CRC Report No. CM-138-15-2

Development of an Engine Based Test
for Determining the Effect of Spark
Ignition Fuel Properties on Combustion
and Vehicle Driveability

March 2020



The Coordinating Research Council, Inc. (CRC) is a-prujit

corporation supported by the petroleum and automotive equipment

industries. CRC operates through the committees made up of technical

experts from industry and government who voluntarily participate. The

four main areas of research within CRC are: air ptain (atmospheric

and engineering studies); aviation fuels, lubricants, and equipment

performance heavyduty vehicle fuels, lubricants, and equipment

performance (e.g., diesel trucks); and lighduty vehicle fuels,

lubricants, and equipment performance @3 ®> LJ 2aSy3ISNJ OF NEOV D [/ w
function is to provide the mechanism for joint research conducted by

the two industries that will help in determining the optimum

O2YOoAYylFiA2Yy 2F LISGUNRBE Sdzy LINBRdzOGa | yR | dzil 2
work is limited to research thatis mutually beneficial to the two

industries involved. The final results of the research conducted by, or

under the auspices of, CRC are available to the public.

CRC makes no warranty expressed or implied on the application of
information contained in his report. In formulating and approving
reports, the appropriate committee of the Coordinating Research
Council, Inc. has not investigated or considered patents which may
apply to the subject matter. Prospective users of the report are
responsible for prdecting themselves against liability for infringement
of patents.



IFIEl/

Report FEV312504

Development of an Engine Based Test for Determining the Effect of
Spark Ignition Fuel Properties on Combustion and Vehicle Driveability

Coordinating Research Council, INC.

Submitted by FEV Inc:

Alan Zavala
FEV North America, Inc.
4554 Glenmeade Lane
Auburn Hills, MI 48326
Zavala@FEV.com



Abstract

VI.

VII.

VIII.

XI.

Table of Contents

[ a1 oo [0 o i o] o NP PSP PP PPPRPP PP 7.
Test Vehicle and INStrumentati@IVEIVIEW. .........c.coiiiiriiiieeee et 8
TESTFURIS. ..ot e e e e e e e e e e e 11
RS ST 1 (=T ) PP PP PP PPPPPRPPP 14
TESTPIOCEAUIE ...ttt e e e e e r e e e e s s eeeee s 15
a. Fuel Drain and Chan@VEL..............uuuuiiiiiiiieiieirieeeieeieee e e e e ea e e e e e e e e e e e e s e e e e s s s eeannanes 15
D. OriginalDIive CYCIO.......coooii e e e e e e e e e 18
C. Drive Cycl@MOdifiCatiON.........ccviiiiiiiiiiee s 19
d. Spark Plug Investigation and ProcedUBdate..............cccuvveereiieiiieeiiiiiieeiieeeeeeeeeen, 22
€. ColdStart DriveabilityMELrICS........ccccriiiiiiiiiiiiiieee e e 23
RESUIIIOVEIVIEW. ....eeeee ettt e et e e e e e et e e e e s e e e e e e e e nnnneees 30
a. 2016 Honda CiVIC DABBBVIEW..........ooueiiiieiee ettt 30
D. 2017 FOrd FL50 DAtaREVIEW. ......cceiieiiiiiiiiiiee e e ettt e et e s e 38
C. 2016 Mazda CB DataREVIEW.........oiueiiiiiieee ittt 53
Summary an@ONCIUSIONS.........eiiiiiiiiiiiiii e e e e 65
RECOMMENAALIONS ..ot e s e 69
ACKNOWIEAGEMENLS..... .o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aasaaaans 71
REIEIENCES. ... e e e as 71
DefinitioNS/ADDIEVIALIONS .......eeiiiiiii et 72



