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ABSTRACT

Rochester Institute of Technology Clean Snhowmobdam
applied design for six-sigma methodology to develdpw-
emissions snowmobile for the 2015 SAE Clean Snowit@ob
Challenge. The DMADV process was chosen to guide
product development.

The resulting design uses a 2013 Polaris Rush 6RP
chassis and a modified Weber 750cc engine. Tlggerwas
outfitted with a variable nozzle turbine (VNT) tedharger, a
continuous discharge ignition system, low-pres& @R, and
fueled by 16-32% Bio-isobutanol blended gasoline.

No emissions in-service data was collected, buineng

dynamometer testing showed a BSFC of 284 g/kW*kran
peak power output of 107 hp.

INTRODUCTION

The Society of Automotive Engineers (SAE) Clean
Snowmobile Challenge (CSC) allows collegiate desézms
to address vehicle emissions, noise, and efficieoogerns of
the snowmobile industry by developing innovativaust,
and economical design solutions. These clean@&teguand
more fuel-efficient snowmobiles are targeted for as
environmentally sensitive land, such as Nationak®ar
other protected ardasThese designs are also valuable
exercises in exploring technology in advance ofréhease of
more stringent regulations on emissions, noisefaeld
consumption.

The Clean Snowmobile Challenge is a week-long caitiqre
consisting of intense dynamic and static eventgrevidesign
teams demonstrate the performance of their snowewand
justify their engineering decisions. However, thegents are
not the only trying parts of the competition. Th8ECs short
design cycle time combined with the constraints and
limitations of a team’s finances and resourceshkmjust as, if
not a more difficult challenge to manage. Thesiaksociated
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with these challenges, as well as the high empipéasied on
innovative project management led the RIT Clean

Snowmobile Team (RIT CST) to implement a DesignSie-
Sigma ‘DMADV’ process at the systems and subsyseal.

SIX-SIGMA DMADV PROCESS

Six-Sigma is first and foremost, a quality improwerh
system, with many tools available for different bgations.
The most common application being a process impneve
tool — the DMAIC process (Define, Measure, Analyze,
Improve, Control), which is commonly employed in
manufacturing, design, and business. However tdlisonly
works on improving an existing process, not if @ be
developed from the ground up - this is where theADN
(Define, Measure, Analyze, Design and Verify) psscean be
utilized.

DMADYV places an emphasis on designing things cdiyr¢oe
first time. This leads to highly optimized systetasver
development costs, higher product quality, reduwdesign
time — and ultimately a more satisfied custdmeX
comparison between DMAIC and DMADV can be seen in
Figure 1. Just as with DMAIC, The DMADV process is
broken down into five phases, where specific tapésused to
ensure the design will be successful — a briefweer of
these phases is below:

1. Define — Define the design objective of the system, as
well as the scope and time-line of deliverables.

2. Measure — Measure customer feedback and determine
customer requirements.

3. Analyze — Analyze concepts and innovative technology
to find competitive advantage. Benchmark compeésitor
products and create competitive analysis.

4. Design — Design subsystems to add value to system.
Simulation, models, and prototypes guide design.

5. Verify/Validate—. Verify the design with testing
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Figure 1: Comparison of DMAIC and DMADV Six-Signmagesse’s
Define Phase

Project Charter

RIT CST’s objective was to design a snowmobile whic
would be optimized for the scoring matrix of thelBGBAE
Clean Snowmobile Challenge. Emphasis was placed on
innovation, while ensuring the snowmobile would & fun
and reliable.

Scope of the project was limited to a current potidin
chassis no older than 2011 from one of the fouomaj
manufacturers, and all designs must meet the 2@&G @les,
while remaining “in the spirit of the competition”.

A Gantt chart with soft, hard, and dependent deaslivas

created to establish a project timeline. The fagiverable
product was required to be in competition MarcR@15.

M easur e Phase

Voice of the Customer (VOC)

Voice of the Customer (VOC) is simply what is negder a
successful design — this is typically created tgtou
communication with the customer, external markseagch,
surveys, and from internal data. The VOC can latéd” or
“unstated” depending on if the customer directlynea their
need. It is vital to measure the VOC correctlyit agll guide
the design throughout the DMADV process.

