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ABSTRACT

The Michigan Technological University Clean Snoviil® Team is entering the 2011 Society of Automatangineers Clean
Snowmobile Challenge with a redesigned 2011 Po&wischback Assault. The snowmobile has been rgdesito operate with
reduced noise, reduced emissions, and with graagkefficiency. The snowmobile has been equippét awturbocharged four-
stroke 750cc Weber engine, AEM engine managemeitésy lightweight electric charging system, and Mdésigned intake and
exhaust system.

INTRODUCTION

To address concerns about the environmental ingdartowmobiles in Yellowstone National Park, tHea®h Snowmobile Challenge
was introduced in the winter of 2000 in Jacksoneii@Vyoming. The goal was to invite university stoideto design and produce a
cleaner and quieter touring snowmobile to be ridoi@marily on groomed snowmobile trails throughthg park. This event was
sponsored by the Society of Automotive EngineefsSand consisted of universities from across tingedl States and Canada, all
of which arrived with snowmobiles they had desigaad built. The snowmobiles were evaluated in sehstatic and dynamic
events, including acceleration, handling, anddiithbs. In 2003, the competition was moved to tlppé&r Peninsula of Michigan and
was hosted by the Keweenaw Research Center (KREChquth of Michigan Technological University’s (MTs) campus. For 2011,
the competition remains at the KRC and runs frommd&" to the 12'. The competition has evolved to include both imakr

combustion snowmobiles as well as zero emissiawdra-powered snowmobiles.

In 2010 the MTU Clean Snowmobile Team placed se@wedall in the internal combustion category withaads for Best
Performance, Best Design, and Best Simulation Drivesign. Table 1 shows a breakdown of the teaerfopmance from the 2010

competition.

Table 1: 2010 MTU Clean Snowmobile Team CompetitRasults

Event Score Place
Design Paper 89.3/100 2
Static Display 50/50

MSRP 13.7/50 9

| DNF
Fuel Economy 0/200 Endurance

Oral Presentation 97.4/100 2

Noise 109.7/300 3

Acceleration 27.3/50 7
BSFC/Lab Emissions = 200.9/350 3
FueI. Econqmy/ln 25.5/250 s
Service Emissions
Cold Start 50/50
Objective Handling 44.2/50 4
Penalties/Bonuses 100

For the 2011 Clean Snowmobile Competition the tbamfocused on meeting three primary goals wtdc the basis of the
competition: increasing fuel economy, decreasmgssions, and maintaining or increasing performabe MTU team aims to



achieve these goals by decreasing weight througligsh of a new chassis, increasing efficiency wiihine calibration and drivetrain
modifications, and decreasing emissions with all eghaust aftertreatment.

CHASSISUPDATE

The 2011 MTU entry is based on the all new 201 hf®Bwitchback Assault. The 2011 chassis offeversé important advantages
over other available chassis in the industry iniclgdveight reduction, improved rider ergonomics] &igh quality adjustable
suspension for varying riding conditions. A majdfetence between MTU’s previous IQ chassis andiée Switchback Assault
chassis is the fact that the Weber MPE750 was rdaggned to be used in the new bulkhead configuratequiring new MTU-
designed motor mounts. The MTU motor mount systecurly holds the engine in three locations- atrma@ location on the
power take off side of the engine, and on two loleeations, front and rear on the stator side efehgine. The PTO motor mount
has been CNC cut from aluminum and the statormsidents have been CNC machined from billet aluminaind, all three have been
fitted with vibration isolating bushings. Becaube tmotor mounts bolt into the bottom of the bulkhe&the snowmobile, the bottom
plate in the bulkhead was replaced with a thickecg of plate aluminum to withstand the heavier MB& Figures 1-4 below show
the bulkhead reinforcement plate as well as the Bi@front and rear stator side motor mounts.