Tables and Figures

Table 1- AveragedTlest FueVolatility Properties SummargOriginal Haltermann Fuels).................. 11
Table 2 Averagedrlest FueVolatility Properties SummargResupply and Reblended Fuels).......... 12
Table 3- Fuel Drain Volume EffiCIENCY RESUILS.........coiiiiiiiiiiceeeeeee e 17
Table 4 Honda Civic ENGINE STAMBINCS. ... 36
Table 5 Ford F150 Engine Start Time Metrics for CRC 666 [MHE.............ovvvveeiiiiiiiieieeeeeeieen 42
Table6 - Ford F150 IMEP Standard Deviation Res@ltgyinal DriveCycle............occoviveieiiiiiiiieennenn. 43
Table 7- Ford F150 Engine Start Timdetrics Modified (Aggressive) Dri@ycle............ccooocvvveeeeenn. 51
Table 8 Mazda C>9 Engine StartabilitletriCs..........ooueiiiiiiiiieeeeie e 63
Figure 1- 2016 Honda Civic withull Instrumentatiorinstalled................cccccvviviiiieiiieiierieeieceeeeeee. 10
Figure 2 HighResolution Crank Angle Encodeseld onMazda C9..........c.cccvvvvvvieeiieiiieeeeeiieeeeeeeaaenn.s 10
Figure 3 Original Test FUBNSLIIatiON CUIVES..........cooiiiiiiiiie e 12
Figure 4 Replacement Test FUBISHIAtiON CUNVES..........cccciiiiiiiiiiiiiiiiieireee e a e 13
Figureb - Comparison of Distillationdits Between Original and Resupply test fuels..................... 13
Figure 6 Ford F150 SetuprsideClimate ©ntrolled Chassis Dynamomet€hamber........................ 14
Figure 7- Ford F150setup hsideClimate ©ntrolled Chassis Dynamometeh@mberRear Vew ........ 15
Figure8 - Fuel Tank DraiMStallation...............ooooiiiiiiiiiie e e e 16
Figure 9 SpeciaDrain tube used to reach fuel in the lowest collection point of taek..................... 16
Figure 10 Fuel Drain and vehicle prep proCedure ProCBBSE ...........ccceuuiiurrerieeerrniiinrereeesaannnneeeeess 17
FIQUIE 11 CRC DIIVEYCIE......eeeiiiieieiee ettt e et e e e s e s e e e e e e anneees 18
Figure 12 Ford F150 Engine Misfires during additional testing onT&2338estfuel....................... 20
Figure B- CRC Report 666 Original (Mild) Drive Cycle third hill used for modified drive.cycle....20
Figure 14 FEV developemhodified driVECYCIE.........cooiiiiiiiiiiiee e 21
Figure 15 Engine IMEP instability improving as enging WallilS................cccoeuriuirmreeeesnnnieneeeeennns 21
Figure B - Ford F150 Spark PIUBINGINGS......cccoiiiiiiiiiiiie et 23
Figure 17 Honda Civic CE30 TR2340 Engine Staflifdes. .........cccooiiiiiiiiieiiiiiiieeee e 24
Figure B - Example engine RPM where steady state engperation allows for combustion stability
LT U] 0 T o ) AP PP PPPPPPTPTTTTR 24
Figure B - Ford F150 IMEP engine average standard deviation cold start idle inghatrk................. 26
Figure 20 Mazda C>9 Testing on BO TR2338 Fuels testing showing driveability issues during vehicle
DIV AWAY. ...ttt ettt e e e e — e —————————r e et it et e ettt e et aaaaaaaaaaaaaaaaaaaaas 27
Figure 21 Honda Civic Exhaust Temperat®efile............cccccoeoei e 28
Figure 22 Ford F150 Exhaust TemperatuRrofile...........cccccciiiiiiiiiiiiiieeeee e, 28
Figure 23 Mazda C>9 Exhaust Temperatuferofile.............ccccccooo e 29
Lo (UL (SR e O G I o To) [0 F= 08 1Y o 30
Figure 25 Honda Civic BUR2335Testing Cold Start AFR (Lambda)............cccccccivviiviiiiiiiieeeeeeeee, 31
Figure 26 Honda Civic BOUR2335Testing INjectiomuration.............ccccovuiiiiiienniiiiiiiieee e 32
Figure 27 Honda Civic CO TR2338 first test StarBtPmMpPLS..........ceeevieriiiiiiiieee e 33
Figure 28 Honda Civic CO TR2338 thIBET .........ccuviiiiiie it e e 34
Figure 29 Honda Civic CE15 TR2339 Fuel Trims and ColEStattment.............ccceeevviiiiiiieeeeennne 35
Figure 30 Honda Civic CETHR2339est 2 engine stability issues circled in red dottedle.............. 35
Figure 3% Honda Civic CE3UR234(resting Lambda Adaptation and prolonged engine statiraps 36
Figure 32 Honda Civic CE3IR2348hort Term Fuel Trims Corrected for LE€omditions.................. 37
FHgure 33- Honda Civic All Test Fuel IMEP Standard DeviBt@n.................cccooceciiiiiiiiiiiieniee, 38
FIQUIe 34 2017 FOIA FLD0. ... .ciiiiiiiiiiiiee ettt e e e e e e et b e e e e e e e anbneeeeee s 39