For this application, the score matrix from the 20ales was
used as the stated needs in the VOC. An additiveed was
added from section 9.4.1 in the rulebook, statimpévation
is weighted more heavily in the scoring sheet tharast
competitions.” While this was not explicitly listéd the score
matrix, it was considered to be an “unstated” ausioneed.
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The needs for static events were removed sincediteyot
directly apply to the design of the snowmobile.

Critical to Customer (CTC)

To ensure that RIT CST created the Critical to Gustr
(CTC) accurately, the 2015 CSC score matrix wasyaed
and events were reconsolidated into a simplifietrisnavith
clear design objectives. Each objective’s scors uged to
calculate its weight.

Critical to Customer I
Points

Low Emissions 350
Quiet Operation 304
Fuel Efficient 200
Reliable 200

Sport-Trail Handling 100
Affordable Retail Price 50
Quick Acceleration 50
Easy Cold-Starting 5(
Innovative Design 25

Pareto Chart

Because RIT CST'’s Critical to Customer needs wereved
directly from the CSC scoring matrix, the maximuairps for
each need were used to calculate their respectipertance.
A Pareto chart of customer needs was then createelp
better understand the importance of each CTC. Hhet®
chart (Figure 2) shows that the emissions, noiss; f
efficiency, and reliability of the snowmobile accwed for
80% of the total score.
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Figure 2: Pareto chart of ‘Critical to Customer’ ahacteristics



Analyze Phase

RIT CST invested a considerable amount of effdd the
Analyze phase, where the team investigated whistoouer
needs returned the largest satisfaction, and iéthas a
chance for RIT to develop a snowmobile with noritianal
technology and gain a competitive advantage.

Competitive Benchmark

RIT CST analyzed the final scores of top five gassl
powered snowmobiles from the 2014 Clean Snowmobile
Challenge and ranked their relative performancé.1Fhis
allowed RIT to identify design trends of the leagliitrams, as
well as identify potential areas of improvementT RST
then strategically chose a combination of high-gand low-
effort requirements to excel at, and estimated tiedative
performance after re-normalizing the benchmarkesor
These results can be seen in Table 1.

0-5 RANKING 2014
+ RIT TARGETS 2015

Event UofW-M UofW-P Idaho ETS Kettering RIT Goal
Emissions 2 0 3 1 4 5
Noise 3 1 2 0 4 5
Fuel Economy 2 0 1 3 4 5
Reliability 2 0 2 1 2 5
Handling 1 3 5 2 0 3
MSRP 2 0 4 1 5 2
Acceleration 1 5 3 0 2 3
Cold Start 5 5 5 0 5 5

Table 1: Normalized final rankings of 2014 CSC &dinishers.

Quality Function Deployment (QFED)

A system-level quality function deployment matriassthen
created using the competitive analysis, CTC, arsihjde
targets from the winners of each event in the 203€.
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Figure 3: Quality Function Deployment (QFD) of 20R5T Clean
Snowmobile

The QDF relates the Critical to Customer charasties to the
Critical to Quality (CTQ) characteristics, and mambjective
importance on each CTQ. Itis also a visual aige® the
relationships between different CTQs. These m@hatiips
were chosen using logic and understanding of tlesjpective
theory — however a much more complex interactioy have
been observed if the time and resources were alaila
complete a design of experiments (DOE).

The “Relative Weight” row shows how important e&ZhQ is
to the overall performance of the system, baseti@ff
strong, and how many interactions with CTCs and €1@re
are. This relative weight should be thought cdaystem
sensitivity rather than how important it is for 68 Q to meet
its target. For example, engine power has the Bighe
importance, and the direction of improvement isximaze’.
However, this weight does not mean that powerdésiost
important thing to optimize — rather that it hassany
negative impacts other CTQs that the system is s@witive
to this CTQ. In other words, it is most importémset engine
power to a level which will give you the emissioafficiency
and sound responses that are desired.

Again, a Pareto chart was created to show the iapoe of
each CTQ characteristic, and to give RIT CSC insigh
where to focus our resources. Figure 4 showstligaiargest
payoffs will be seen in getting an optimal respoineen
Engine Power, Emissions E-score, Brake Specifi¢ Fue
Consumption, and Fuel Mileage.



Pareto Chart of CTQ
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Figure 4: Pareto chart of Critical to Quality Chacteristics.