Figure 3: Front Stator Side Mount (next to stock roat) Figure 4: Rear Stator Side Mount

Other chassis updates include the implementati@nTedam Tied driven clutch. The Tide clutch offefficiency improvements as
compared to the stock TSS-04 driven clutch; thiduis to the change in its designed operation. Title dlutch sheaves open axially
rather than rotationally; this motion produces lesk heat and friction while increasing drivetraifficiency. The increase in
efficiency is due to the reduction of energy regdito open the driven clutch sheaves.
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STEERING RELOCATION

The steering linkage for the 2011 competition sied modified to accommodate the implementationtoflaocharged engine. On
the stock 2011 Polaris Assault, the lower halfhef $teering post is mounted on the PTO side ddldteand is attached to the lower
spindles by aluminum tie rods and bars. Sincedtaisring column was directly in the path of thetpprding turbo and hoses, it was
relocated to the opposite side of the bulk headew bracket was machined and was welded to thedmgbular frame that
connected to the steering hoop. The connectingdatxth the upper and lower steering posts wemeved and welded to maintain
the same steering dynamics as stock but from amiulrposition. The aluminum support in the bottdrthe bulk head was flipped
and cut so the tie rods would still clear the stary components. Lastly, the steering links weaemmed to remove excess material
that was not needed for strength. This helped eehgight and gave the steering components a custoricated look. Final steering
modifications can be seen below in Figure 5.

Modified
Location \ 4
a2 "9
il ; -

Figure 5: Steering Relocation

SC-5 REAR SUSPENSION

In a further effort to reduce the weight of the wnwmbile, the rear suspension of the 2011 Switchlveak replaced with the Ski-Doo
SC-5 rear suspension. The SC-5 suspension weiliisslighter than the stock 144” suspension. The' tddr suspension, commonly
referred to as a skid, that came stock with thessisavas not well suited for the Clean Snowmobden@etition events. The long skid
was heavier and decreased the efficiency of theedrain due to an increase of contact area wittsttow and suspension rails (drag
force). The longer skid also decreased the corgexfnility of the sled which would hinder performaria the subjective handling
portion of the competition. With the team’s sucdess year with the implementation of the SC-5 sktie team again chose the 120"
skid as the rear suspension for the 2011 IC entry.

To determine the effects of the suspension chdng®, the suspension found on a stock FST trail &leel M-10) to the modern SC-
5, accelerometers were placed on the seat of a R808Classic and the 2011 competition snowmobitzeferation data was
collected while the snowmobiles were driven ovepastructed course at 15 mph. From analysis ofi#ite, it was determined that
the SC-5 did provide a reduction in acceleratiothatseat; this result can be viewed in Figured@idé the maximum acceleration
achieved by the SC-5 was 1.2 g’s less than thé& €itassic M10 suspension. In addition to objectia¢a, a subjective ride quality
test was performed using 4 riders of varying s&atkrom this experiment it was determined thatitdhe quality characterized by the
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SC-5 was indeed superior to that of the stock Midpension. The combination of the subjective andative results reinforced the
team’s confidence in their suspension selection.
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Figure 6: Acceleration Data

In order to fit the Ski-Doo skid in the Polarisihel, the rear scissor arm was narrowed 0.25” ch sa@le. The front torque arm had
to be narrowed 0.375” on each side to accommodtat®.1.25” structural plate added to each side@fuhnel. Since the front torque
arms are tubular in design, a flat plate was wetdetie machined surface in order to maintain stmad rigidity. New aluminum
spacers were machined to fit the narrowed skid lvbauld then be mounted in the tunnel as seengur€i7. A set of drop down
brackets were also fabricated and mounted todistiortened skid and can be seen in Figure 8. @igbtrand distance of the
brackets location with respect to the driveshaftengetermined by combining measurements from &&&eDoo snowmobile
equipped with the SC-5 and from the 2010 IC erthe skid was also equipped with Hyperfax slidescivlieplaced the stock
polymer slides. The Hyperfax slides have a higheiting point, 2.5 times higher, than that of staitks leads to a reduction in
friction and an increase of service life. The agpgiion of Hyperfax slides has shown an increagkdérsnowmobile’s drivetrain
efficiency; previous tests with Hyperfax showedegrgase of 6.2 Ibs of force to rotate the trackiradahe SC-5 rear suspension.