Figure 35 Ford F150 First BOR2333-uel Test on CRC 6@86iginal DriveCycle.......................oo.... 40

Figure 36 Ford F150 First COR23353-uel Test on CRC 668iginal DriveCycle.......................oo.e. 40
Figure 3 - Ford F150 CE19R233%uel Test on CRC 668iginal DriveCycle.........ccccccvvvvvvveeeeeenn... 41
Figure 38 Ford F150 First CE30R2340~uel Test on CRC 668iginalDriveCycle............cccovvveeer.... 41
Figure 3 - Ford F150 IMEP Standard Deviation Overview CRGX8#gnal DriveCycle.....................42
Figure 40 Ford F150 COTR2338 Tests Cold StEEMDUA. .........ccooiiriiiiieeiiiiieee e 44
Figure 41 Ford F150 COTR2338est 3 IMEP Cold Start Data and Stand@adiation........................ 44
Figure 2 - Ford F150 CE30'R2340rest 3 Closed Loop Operation Indicated by &€&ation...........45
Figure 8 - Ford F150 COTR2338est 1 severe driveability degradation evidencedhisfires............. 46
Figure 4 - Ford F150 COTR2338est 1 Showing Driver Pedaput.............cccccoovviiivivneeiiiicinnnnnn A7
Figure 45 Ford F150 COTR2338est 2 Engine Stall due to spark plogling .............cccovvevveeeniinnnee. 48
Figure 4 - Ford F150 Modified Drive Cycle TeSt 3REIS...........cccooiiiiiiiiieiieeee e 49
Figure 4 - Ford F150 Modified Drive Cycle CEBB2340Fuel TEeSB........cooveiiiiiiiiiiieeiiiiiieeeee e 50
Figure 8- Ford F150 Cold Start IMEP Standard Deviation Plot Modified @yete............cccccceenee 51
Figure 49 2016 Mazda CEITESIEA... ..o e e e e e e e e e e e e e e e aaaeaaa e 53
Figure 50 Mazda C>0 BOTR2335A est 1 ENginBlesitation.............uueeeeeiiieiiiiiieiiieeieeeeeeeeeeeeeee e, 54
Figure 5% Mazda C>0 BOTR2335A est 1 Measured Lambda and Fuel TAidaptations.................... 55
Figure 52 Mazda C>9 BOTR2335A est Comparison Cold Start EnrichmAdjustments................... 55
Figureb3- Mazda C>9 Test 1 on CO TR2388iel consistent single cylindenisfire..............ccccvvveeeeee. 56
Figure 8 - Mazda C>9 Lean Lambda measurement due to single cylimgisfire................ccccvvveeeee. 57
Figure B - Mazda C>9 Fuel Trims on CIR2338AeStFUEL.............oooiiii e 57
Figure B - Mazda C>0 CE19R2339A est 1 Engine Stall first stattempt........ccccccveeviiiiiiiiiiennnnn. 58
Figure ¥ - Mazda C>0 CE13R2339ATest 1 second Stalttempt..........cccvvvvvveiieiiieiieeiiiiieeeeeee e, 59
Figure B - Mazda C> CE13R23394econd Start Up 0N TeSL........uvviiieiiiiiiiiiiiiiieeiieieeeeeeeeeeeeee, 59
Figue 59 - Mazda C>9 CE1TR2339AT€St 1 FUETTIMS.......uutiiiiiiiiiiiieee et 60
Figure 60 Mazda C>9 CE19R2339ATest 3 Cold StaBtrategy..........ccuvveereeriiiiiiireieeeeniiiieeeee e 61
Figure 612 Mazda C> CE19R2339A est 3 Combustion IMEP and Pressures affected by ignétiard
..................................................................................................................................................... 61
Figure 62 Mazda C>9 CE30TR2340AAll Test Open Loop AFR Consistelnggin............cccceevvvvenen. 62
Figure 63 Mazda C>9 CE30 Test 1 Driveability not significadidgraded...............ccccceevriiinrinnnnenn. 63
Figure64 - Mazda C>9 CE30'R2340AAll Tests Showing Consistent DriveabRsgults..................... 64
Figure & - Mazda C>9 IMEP Standard DeviatiGHOL................eveiiiiiiiiiiiiiiee e 65
Appendix