Pugh Matrix

A Pugh Matrix was used to compare existing techgylkand
identify opportunities to introduce new innovatidesigns and
gain a competitive advantage for the 2015 Clearw@mabile
Challenge. Typically, a Pugh Matrix compares @lgin
benchmarked technology or product to potential eptsfor a
future product design. These concepts are thenhedig
against the benchmark for each CTQ, and a winner is
objectively identified with a -3 to +3 “worst to & scale.
However, RIT CST decided to create a composith®top 5
snowmobiles for this system-level application arddhmark
RIT’s 2015 concepts against it.

Individual Pugh Matrices were created for each gsiiesn,
and a final product design summary was created fhem
output. An example subsystem Pugh Matrix is shown
Figure 5.

EC1 EC2 EC3 ECa EC5 EC6 _|Composite
Dual-Coil

Electronic
Dynamic | Stop-Start | Throttle | ETC, Miller Cycle, LP
skip-fire | Technology | Control
(ETC)

LP EGR EGR (LP EGR) Izni';:’::;’y‘;m

Weight _|Quality Charactaristics (peeoi)
Brake Specific Fuel

12%| Ce tion (g/kW*hr) 3] 2 3 3] 0| of

Fuel Mileage (MPG) 3] 2| 3] 3 2| 3] >
Emissions E-Score o
(unitless) 3| 2| 3| 0 of ol (@)
Vehicle Sound Pressure =l
(dBA) 0 9| 0| 0 0| o o
Vehicle Mass (kg) 3] E E 0| 0| ol =
Suspension Optimized 5
(subjective 0-10) o 9| 0| 0 0| o ]
8%|__Proposed MSRP (USD) 3] 2| 2| o] 0| 1] -
Engine Power (kW) of 0| [ o] 0| 0] ~
4% _Engine Speed at 45 mph [ 9| 0| 1 1 3 o
8%| 500 ft ion time 0| o] 0 0| o] 1 <<
Cold start minimum >
1% (q o 9| 3 o 9| 9| =
1%| Innovation jecti 3 2 3 3 3 1 Q
1%| Other Benefit 0| 1 1 0| o] 1 =
B—— Difficult | Difficult ‘E’
hemy and pmem;‘ to implement | to implement | Packaging
P el with current | with current | advantage|
Comments ECM ECM
Final Score 0606} 0.414] 0.896] 0.751] 0.286| 0.463 0|

Final Choice Combine LP EGR, DCCDI, and ETC

Figure 5: Pugh Matrix of emissions devices and eagiontrol
strategies.
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Design Phase

The next step in the DMADV process is the Desigadeh
where concepts are fully developed into compondiiis is
where simplified models, simulations, and prototypee used
to guide the design of each respective componahsgstem.

Design Summary

The highest scoring concepts were taken from theystem
Pugh Selection Matrices and RIT’s 2015 system desig
summary was created. This summary is an overvigheo
technology and concepts that RIT CST decided teymufor
use in the 2015 Clean Snowmobile Challenge. Thagde
summary can be seen in Table 2 alongside the 2@hC

Snowmobile Composite Benchmark.

Design Summary

Category

2015 RIT

Composite Benchmark

Base Chassis Selection

Polaris Rush 600 Pro-R

Ski-Doo MXZ Sport

Base Engine Selection

Weber 750cc Turbo

600 ACE w/ turbo

Shock Selection

Walker Evans

Motion Control

Turbocharger

Honeywell GT1749V

MGT1238Z

Aftertreatment

Oxidation Catalyst

3-way catalyst

Advanced Emissions
Devices
and Engine Controls

LP EGR, ETC,
Dual-Coil Continuous
Discharge Ignition (DCCDI)

ETC, Miller Cycle, LP EGR

Fuel Strategy

Lean-Burn

Lean-Burn

Noise Treatment

Combine Absorbtive
and Resonant

Stock

Flex-Fuel Modifications

Closed-loop
lambda-based correction

Fuel-Quality Sensor

Ski Choice

Curve XS

C&ARZ

Track Choice

Camoplast Ice Attak XT

Camoplast Ice Attak XT

Driveline Modification

Slydog Bogey Wheels

Stock Bogey Wheels

Lighting Modification

External LED housing

Halogen (Stock)

Table 2: RIT design summary and composite benchmark

Base Engine and Design Strategy

The base engine selected for the 2015 RIT Cleawwobile
was the Weber 750 MPE in the turbocharged hightdutp
snow configuration. In stock form this engine bdeam
impressive power density of 1.54 kW/kg, as welbeake
specific emissions that nearly meet minimum CSe@lkev
RIT CST believed that this engine could providelikst
combination of power, reliability, efficiency andhéssions
required to be successful in the Clean Snowmoliilall€nge.