Figure 7: SC-5 Suspension Mounted Figure Brop Down Brackets used for SC-5

For the 2011 IC entry a 15" x 120" Camoplast XC-Bezk was used in an effort to further increasestine efficiency and decrease
weight, also a shorter track was required to accodate the use of the Ski-Doo SC-5 skid. This traghaced the 15" X 144" track
that came stock on the Polaris Assault. The 12&Ekimweighs 141bs less than the 144" track. In otdeurn this shorter track, a hex
driveshaft and 2.86" pitch track drivers were useead of the hydro-formed shaft and 2.52” pitdleeats. One issue that arose was
the change in chain case/brake packaging from@té 2ompetition sled to the 2011. On the previauswsnobile, the brake rotor
and caliper were located between the chaincasbéuakbead. This offset the chaincase 0.4” away ftbenbulkhead and allowed a
longer drive shaft. The 2011 chassis used the $wiagis Dragon chain case and brake set up but tedthe caliper on the outside
of the chain case and the brake rotor on the emigegfackshaft. In order to reduce costs, the dwdixishaped drive shaft was used
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from the 2010 IC entry. However, the hex driveshaftded to be machined down to fit inside the aze@ and not push the drive
bearing out. The solution was to remove 0.4” oferiat from the PTO side of the driveshaft and theathine down 0.4” on the same
side to accommodate the diameter of the drive $teglting. Once machined, a set of 2.86” pitch dsjweckets were pressed onto
the modified hex driveshaft and spaced correctipaich the internal drive cogs molded into thekrac

TUNNEL MODIFICATION

The tunnel on the 2011 competition sled was madlifiebetter house the shortened suspension. Im trdeaintain rigidity, the
tunnel was cut behind the structural supports efrtinning boards. Cutting the tunnel at this poieint shortening the cooling
extrusions, which primarily compose the upper sgfaf the tunnel. A new aluminum cross over rai$weelded in place and
pressure tested to ensure its quality. The bumpsrreattached to maintain a stock look and theialumtabs from the running
boards were bent up to give the end of the tuncttaner look. A major concern which arose aft@rtgning the coolers was an
increase in engine operating temperature due teethgction in surface area for heat transfer incth@ant extrusions. Though
minimal testing was performed, because of time traims, it was still determined that the reductiorcoolant extrusion length did
not increase the engine temperature to unsafeslevel

Both the stock tunnel configuration and the modifslortened tunnel were modeled three dimensiomalbyder to ensure that the
structural integrity of the chassis was not compsach Once modeled, the proper constraints weegdlan both tunnel sections and
the same loads were placed on each piece of tlesish&€omparing the finite element analysis redudts each version of the tunnel
it can be seen that the reduction in length oftleelified tunnel decreases the total deflectiorhefd¢hassis. The reduction in length
decreases the effect that a torsional load atgaeaf the snowmobile can have by reducing thé ketath of the tunnel. The
deflection results obtained from FEA are showniguFe 9 for the stock tunnel and Figure 10 for MiBU modified tunnel.

Figure 9: Stock 144” Tunnel Deflection ifure 10: Modified 120" Tunnel Deflection

Additional chassis modifications to the 2011 chasgstlude tunnel stiffening plates. These tunniéfiesting plates are used in a
critical area of the chassis, where the bulkheati@snowmobile meets the tunnel, and ensurelibainto main components of the
chassis remain aligned and are structurally sodigh forces are transmitted from rear suspensioantsoto this area of the chassis
as the snowmobile moves over uneven terrain atdspee reinforcing this area ensures that the chasss not buckle or kink.
Figure 11 shows the inside of the tunnel with steglforcing plates in place.

Figure 11: Tunnel Reinforcement
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CARBON FIBER WEIGHT REDUCTION

In past years the MTU IC entry has scored poorih@weight category. Since reducing overall pantshe snowmobile is difficult,
the team decided the best way to reduce weighbtiigcbrporate lightweight materials that do notsmmperformance to suffer. Carbon
fiber has been used as a lightweight material dinee1 950s. The team, in order to begin the legrpiocess and the incorporation of
carbon fiber to the sled, began this year by makingple parts that were not highly crucial to tlvemll function of the sled.

Through the implementation of carbon fiber and otheight reductions, the 2011 IC entry achievethal fweight of 535 Ibs (without
fuel); this is significantly lighter than previod&dTU entries and will undoubtedly lead to increasdfitiency and fuel mileage.

The first carbon fiber parts made were flat shedtich were used for vent and headlight covers. 8K #vill fiber was laid out,
measured, cut and a mixture of high temperature inmpact resin and hardener was applied. Care akentto ensure as little resin
as possible was used in order for the carbon fibeemain lightweight and strong. The sheets weiftefdr 4 hours on a flat surface in
a vacuum pump in order to harden. Once drieddéséred pieces were cut out of the sheets and datwlen to fit properly into their
respective positions.