Appendix A FUel INSPECHIOMPTOPEITIES. .......ccoii i e e e e e e e e e e e e e e e e e 74

Appendix B; Average Fuel Inspection Properties Original and Reblend Comparison.Table........ 82

Appendix G CRC Report 666 Cefdart and WarrdJp DriveabilityProcedure...........eeveeveevieeiiinennn... 82
Appendix [@ Honda Civic and Ford150 Original Drive Cycle IMERasurements.................oeeeeeeeens 87
Appendix E Ford F150 and Mazda CXModified Drive Cycle IMBWeasurements............c.eeeeeeee.. Q9
Appendix E Vehicle Test Sequence and TRIdifications...............oooiiiiiiiiiiiiiieec e 102
Appendix @ IMEP COV (Coefficient of VarianB@)ts.............ccccvvvviiiiiiiieiiee e 103
Appendix H: Resupply Reblend Fuel Detailed HydrocakbatySis............ccvvvevieiiiiiiiiieiieennine, 105

5



Development of an Engine Based Test for Determining the Effect of Spark IgnitiGhrdpeaties on
Combustion and Vehicle Deability
Abstract

Coldstart driveabilityis an importantinternal combustiorenginecharacteristiadhat is directly &fected
by fuel properties In order for a spark ignition engine to start reliably and operaiesistentlywith
good performancehe fuelshould have adequateropertiesthat allow forstable combustionThe fuel
measurementhat estimates cold start driveability performancele ASTM 4818 Driveability Index
(DI) which is calculateitom the fuels distillation temperature (D1=1.5*T10+3*T50+T90YVhile the
effects of hydrocarbons in gasoline fuels arell indicated by thédl equation the addition of ethanolo
gasolinedepresses thd500f the fuelto a varying degregequiringthe DI equation to have ethanol
corrections for a representative Driveability Indéxevious CRC studies have documertedeffects of
ethanoladditions to gasoline blendm cold start driveability performance leading to empii ethanol
correction factorsin the DI calculation.

Theseprevious CR@&st programs have lookeslbjectively avehicle responsgto changes in
fuel driveability index, primarilyby trained raers in large scale fleet testiljyograms.The expense and
complexity ofevaluating fleets of vehicles under coriteal ambient temperatures at st track,
coupled with the impending shortage of tr&d raters has produced the need forreore objective test
approach with instrumented vehicles that could be an alternativehwttaditional fleet testing and
driver rating methodThis study is an attempt to answer five questiobe vehicles stilespond
adversely to high DI fuels? Can this be detected with instrumentation? Caedpensebe quantified
with instrumentationWhat instrumentation is needed®Plow do the vehicles respond to high DI splash
blended ethanol fueld