The Weber 750 MPE had several design featuresrthde it
attractive for this application. Frictional losseg minimized
by the extensive use of roller-bearings in comptsench as
the camshaft and gear-drive, and a dry-sump oslirsgem
ensures reliable lubrications while minimizing wagg losses
on rotating components.



Base Engine Comparison
Engine |Power (kW) HC |NOx| CO |E-Score
Weber 750 99 4,72 | * |122.69| 176
600 Cleanfire 84 3.84| * | 156.9 | 129
Ace 600 43 63.2| * | 61.69 192

*Note - EPA does not certify snowmobile NOx emissions

No NOx data available for E-Score calculation

Table 3: Base engine comparison.

In stock form the Weber 750 HO exceeds the powseit i
imposed in section 4.2.1 of the 2015 CSC rules.RIReCST
decided that the best way to maintain acceleration
performance while minimizing fuel usage and emissio
production was a high-dilution strategy demonsttdtg
Southwest Research Institute’s HEDGE-II (High-Eéfitcy
Dilute Gasoline Engine, Stage Il) research congaiti

SwRI HEDGE-II explored low-temperature combustiand
the dilution limits of a boosted gasoline engifiéhe results
were 10-30% improved BSFC through reduction of pingp
losses and improved combustion phasing, eliminasfdaw-
speed knock, and reduced tailpipe emissions thréawgér
temperature combustion. To achieve high dilutmrels an
external EGR was utilized with a continuous disgkar
ignition system. The EGR was cooled and usedcsmage
dilutant, and a variable geometry turbocharger wsesl to
provide low-speed and high-speed boosting. Thisarch
was the inspiration for RIT CST’s powertrain desad we
believe will be the future of light-duty enginfes

Turbocharger Selection

RIT CST evaluated several traditional waste-gate
turbochargers, but found that a variable-geomeiryine
would be required to get both low-speed and higéedp
boosting. A Honeywell GT1749V was selected aftatahing
both the compressor and turbine to the Weber 758'MP
expected operating range.

The GT1749V’s compressor was analyzed first. This
compressor is a 45 trim wheel with 0.46 A/R ratiusing,
and had a shaft speed limit of 190,000 RPM. Whi@nh R
CST’s boost targets and mass-flow rates are plaitetthe
compressor efficiency map (Figure 6), it is noteat the boost
threshold is met by 3000 RPM, and that boost mestipered
off to remain under the SAE CSC power limit.
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Figure 6: GT1749V compressor performance map.

Mass flow rate of air was calculated from idle spaeredline
(1500-8000 rpm) using ideal-gas law and was plattethe
isentropic efficiency map of the compressor. Isguit
efficiency was then referenced from the map ancddd the
ideal gas equation to calculate the final air nilss rate.
These numbers were then corrected to the compressor
conditions using Equation 1.

. W |Ti 1/545
WC =

P1./13.95

The corrected mass flow rate was used to look aft sheed
at a given pressure ratio, and was also correotézsbt
conditions using Equation 2

Nph
NC — pRy
’Tlc/545

Corrected mass flow rate and corrected shaft speeel then
used to calculate the compressor power requireceit boost
and mass air flow requirement using Equation 3.

r-1
WcXCpXTch{(ﬂc) Y —1}

lig=

Nc

The exhaust mass flow was then calculated by adtimg
expected fuel mass, assuming Lambda of 1.20. Xheust
mass flow rate was then corrected to turbine t@stlicions
using Equation 4.



wr [T1./518.4
w," =
A . -

P1;/14.70

Corrected exhaust mass flow, and compressor wheels
was then used to calculate a corrected turbing shaéd as
shown in Equation 5.

Nphy
NT -

’Tl.r/s 18.4

Corrected exhaust mass flow rate, corrected turdfiadt
speed, and turbine efficiency were then used twutate the
power converted by the turbine in Equation 6.

: A
LT=WT*XCpXTITX 1_(_) XT}T
Ty

The power consumed by the compressor is comparte to
power converted by the turbine. This power balarm®irms
that the expected boost levers are realistic fgivan load and
speed. The results of this comparison can beisgeigure 7.