The most complicated carbon fiber component fabeitéor this year's competition was the airbox vihiequired a lost foam
process. First, measurements were taken of the spadlable and a cardboard model was construEtedh the cardboard model a
Styrofoam mold was carved out eliminating sharpesdg order to make the carbon fiber layout ea3ieis Styrofoam mold was
then covered in several layers of plaster and shdden to a smooth finish. The mold was then pdintéh a water-based paint in
order to avoid having resin stick to the plastdre Tinal green painted mold can be seen belowgargi12. This mold was covered
with three layers of carbon fiber and a mixtureeasfin and hardener and allowed to dry in vacuunteQiny, a hole was drilled and
acetone was poured in and allowed to eat awaytrefS8am, plaster, and paint leaving the final carffiber product. The box was
then cut into two pieces to allow the air filtertte placed inside and hinges and a fastener weledad keep the box sealed.

Figure 12 The Finished Airbox Mold with raw 3K 2x2 twill Carbin Fiber and some needed Supplies

INTAKE

Because the Clean Snowmobile Challenge is centamathd making a snowmobile clean, quiet, and maeédfficient, engine
choice is critical. The MTU IC entry utilizes a &0 turbocharged, four-stroke engine manufactused/bber Engines called the
MPE750. This engine is commercially available frBplaris but only in the 1Q chassis. The combinatbthe MPE750 and the new
Switchback Assault chassis pairs a proven reliabgne with a lightweight modern chassis. Severadifications to the MPE750
were made in order to make the engine lighter aockrafficient.
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After mounting the engine in the chassis, the fingt major concerns for the engine were intake exfdhust. The intake of the
snowmobile utilizes stock Polaris FST throttle sdishortened intake runners, stock plenum, stdekcooler, and a modified FST
charge pipe. The motivation behind utilizing stétaiaris FST intake components where possible tak®e advantage of the proven
synergy in the parts as well as to shift focus moveards engine calibration rather than custonkitaart fabrication. The stock
intercooler was fitted with custom brackets, arel Siwitchback Assault plastics were exchanged ftarRRdRush plastics in order to
allow a front air intake for the intercooler. Frahe intercooler, charge air passes through an d&testock FST charge pipe into the
stock intake plenum where it passes through studitte bodies, through shortened intake runnerd,fimally into the engine.

In an effort to increase the volumetric efficierafythe stock MPE750 cylinder head, the rough stdakninum casting was ported.
Porting is a simple process in which both the iatakd exhaust ports of the cylinder head are figedynd to make them as smooth
as possible. The stock MPE750 intake ports haweaighr uneven texture from casting which can leddwer volumetric flow as well
as to turbulent flow into the engine. The MTU emgtaam porting was intended to smooth out the unéresh from casting in an
effort to achieve smooth laminar flow as well agnitrease the amount of air that can flow throughgorts overall. In much the
same way the exhaust ports were given a similatrtrent. Pumping loss in an internal combustionrengerves to decrease the net
work the engine can produce and therefore shoultebeeased as much as possible. Decreasing thenaonfqaumping work for a
given air intake system, exhaust system, and tarptisition is therefore a function of making isiea for the engine to draw in air
via intake porting and expel air via exhaust paytin

The MTU engine team ported head and a stock MPE@&a@ were both mounted onto a test block to replittew into a cylinder,
which is critical to the flow pattern of the he&llithout a mock cylinder for the air to travel dowro, data for flow through the
intake and exhaust ports would be erroneous. Thedey head is then bolted onto the mock cylinded the mock cylinder was
attached to the flowbench used to collect dateerAfeing attached to the flowbench, intake runaegdixed to the cylinder head in
order to provide accurate air flow data in muchghme way that the mock cylinders are used. Tladeéntunners replicate air flow
conditions as closely as possible to the engints insual running condition, and intake and exhaaktes were left in the cylinder
head in order to further replicate operating caad#. Figure 13 below shows the flowbench and dgirhead used for flow testing.
After both heads were tested in the same fashienptessure differential between each side ofltive Wwas measured, and discharge
coefficients were determined for each conditioguFé 14 below is a plot of the discharge coeffitsesf both the intake and exhaust
ports from the stock head as well as the ported.Hequation 1 was utilized in the determinatiornhef discharge coefficients; where
rho is air density and delta rho is the orificet@ladifferential pressure.