Using heavily instrumented vehicles in climate controlled chassis dyno chantberstudy has
correlated DI properties of known test fuels with-gyinder measurements of poor combustion events,
which are the root cause of any irregularities in vehicle driveability. Recording supporting engine
management system parametenashelped with thefundamental understandingfdow differing test
fuelscanimpact overall vehicle cold start driveability and system adaptability in a controlled and
repeatable mannerThis objective and repeatable approach can be used to generate the data necessary
for the detailed comparative anais across various programs that would help to further develop fuel
standardsIn summary some of the primafindings of the report conclude:

1 Modern vehicles with GTDI engines still respond adversely to high DI fuels showing that despite
advances in enge technology, fuel volatility standards are still relevant and essential for cold
start driveability performance

1 Vehicle instrumentation is able to capture and charactetéze fuel driveability effectand
important driver evaluations are backed by nseaed data.

1 Ethanol blended fuels can haae enleanment effect that goes uncorrected until closed loop air
fuel control. During the enleaned combustion, the engine is more prone to misfire events,
hesitation and subsequently driveability degradation.

1 Fadors that determine time to closed loop air fuel control vary and can be attributed to O2
sensor heating characteristics, exhaust system packaging and design, and the engine
management system.

1 Vehicle response and adaptation to poor combusteents caused by the test fuels varied
differently across the vehicles tested and can be attributed to engine management system
controls, adaptations and calibration differences.



l. Introduction

Driveability can be defined as the consistantd smoothrespmse fromavehiclein response to driver
input. Poor driveability is associated with difficult engine starts, rough idle, misfires, surging, hesitation
and insufficient power, all of which can bffected by fuel characteristics (Yanow&tMcCormick,

2016) Once arengine starts the gasiole fuel mustvaporize, inside the combustion chambtr,ensure
acceptable levels afombustion stability for warrup driveability performanceDriveability issues may
arise due to insufficient fuel vaporization in cold engine combustion systems. Insufficient fuel
vapaization may causkeancombustionleading toirregularities such as misfires that are noted by the
driver as a lack of vehicle response

Starting in2011, EPAregulations allowuel manufacturers to introduce up to ¥ethanol by
volumeinto gasolineethanol blendsfor use in model year 200dnd newer light duty vehicledn 2019
EPAfurther granted E15 fuels the same 1paporpressure summeozone control waiver as E10 fuels
to promote thegrowth of biofuel consumptioEFA, 2019. Theaddition of ethanol togasoline
producesa fuel blend that changes the properties of the fuel afiidctssubsequent ircylinder
combustion.

Goncentrations of ethanofup to 20%)n gasolineaffect blendedfuel propertiesin relationto fuel
vaporizationand driveability inthe following waygReddy, 2016)

1.) Increaseduel vapor pressuréDVPIoccurs as ethanol forms a naedeal solution with gasoline.
This canincreasethe front end volatility and helengine startabilityand driveability.

2.) Increasel heat of vaporization andharge cooling due tbigher HOV of ethanol relative to
gasoline At low temperaturegthis can hinder fuel vaporizatiartausing poor w&rmup air/fuel
mixtures that cardeadto driveability issues.

3.) Increased lower flamability limit of fuelvapors dueto higher flammability limits bethanol
compared to gasolinayill decrease fuel ignitabilitgnd negatively affeatold startdriveability.

T 1AYy3 Ayidz2 | 002 dohihe disklibtiorBuivk fegréssing e G Boiftn@ point)
ASTM hasdded empirical ethanol offsets into the DI equeatio account for this effect andtill retain
accurate DI properties for blended fueldowever it has been noted in previous studies thagdicting
the T50 depression caused éthanol in the blend stock fuel is challenging & depressionaries
widely across fueld hereforeregression method basegthanol offsets in the DI calculationay not
correlate well toethanol blended fuels that were not used in the driveability test programs.

Usingheavily instrumented vehiclesith data acquisition system# was the pimary goal of this
study to develop a test procedure tmderstandthe driveability performance of several different mass
market vehicles witlthe latest Gasoline Tho Direct Injection technology. This procedure is not
exclusive to GTDI engines but can also be usezivade variety of mass market vehicles. The
driveability ests were conductedith well documentechigh Dltest fuelsusing a test cycle that was
used in previous CRC fleet testing progrd@RC report 666)Vith the instrumented vehicles, the
acquired dita can be analyzed to see how thehiclesrespondto highDI fuels including splash blended
ethanol fuels and the subsequent fuel effects on vehicle driveability performance.