Power Balance of Turbocharger
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e EBS Turbine Power (kW) ==l Compressor Power (kW)

Figure 7: Turbocharger power balance.

Corrected exhaust mass flow rate and pressurewatie then
plotted on the isentropic efficiency map the tuebérs shown
in Figure 8.
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Figure 8: GT1749V turbine efficiency map

The installation and of this turbocharger took ¢desable
design effort, as the turbine housing came equipytdan
integrated exhaust manifold for a different autdret
application. This required the RIT CST to modifie turbine
housing by cutting the runners off and welding arustom
single-runner flange. Because a CAD model was aifehle,
and the organic geometry was difficult to modeGraaform
3D scanner was used to import the part mesh djraat
Solidworks where a flow-optimized solution could be
designed. The initial form factor and RIT CST'swg@n are
pictured below.

turbine housing.

Dual-Cail Continuous Discharge I gnition
(DCCDI)



RIT CST decided that in order to reach high dilntievels
without a significant decrease in combustion quatitmore
robust ignition system would have to be develop&dystem
similar to SwRI’'s Dual-Coil Offset was proposed and
designed using readily available production comptsie

SwRI's research showed that the extended duratiarksvas
shown to dramatically increase the lean-limit aigRe

dilution limit of the engin¥. This is accomplished by
creating a continuous current across the spark gdipgand by
maintaining the glow discharge stage of the ignifioocess as
shown in.

2
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Figure 10: Phases of the spark-ignition procéss

This system utilizes 2 ignition coils per sparkgland fires
them in an alternating pattern to create a highggnleng-
duration spark. These coils are fired out of ptthseugh a
diode assembly to prevent the secondary windirms fsack-
feeding each other.

To dwell the ignition coils quickly and be ablertpidly fire
them multiple times during one combustion cyclde T
decision was made to operate the coils at an eldwatltage
using a 24V step-up converter. This brought thiedweell
time down to 1.5ms from 5.3ms. The coils also begi
dwelling before they fully discharge so that thewy dire more
rapidly, as shown in Figure 11.
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The control strategy was then chosen next. Beaafuse
limitations on the flexibility of programming the(®1 an
additional ignition module would control the DCC&vell
and spark duration, while the ECM would outpubd pulse
width signal. Because engine speed and pulse \&idth
known, the DCCDI module can still calculate ignitiangle to
+/- 0.2 degrees.

The inputs to the module are cylinder 1 & 2 igmtiniggers
from the ECM, ignition voltage, and manifold abgelu
pressure from a secondary sensor. This allows8k-Up
tables based on engine speed and load to be cteatedtrol
spark duration, and a 2D table to be created fendpop coil
dwell control.

Four LS3 coil-near-plug ignition coils were seletfer
packaging and performance reasons. It was detechtirat
the stock fine-tip iridium spark plugs would suéifor this
design, but the spark plug gap was opened up fr@mén to
1.0 mm to promote kernel growvith
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Figure 12: System diagram of DCCDI

Low-Pressure EGR

A low pressure EGR system was designed using Bgisti
automotive light-duty diesel components that waalldw for
RIT CST to explore the dilution limit of the enginé
decision was made to simplify the system as mugoasible,
so no EGR cooler was installed. But, because the Hwvs
through the charge-air cooler it was estimated tlaged on
the lower flow rates and high effectiveness ofdtueck
charge-air cooler during testing, that an additi@@R cooler
would be excessive. This is a design choice thatGST
intends to explore in the future.

A poppet valve regulates EGR flow by changing flanga
depending on load and engine speed. Mass flovbean

estimated using Bernoulli's equation, but becaussgure
differential and gas temperature is dependent enading

condition system is empirically calibrated pureasbd on
position.

To ensure that an adequate pressure differentiadadable to
allow EGR flow at all times, an external module ols an
up-stream normally open throttle body. When EGfois
desired, the module closes the throttle slightlyrpart a 5-15
kPa vacuum before the compressor inlet. The vadakapt
minimal to reduce pumping losses and prevent akdge
through the compressor seal.

Electronic Throttle Control
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A single Delphi electronic throttle body (ETC) rapéd the
stock dual manual throttle bodies mounted betwkerirttake
plenum and cylinder head. The ETC was mounted egust
of the intake plenum for packaging reasons, allgwire
plenum to be mounted directly to the intake runmers
creating clearance between the plenum and gas fRiik.
CST acknowledges the change intake runner desigmoels
the tuned length, but this compromise was requodid the
engine into the Polaris Rush chassis.