Maee = 5.770 x 1073 x [p * Ap]*/? % [1.6367/0.7416]? (1)

Figure 13: Cylinder Head Flowbench Test Setup
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Figure 14: Discharge Coefficients for Stock and Ported He

Figure 14above clearly shows that on the exhaust side ofitlael there is an advantage to using the stockdrehtbaving
unmodified. However, Figure l&so shows that there is a slight antage to using the ported head on the intakeddittee head
Because the advantage of the ported head is sb@mifle intake side when compared to the disadggnof running the pced head
on the exhaust sida,stock cylinder head has been use the MTU IC entry. Future flow testing will implemea cylinder hea
which is lightly ported on the intake side andeft ktock on the exhaust. This test was prohilitgel to time and resotes for the
2011 competition.

EXHAUST

The MTU 2010 IC entry as naturally aspirated. The 2011 IC entry utilizesested charge air from a st MPE750 turbocharger. A
major difference as well as design constraintlier2011 IC entry was the decision to use a conwealtifront exit exhau system.
This choice was made due to the heavy duty cortgiruof the stock header and the extreme conditienghich it must perfrm.
Dynamometer testing has shown exhaust gas tempesatuexcess of 1500° F for seal seconds at a time. The robust consion
of the cast exhaust headethg only reliable and realistic means by whichdeéha functional exhaust hea for real world
applications Previous IC entries from the MTU te have featured a rear exiting exhaust that ran titrabie tunnel whiclallows for
extra room to mount a large muffler as well astalytic converter. While this system was goodrfia noise and emissio
perspective, it often led to cracked exhaust coraptsdue to thermal shock and torsional ing from the chass. Additionally this
system led t@oor fit and finish of snowmobile components thadl ho be moved to account for exhaust routing. fidmat exit
exhaust fabricated for the 2011 IC entry featui@h the noise cancelation and emissions propestidee 2010 xhaust but with
simpler,more compact packaging and greater reliabi

Before exhaust fabrication, several exhaust corditipns were tested using the standard five mode ¢igst in order to copare each
setup from both a noise and emissions stant. Table 2 belovshows a comparison between three different exfsaigps. Thi
engine used for comparison was a stock MPEfrom a Polaris FST g stock engine calibration. E29 was used foiinigdin order
give an indication of how the catalysts wabylerform with E2X fue, which isto be used during the 2011 competi.
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Table 2: Emissions Data (E29 Fuel)

Pre/Post HC co Nox % Diff | % Diff % Diff
Mode | Configuration Cat (bpm) (%) (bpm) HC co Nox
Straight Pipe - 46 4.93 583
2010 Comp. Pre 42 4.39 824
1 Post
Pre 36 4.7 761
3 Pass
Post 17 3.18 20 11.11
Straight Pipe - 23 0.59 1618
2010 Comp. Pre 20 0.81 2229
2 Post
Pre 14 0.71 2012
3 Pass
Post 5 0.04 1277 142.31
Straight Pipe - 71 1.34 1260
2010 Comp. Pre 38 1.14 1803
3 | post |00 EAST
Pre 50 1.23 1606
3 Pass
Post 12 0.08 929 71.43  300.00 9.94
Straight Pipe - 60 1.23 1110
2010 Comp. Pre 46 1.29 1601
4 | post  [INSINN|NG01N| 076
Pre 53 1.33 1379
3 Pass
Post 10 | 00a | 605 |10000 [ESEIOONNISASHON
Straight Pipe - 128 2.33 203
P 2.1 2
2010 Comp. re >0 9 39
5 Post
3p Pre 54 2.29 198
ass
Post 16 | 043 | 22 30000 4,700.00 [NCAOKAN

Emissions data collected through dyno testing skiaat the three-pass-catalyst is very competitiite the catalyst used in the
2010 IC entry. The three-pass-catalyst providesifiignt emissions reductions in hydrocarbons aartb@n monoxide in high speed,
high load applications (modes 1 and 2), reductiormrbon monoxide and N@t cruising speed (mode 4), as well as signifitéDg
reduction at idle (mode 5). The MTU IC entry utiizan AEM universal engine management system wiiithllow for fuel and
ignition tuning to reduce both hydrocarbon and oarlmonoxide emissions in test modes 3-5. Emisgiate collected served to
focus emissions tuning in areas where its perfoomatid not exceed the 2010 catalyst. Additiondlly three pass catalytic converter
is still in the process of being broken in andxpexted to perform better with additional usage lagak cycling.