These heavily instrumented vehicles come from the USCAR engine benchmark corf3@rtium
research activities and typically feature the latest gasoline engine technologies with temperature,
pressure and combustion analysis data acquisifipstems setup in the vehicMlith the acquired data
it can be possible to detect and quantify the vehidtiveability in response to high DI test fuels and
provides aralternativefor future fuelsperformancetesting

The objectives of this program are:

Documentthe instrumentation and testing procedure for these vehicles
Analyzeinstrumentedresults coupled with driver impressioasd conclude whether high DI
fuels stilladverselyaffect modern GTDI engines.

91 Determine if instrumentation can detect the effeaiEhigh DI fuel on vehicle driveability.

1 Quantify fuel effects on vehicle driveability with metrics.

1 Determine if ethanol blended fuels have an effect on driveability performance.

1
T

Il. Test Vehicle and Instrumentation Overview

The test program consisted tsting fully operaibnal heavilyinstrumented vehicles in a climate
controlled chassis dynamometer. The vehicles were sourced from the USCAR engine benchmark
consortiunt3 reseach activities with their approvallypicallythe USCAR engine benchmark program
selects competitive vehiclesith the latest engine technologies for4depth review. A series of
instrumented vehicle and engine dyno tests are done to measure the capabilities of the selected
vehicles Several vehicles were made available for CRC testirgniinly the USCAR testiagtivities.
This allowed for a cost effective agaich by enablin€RC to test available late modehicles with full
data acquisition equipment already installed. Additionglye benchmarking activitieggrovide insights
into cold start strategies and Wéle sensitivities to fuelsefore CRC testing is conductddhese insights
provide bases forecommendations on potential vehicles suited for CRC testing.

The test vehicles conducted as part of this progrararderare as follows:

1. 2016 Honda Civic 1.52TDI
2. 2017 Ford A50 3.5L GTDI+PFI
3. 2016 Mazda G¥ 2.5L GTDlith EGR

The vehicles featured both time based and crank angle based combustion analysis data acquisition
systems that allow for real time monitoring of vehicle operation parameters during €&RagtFull
powertrain removal is necessary for full instrumentation setup.

¢KS RFGF | Ol dzA & A ( ARtype thedmbdodpesstatia ahDdyriaRiGressurem ¢ Q Q
transducersstandalone wideband AFR sensoEsCU signal sampling equipment and high resolution
crank angle encoder based measuremefigure land Figure 3hows the Honda Civic used in this
study fully instrumented and with data acquisition systemthiavehicletrunk. Figure 2 shows the crank
ande encoder on the Mazda €Xengine Typically the vehicles would inicle these critical
measurements
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In-cylinder pressure transducers for combustion measureméaitylinders)
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IMEP- Indicated Mean Effective Pressure (Bar)

PMER; Pumping Mean Effective Pressure (Bar)

NMER Net Mean Effective Pressure (Bar)

CA5(Q; 50% Fuel Mass Fraction Burn Location (degrees CA ATDC)

Peak Pressure Peak Combustion Pressure (Bar)

Peak Pressure LocatioReak Combustion Pressure Location (degf@&sATDC)
Max Rise RateCombustion Maximum Pressure rise rate ( Bar per degrees CA)

Fuel injection timing and duratiofcylinder 1 onlyfdegrees crank angle ATDC)
Ignition timing(cylinder 1 only]Degrees crank angle ATDC)

Fuel Pressure (DI system dod pressure supply systeraBar )

Ambient ar temperature( °C)

Engine coolant in/out temperatur€C)

Engine oil sump temperatur@C)

Exhaust Turbinénlet/Outlet and Catalyst temperaturg§C)

Ambient air pressurékPa Absolute

Intakemanifold pressurékPa Absolute

Standalone exhaust air fuel measuremefWideband O2 sensors installed next to OEM 02

sensor)Unit is Lambda)