Electronic throttle control was selected becausdadivs the
ECM to filter throttle changes and reduce the anhofin
acceleration enrichment required during normal apen. It
also allowed for the air-flow profile of the thrigtbody to be
linearized to the sensor output from the thumbttleo

Aftertreatment

An Aristo oxidation catalyst was chosen as an eghau
aftertreatment device for RIT's snowmobile becanisthe
decision to operate largely in a lean-burn fuedtsigy. The
NOx conversion efficiency of 3-way catalysts is poaridg
lean operation, so RIT decided to maximize theirathd CO
conversion for small amount of space availableafoatalyst.
Low temperature combustion from high charge diluticas
the method chosen to minimize NO

Muffler Design

When designing a quiet muffler the goal is to lisound as
much as possible while trying to maintain low baegsure.
High backpressure will limit the power of the ergior in
severe cases not allow the engine to operate nkdter
combustion engines create sound pulses from coiobustat
move from the exhaust valve to the exit of the esha
Therefore it is important to ensure that the muffidl absorb
the sound pulses generated by the engine but kdsothe
exhaust air to flow with limited restrictions.

There are two main muffler designs that are utilite make a
quiet internal combustion engine, an absorptionfieuénd a
reactive muffler. The absorption style muffler siperforated
tubing with sound damping material wrapped arowndAs
the exhaust gas pulses throw the muffler the alisgprb
material will absorb the pulses therefore quietliogvn the
engine. A reactive muffler utilizes different chiaens that
direct and resonant the exhaust gas though diffe@ssages
in the muffler to slow down the gas and reflect sarhit back
toward the engine. The chambers are designedtmage at a
certain frequency and reduce the noise at thatiéacy. For
the RIT clean snowmobile both sound absorbing clesb
and resonant chambers were utilized. In ordeedoce the
most noise produced by the Weber 750cc engineh&B83
was targeted as that is the primary firing frequyewicthe
engine.



It was determined that due to space limitationsrafte weber
750cc engine swap a stock Polaris Rush muffler evool fit
in its normal location. Therefore instead of motfifythe
stock shells to fit it was chosen to create a semptjuare box
design. 16 gauge 304 stainless steel was benvelded
together to create the shells of the muffler. @ngacustom
shells allowed the muffler to be integrated inte thassis and
fit perfect with the weber engine.

Figure 13: CAD model of RIT designed muffler. Noternal
catalysts.

The muffler contains four different internal chamdbeTwo of
these chambers are absorption chambers with twa. dwadf
inch perforated tubing wrapped in sound absorbiatenal.
The other two are resonant chambers that allowgéiseto free
flow throughout the chamber before entering thet nex
chamber. The muffler also uses two catalytic colever
welded back to back. The exhaust gas first pabsegh the
catalysts before entering the first chamber. Tdtalgsts are
made of palladium and Rhodium and are designexitialize
an oxidation reaction with both carbon monoxide and
hydrocarbons. These Catalysts help reduce emissibthe
snowmobile and by using two of them in series,rtlikei will
be extended.

To ensure the muffler would not create too muctkbac
pressure and would have good flow patterns, CFD was
performed on the 3D model before fabrication. rdes to
simulate the engine exhaust gas a sine wave waeednnto
the CFD package to simulate the pulses created from
combustion. The results showed that the muffleale/
indeed not create too much back pressure andibatxthaust
gas would indeed slow down and become absorbeleby t
muffler.

Base Chassis Selection

The chassis selected for RIT CST’'s snowmobile wa2013
RUSH Pro-R. This chassis boasts Polaris’s innegd®iro-
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Ride progressive rear suspension, and an advarceko
aluminum construction. The Pro-R model was chasem
the base Rush because the upgraded Walker Evatisssho
gave an additional handling benefit that RIT CSTided was
needed to help offset the additional weight of\teber 750
engine.

Skis

Curve Industries XS Skis were chose for their siopérail
performance. This is credited to their unique palia profile
which allows the ski to “carve”, similar to an aggsive
downhill mountain ski. They also feature “varialometry”
pockets on both sides of the keel, which are irgdrtd funnel
and compact snow into a temporary rail and allovimgski
rise above the snow rather than push through gsélskis are
also customizable with accessories and differelared
components, which makes them attractive to thelooss.