In addition to collecting emissions data, sounagdat several exhaust configurations was colleetedell. Sound data was collected
at each of the five testing modes used for emissitatta collection, and all exhaust systems werediparallel to the ground into an
open space and measured from approximately 1m ailegound levels were average levels at that madepeak or minimum
values. Table 3 below shows the sound data cotldotethe exhaust systems tested.
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Table 3: Exhaust Sound Data

Webber 750cc Sound Pressure Levels (dB)
Mode | Straight Pipe | 5.66" 3 Pass | 3 pass w/ Resonator | 3 Pass/Resonator/Cherry Bomb 2010 Exhaust
1 115.2 107.1 105.1 102.2 106.3
2 113.3 108.2 101.3 98.7 101.3
3 112.0 103.1 96.7 96.1 98.8
4 109.5 101.3 94.8 92.7 95.1
5 100.1 86.9 83.7 84.0 82.8

Table 3 shows that the combination of a tuned r@swonthe three-pass-catalyst, and a Cherry Bogther are quieter than the 2010
exhaust system used for the Clean Snowmobile Catigmeldy MTU. This exhaust system is unique in tih&mploys a sound
reduction operation both before and after catalydie three-pass-catalytic converter was develapednjunction with V-Converter,

a catalyst manufacturing company, and is the firgtiuct of its kind. This combination of exhausttpavas chosen for
implementation on the 2011 entry for its clean quigtt operation as shown by both emissions ancerdzsa collected. This exhaust
configuration also flowed better and allowed farreased power output through reduced backpressure.

After selecting the exhaust configuration to bedufee the 2011 MTU IC entry, a list of critical dgs constraints were developed for
mounting the exhaust system in the chassis. Tabkdalv lists the major design constraints usecftraust fabrication.

Table 4: List of Critical Exhaust Design Constraist

Exhaust Design Constraints

Keep exhaust components
1 under/inside of existing hood and
side-panels

Maintain a minimum of .25"
2 between exhaust components an
moving parts/plastics

o

Exhaust must contain tuned
3 resonator/three pass catalytic
converter/Cherry Bomb

Exhaust should mate to a standard
4 X
ball coupler exhaust interface

Exhaust should exit snowmobile
aimed at the ground

6 Design must account for heat
management and heat expulsion

After carefully considering the six critical desiganstraints, exhaust fabrication was completedgui2iinch mandrel bent tubing.
The exhaust pieces were laid in place in the s@fepof the chassis, stacked from top to bottoraroapproximate 4#5angle with the
tuned resonator on the bottom, the three passysatalthe middle, and the Cherry Bomb muffler ba top. After exiting the Cherry
Bomb muffler additional 2 inch muffler tubing isadsto route exhaust gases behind the catalyshédean the bottom of the
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bellypan. Figure 15 below shows the exhaust sysmpleted as one piece out of the chassis andd-idushows the exhaust
completed and mounted inside of the chassis.

Figure 15: Finished Exhaust System Figure 16: Exhaust Mounted in Chassis

Using Matlab simulations based on acoustic impeeanadeling, a transmission loss curve was genefatdtie final exhaust
configuration. This curve can be viewed in Figuée This graph signifies the frequencies in whioh éxhaust works best at
absorbing unwanted sound waves. The informatiomigea through this transmission loss plot is usé&dulproper selection of sound
absorbing materials. The transmission loss currvéhf® 2011 exhaust can be compared to that of@hé 2xhaust in the Figures 16
and 17; overall the 2011 exhaust system showsaaase in ability to absorb high frequency soundesaThis high frequency
absorption is beneficial to MTUs turbocharged eagimhich produces significant amounts of high festgy sound.

Transmission Loss of MTU Clean Snow Muffier
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Figure 16: 2011 Exhaust Transmission Loss Figure 17: 2DExhaust Transmission Loss

OIL SYSTEM

Several modifications were made to the oil systemgared to that of a stock Polaris FST. Due tcsthe and location of the exhaust
system fabricated, the stock plastic oil bottle idawt function well in the 2011 chassis. The MTdarn fabricated an all new oil
bottle out of aluminum to fit the unique size coastts at hand as well as to further reduce th@hteif the snowmobile. The stock
FST oil bottle was disassembled and the internalewut down and reused in the MTU design. The MIBES a dry sump engine
which means that oil is not collected and storednmil pan underneath the engine. The dry summenws several advantages over
its wet sump counterpart. These advantages indutiare not limited to being able to mount the sadower in a chassis because of
the lack of a large oil pan, the ability to increas decrease oil capacity of the engine, and olhiniy the movement of the oil in the
system preventing sloshing and oil starvation wienengine may be at an unusual angle.

