in section 1.5 and shown

in Fig. 1.12. This envelope placed shkuhe limited space available even more.
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Figure 5.2 2008 WPI FSAE chassis and engine model. (Modeled by FSAE team)

FSAE0708

Body 15q Ft.

Concept
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Side View

Figure 5.3 2008 WPI FSAE body concept, front and sidéew. (Created by FSAE
team)
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Figure 5.4 2008 WPI FSAE body concept, top view. (Created by FSAE team)

Now that the chassis and body in which the turbocharged systeminmastef
been defined, the actual placement of the turbocharger can be d&adechl
considerations should factor into decided where to put the turbocharger. It should be
placed high enough that the oil can be smoothly drained from the bearings tiqotire oi
using only gravity. It should provide easy access to both the intake and exhaust systems.
The compressor should be positioned to allow direct plumbing from the air filter and
direct plumbing to the intercooler with as few twists and turns as pasbi®durbine
should be positioned to allow a smooth, large radius exhaust manifold to be routed
directly to it while providing room for the wastegate plumbing. Finally, the turbocharger
should not be placed in a location where it is likely to come indtach with any hoses,

pieces of metal, wires or anything else. Bearing these things in mind, the team studied the
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chassis model |, atluiml classis.|Afteaspealking with they FSAE téals), a c

the location of the turbocharger was narrowed dowrtvlo choices shown in Fig. 5.5.

Figure 5.5 Possible locations of the turbocharger in the chassis. (Modeled by D.
Curran, engine/chassis by FSAE team)

According to the FSAE team, these were really the only two places that the
turbochargerwouldbebbe t o f it once they finished addir
components. The position above the engine and behind the head, shown in red, was
favored by | ast yearb6s turbo MQP t eam. Howev
strongly recommended using the looatto side of the engine, shown in blue. They said

that they were going to be adding equipment to the area above engine, making it a very
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