Figure 15: Curve XS Skis. Note parabolic profifelaontrol
features on bottom of ski.

Track

RIT CST chose Camoplast's Ice Attak XT track, Catasps
newest pre-studded track with an improved lug desig
Compared to Camoplast’s previous Ice Ripper XTitlee
Attak XT’s lug design delivers better traction ailogmed
trails, as well as hard packed and icy conditiében
compared traditional studs the factory studs aremuuieter,
less likely to be ripped out, and are much easi@ndtall. Its
1.22" lug height also provides for better handlangl stability
than the stock Ripsaw’s 1” lug. This track alsattees



Camoplast’'s new optimized rubber compound for soper
traction on groomed trails.

Figure 16: Camoplast Ice Attak XT pre-studded track

Shocks

By comparing the stock Walker Evans Clicker shotdkd;0x
Float EVOL shocks, and Motion Control shocks, tteek
Walker Evans Clicker shocks bettered the compaetitige to
no increase in MSRP and the amount of adjustaliigy
have. These shocks were valved and sprung for the
approximate 80 pound increase in weight due tartrease
in motor weight.

Bogey Wheels

By comparing the Sly Dog bogey wheels to the stalaris
bogey wheels, the Sly Dog bogey wheels bettered the
competition by reducing friction, which RIT CST lesles will
return both better in-service fuel economy andefiast
acceleration. The Sly Dog bogey wheels are desigaeth
airfoil which blow snow into the skid and decreéize
coefficient of friction between the hyfax and thack clips.
They are also available in different colors whichkas them
an attractive customizable option to consumers.

Lighting

RIT CST decided to install a headlight delete kitl aeplace
the stock halogen bulbs with an external high-efficy LED
unit. This was done to increase the amount ofespader the
hood, for aesthetic reasons, and because LEDsregoomly
20W as compared to the original bulb’s combinedw20

Verify/Validate Phase

The verify/validate phase of the DMADV process Isane the
finished designs are tested and their performamegaluated.
The performance of many of the subsystems arelyltsd
together and their performance is dependent on theing
evaluated as a larger system. This dictates tieat t
verify/validate phase be conducted at the syste®il.leDue to
RIT CST’s limited resources, some aspects of designe not
able to be measured and will not be presentedsmtper —
these aspects are specifically noise, emissiorsgrivice
economy, and handling.

ENGINE CALIBRATION AND DYNO
TESTING
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RIT CST calibrated and evaluated their engine Bom@ghi &
Saveri FE600 eddy current dynamometer with Superélata
acquisition. Because of a data collection issue fael flow
data from the MAX model 2013 piston-type flow metexs
not recorded. All fuel flow data was calculatednfrair fuel
ratio and mass-air flow from a MoTeC LSU 4.0 sersut
Superflow 6” airflow turbine respectively.

Turbocharger

Mass air flow data was collected during calibratiand
overlaid onto the GT1749V compressor map. Theee is
strong correlation to the flow and pressure rati@isulated in
the design phase. The compressor is shown to tepatrés
highest efficiency at peak engine power which redutharge
air temperature, and is beneficial for BSFC as aglunder-
hood temperature. The VNT turbine allows for a Viewy
boost threshold as expected, but the compressarajmrate
very close to the surge line as shown in Figurdtlig.not
expected to cause reliability issue due to theitaad
characteristics of the belt CVT.

Honeywell GT1749V

[N

Pressure Ratio (1) P2c/Pic

=

Corrected Air Flow (Ka/s)

TILE CTER40V 10048} 4€ Trim 045 AR

Figure 17: Cbmpressor efficiency‘ map with test-dadants overlaid.

Engine Performance

RIT CSC'’s modified Weber 750cc was shown to prodyze
to 140 hp during calibration, depending on boosatlland
fueling strategy. This shows that this engine pgekia
flexible and can be highly competitive with exigtisport-trail
oriented snowmobiles on the market. Boost was tbdnced
to lower power output to CSC-legal levels. Finaiver
output characteristic can be seen in Figure 18.€rgine
produces significant power at low speeds due tdaweboost
threshold of the GT1749V.



Contour Plot of Engine Power (hp)

MAP (kpa)

4000 5000 6000
Engine Speed (RPM)

Figure 18: Manifold absolute pressure (MAP) vs eregspeed
(RPM) vs engine power (hp) contour plot.