The oil bottle design has three critical functiovisich had to be met in order to ensure reliabtk safe operation. First, the oil bottle
must supply an adequate amount of oil to the higisgure supply pump. The scavenge pump sends &Essyre oil to the oil cooler
and returns it to the oil bottle. Second, the oittle must remove any air from the oil before @c¢bes the high pressure pump. This is
done by swirling the oil inside of the cylinderemnal to the bottle. The heavy oil is centrifugedte outside of the oil bottle, and the
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lighter air moves towards the middle and out ofwibet built into the oil bottle. Third, the oil ket must function to relieve excess
pressure in the oil system with a breather thatdedhe top of the oil bottle. All three of thestical functions are performed by the
internals of the oil bottle that were modified frahe stock design and placed into the MTU-desigrikebottle. Figure 18 below
shows the MTU designed oil bottle and its basic ponents next to a stock oil bottle and its comptserhe MTU designed oil
bottle accounts for a weight reduction of 1.29dhd reduces oil capacity by 1.18 quarts. Throudficgnt engine run time, it was
concluded that the reduction in oil capacity witt prohibit efficient or safe engine operation.

In addition to redesigning the oil bottle from R8T, the oil cooling system was redesigned for ekesed weight and for reduced
cooling. The MPE750 engine responds well to aneiase in oil temperature to approximately 200°Fraamately 20°F higher than
stock. This reduction in weight and reduction imlony was accomplished by switching from a stodk@iwater oil cooler to an oil-
to-air oil cooler. The oil cooler used came fromlE®erformance Plumbing and consists of 10 nagogling cores for the oil to
flow through. In addition, -10 barbed AN fittingsahe to fit a 5/8’ inch oil line were placed on thattom of the oil cooler to transfer
oil at a similar flow rate to a stock FST snowmebR010 Polaris Rush nose plastics were used laceethe 2011 Switchback
Assault plastics in order to take advantage offh@ntake incorporated for the stock Rush cooler.

0il in from

0il system

oil cooler
breather /

o

Oil filler and s

oil level check

0il supply to
scavenge
pump

Figure 18: MTU Designed Oil Bottle and Stock Oil Be Internals

CHARGING SYSTEM

Additional modifications were required in ordemtmunt the MPE750 into the 2011 Switchback Asséhadsssis. In its stock
configuration in the 1Q chassis, the MPE750 is ppead with an automotive-style alternator in ordepdower the electrical system on
the snowmobile as well as to charge the batteryva¥er, due to space constraints, an alternatometan option for the electrical
system. Polaris personal watercrafts also use fARET0 and in this configuration the alternatoejslaced by a stator. The MTU
clean snowmobile team has attempted using the §olzis watercraft stator on the MPE750 in yeast put has found that in a
snowmobile application, and with the electrical @ewfs placed on the system, the stator wattage sufficient for sustained engine
operation. However, for the 2011 IC entry, the ktBolaris stator has been replaced by a high ouwtpititfrom Watcon, designed for
use with the MPE750. The Watcon stator is a prp®iynit and is in development for high performakiiE=750 applications.

In addition to implementing the new high outputstameasures have been taken to reduce the elagmands of the snowmobile
for 2011. The 2010 IC entry used an oversized aatdviallory fuel pump which had high current demdodproper operation. The
2011 IC entry replaces the Mallory fuel pump witle stock Polaris in-tank fuel pump. The benefithef stock Polaris in-tank pump
is threefold. First, the in-tank pump draws lessent and therefore lowers the demands placed@srtbwmobile’s electrical
system, making implementation of the stator moasiféde than in years past. Second, the in-tankgfueip frees up valuable space
under the hood of the snowmobile and keeps thepiuisip from being exposed to high temperatures dT tire in-tank fuel pump
operates quieter, as its noise is dampened insithe duel tank rather than being transmitted framder the hood. Further efforts to
reduce the electrical demand placed on the snowenistailude the deletion of hand and thumb warmeraell as the use of more
energy efficient and compact LED lighting for hagdts and tail lights.
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ENGINE TUNING

In order to achieve the high emissions standamisired to be competitive in the Clean Snowmobilal@mge, full control of the
MPE750 engine is an absolute necessity. Stock smdies are tuned to be safe in a variety of coodgiand often times, especially
in turbocharged applications, these safety faatarsbe as high as 1.5. For example, safety fabtgltsinto the lambda values of
many commercially available turbocharged vehickes loe as rich as .65 lambda. This high amountfefyse necessary, however,
because of the often unpredictable nature of tekduailable and the driving conditions that mayebeountered. Because fuel for the
Clean Snowmobile Challenge is definitively betw&® and E29, this safety factor can be decreasgtharengine can be tuned
closer to its stoichiometric value.

In order to achieve full control over the MPE75@i@e, an AEM Universal Engine Management Systemmasnted on the
snowmobile, and a custom wire harness was useahteect the flying lead harness with which it caméhie engine. Before
attempting to start the engine, consideration wasngto the E2X blend of fuel that would be runcBese the MTU team had access
to 55 gallons of sealed E22 fuel, engine tuningifec! on the E22 blend and closed logffe®dback was used to compensate for
varying fuel compositions. The stoichiometric vafaegasoline is well known at approximately 14 58FR. However, the
stoichiometric air-fuel ratio for E100 is approxitaly 9:1. Although the octane rating of a fuel m&ses with increasing ethanol
content, the energy content of the fuel decredbas,requiring a richer air-fuel ratio. The chamgéhe stoichiometric air-fuel ratio
with respect to ethanol content can be modeledliagar relationship. Interpolating the stoichioneair-fuel ratio from E22, using
the values from EO and E100 as bounds, the newttaadue is found to be 13.33:1. Figure 19 beloaxnghthe linear interpolation of
the stoichiometric air-fuel ratio for E22.

AFRvs. Ethanol Content
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Figure 19: Plot of Effect of Ethanol Content on AFR

Because the MTU Clean Snowmobile Team tunes baséahabda values, the stoichiometric air-fuel rétiond for E22 can be
converted to a lambda value which will be displapgdhe AEM UEGO using the formula for lambda shdwiiEquation 1 below:

_ AFRgctual _ 1333 _ 92 (2)

AFRstoichiometric 14.55

After calculating a new value for lambda, the usiaichiometric target for pump gas has been reteiju Where 1.00 lambda used
to be a perfect stoichiometric mix of fuel andfair pump gas, .92 is now used as a target foriatstometric mix for E22. Engine
tuning done on the MPE750 for the 2011 competitiasgeted .92 lambda for HC, CO, and N€duction. Engine tuning for the 2011
competition engine calibration is performed on aalgtand which exactly replicates the hardwaredoamthe MTU IC entry. This is
critical because the engine management systermfiggaoed to run a system referred to as speed gei$peed density tuning
involves the acquisition of intake pressure, terapee, and engine speed to determine the masgdliswof air into the engine. This
is in contrast to mass airflow systems which usareent value used to heat a wire in order to ddter the flow rate of air. Speed
density is sensitive to intake and exhaust hardwhamges which necessitates exact duplicationmpoments from the dyno stand
used for tuning and the setup used for competition.

Page 13 of 14



COST

In an effort to keep manufacturing costs as lowassible, every component added to the 2011 MT¥nEy was carefully analyzed.
The benefits and costs associated with each additmmponent were scrutinized; the result wasbiste estimated MSRP of
12,707.33 dollars. When this estimated MSRP is @egto that of a 2011 Polaris Turbo 1Q, which dadISRP of $11.099.00, the
additional cost is not substantial. Since the 20T IC entry utilizes a newer chassis, weighs lesg| produces significantly less
emissions, the MTU Clean Snowmobile Team feelsatiditional $1608.33 is well justified.

CONCLUSION/SUMMARY

The 2011 MTU IC entry used state of the art chaamsissuspension technology to reduce weight, iserdave efficiency, and
improve rider ergonomics. Comprehensive data didle@and analysis of exhaust systems for emissadtestreatment as well as for
noise reduction have been utilized in the seleatifoan exhaust system. The 2011 exhaust systemetdased noise from 2010, and
maintained emissions characteristics, all while@asing durability, reducing size, and reducingglei Through the implementation
of a turbocharger as well as through the utilizatid standalone engine management, stock perforenaa been preserved while
reducing noise and emissions. The 2011 MTU IC emtpyesents a first-of-its-kind engine and chassmbination which melds
proven four-stroke emissions and noise charadgigtith modern lightweight chassis technology.
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