Brake Specific Fuel Consumption

A BSFC plot was created based on manifold pressode
engine speed. The contour lines show that thenermperates
at its highest efficiency between 180-200 kPa &@D67500

RPM.

Contour Plot of BSFC

MAP (kpa)

4000 5000 6000
Engine Speed (RPM)

Figure 19: Manifold absolute pressure (MAP) vs eregspeed
(RPM) vs efficiency (BSFC) contour plot.

This power and efficiency data was then used toutatle the
speeds, loads, and BSFCs of the 5-mode emissistisThese
results are shown in Table 4.

Preliminary Test Data

T TR [ O S e T
Speed (rpm) 8000 6800 6000 5200 1500
Torque (Ibf*ft) 70.2 445 29.0 16.0 0.0
BSFC (g/kW*hr) 284 404 556 738 -

Table 4: 5-mode test results
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SUMMARY/CONCLUSIONS

RIT Clean Snowmobile Team’s 2015 snowmobile apptars
meet or exceed the design targets that were estelliusing
the DMADV process, however many aspects of thegtesi
were not able to be validated due to limited resesir The
design’s results for the 2015 Clean Snowmobile [Ehgk

will provide valuable data for the 2016 design, anlti
function as our validation.



REFERENCES

1.

“2015 Clean Snowmobile Internal Combustion (IC)
Challenge Rules” (SAE International, 2014),
http://students.sae.org/cds/snowmobile/rules/2015cs
_ic_rules.pdf.

Clyde M. CrevelingDesign for Six Sigma in
Technology and Product Developmé@dpper Saddle
River, N.J: Prentice Hall, 2003).

Thomas Pyzdek and Paul A Kell@he Six Sigma
Handbook a Complete Guide for Green Belts, Black
Belts, and Managers at All LevelNew York:
McGraw-Hill Companies, 2010),
http://search.ebscohost.com/login.aspx?direct=taue&
cope=site&db=nlebk&db=nlabk&AN=291487.

“Final Overall CSC 2014 (Fueled) Score Sheet (MS
Excel 2007+)” (SAE International, 2014),
http://www.mtukrc.org/download/Score_Sheet_ SAE
_CSC2014_IC final.xIsx.

Terrence Alger, “SwRI's HEDGE Concept: High
Efficiency Dilute Gasoline Engines,” November 4,
2009,
http://www.sae.org/events/pfl/presentations/2008/Te
ryAlger.pdf.

“SwRI's D-EGR Demo Car Wows SAE Engines
Symposium with 42% BTE - SAE International,”
accessed February 22, 2015,
http://articles.sae.org/13055/.

Terrence Alger et alA Continuous Discharge
Ignition System for EGR Limit Extension in Sl

Page 12 of 12

Engines(Warrendale, PA: SAE International, April
2011),

8. http://www.sae.org/technical/papers/2011-01-0661.

9. John B. Heywoodnternal Combustion Engine
Fundamental¢New York: McGraw-Hill, 1988).

10. Terrence Alger et alA High-Energy Continuous
Discharge Ignition System for Dilute Engine
Applications(Warrendale, PA: SAE International,
April 2013),
http://www.sae.org/technical/papers/2013-01-1628.

ACKNOWLEDGMENTS

The Rochester Institute of Technology SAE Clean
Snowmobile Team would like to acknowledge our sposis
and supporters for this season, especially RITithrat
Destler for his generous donation. We are verykhaio
have support from Polaris, Technical Services Eggyiimg,
Creaform, Curve Industries, Cummins, and Honeywdie
team also appreciates the continued support fromnEa
Technologies, Dassault Systems, Ansys, New YorteSta
Snowmobile Association, Castle X Racewear, Campdasl
Innovative Tuning. Some other companies and orgdioizs
we would like to send thank yous to are PCB Piexuts, Re-
Sol, Aristo, Fly Racing, Triple 9 Optics, Monstemétgy
Drinks, RIT Student Government, Advanced Automot¥e
Carmel, and the Rochester Institute of Technolo@glege
of Applied Science and Technology.

Without the support and donations from these gyeaips,
this team would not have been possible.

Lastly we'd also like to thank our advisor Dr. Janee and
our co-advisor Mr. Jeffery Lonneville, their guidan
knowledge, and use of facilities have been keyoimgeting
this project.