Pedal positior(%)
TurbochargeWastegatePosition ( %Open)
Throttle position(%Open

EVAP purge solenoid adtion (% Duty Cycle)
OBDII CAN measurements

(0]
(0]
(0]

Short/Long Term Fuel Trims (if availabteacceptable update rat¢$%o)
ECT°C)
Ignition TimingDegrees crank angle BTDC)



Figure 2HighResolutionCank Angle EncoderUsed on Mazda GX
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1. Test Fuels

Theoriginaltest fuels used wersupplied by HaltermanBolutions and provided by CR@ tests
conducted on the Honda Civic and Forii30. There was a medium DI EO (DI ~ 13F0a high DI EO (DI

~ 1250°F) and a very high DI fuel (DI ~ 13%pand E15 and E30 splash blends of these fuels for a total
of 9 candidate fuelsA resupply of reblended fuel was used for the Mazda-@X¥esting; this was

supplied by Gage products.is noted that there is slightifferences in the resuppliefiiel blend that

could havampacted vehiclariveability performance particularly with hCE15 reblend fueln

addition to the fuel inspection properties supplied by the fuel supplier, samples of the test fuels were
also independently inspected by Marath@etroleum Chevron and BP. The full inspectioimmary of
both the original and requplied reblends isavailable in Appendix A.

Initial vehicle testing on the Honda Civic commenced wiltigh DI(1266 °Fhydrocarbon base fuel
(BO TR233%) order to measurerehicleresponseand move to either a higher DI rated fugla lower DI
ratedfuel.

Forthis program in all cases the succeedingl wasthe higher DI ated hydrocarbon fuel (CO
TR2338r TR2338A in the case of the Makdhue toall vehicles measurinight driveability
degradation irresponse to the BO fueFollowing he COTR233&igh DI(1358°F) hydrocarbon fuel,
splash blende@thanol(15% and 30%yelswith CO as the base blend stosfere used to comparand
analyze resultsAll fuels tested had 3 tests conducted to establish repeatability of regidtseach
completetest sequence four fuels were used with 3 repetitive tests ftotal of 12 tests per vehicleA
summary of averagediél volatility propertiesand correspondinglistillation curvedrom the fuel
inspectionsare shown inTablel and kgure4 belowfor the original Haltermann supplied test fuels used
invehicle testingt KS NB & dzZLJLJ @ DIF 3S FdzSt @2€fF GAfAGe LINELISNI A
end of the fuel name.g.B0O TR2335A he resupplied Gage fuelsipection volatility propest averages
and distillation curves are shown in Table 2 and Figufa®asy to view comparison table between the
original and reblended fuel inspection property averages is availaippendix B; Average Fuel
Inspection Properties Original and Reblébaimparison Table.

CRC 2016 CM-138-15-2 Fuel Inspections

Fuel Code BO TR2335| CO0 TR2338[ CE15 TR2339CE30 TR234
Property ASTM Test Metho Units
AP| Gravity@60°F D1298/D287 API 54.5 54.8 53.3 52.4
Density @ 15°C D1298/D287 kg/L 0.7604 0.7595 0.7633 0.7692
Ethanol Content D5599 vol % 0.0 0.0 15.2 30.8
DVPE Vapor Pressure D5191 psi 8.9 8.7 9.6 9.0
Temperature V/L=20 (TVL20) D5188 °F 137.0 140.4 126.3 130.8
Temperature V/L=20 (TVL20) Calculated D4814 143.3 150.2 137.6 134.0
Driveability Index Uncorrected D4814 °F 1266.1 1358.2 1282.4 1066.5
D86 Distillation D86
Initial Boiling Point °F 85.9 83.0 88.7 90.7
5% Evaporated °F 110.8 108.9 118.0 123.9
10% Evaporated °F 125.3 126.6 129.9 137.9
20% Evaporated °F 152.1 165.2 148.8 156.5
30% Evaporated °F 185.3 213.1 160.6 165.1
40% Evaporated °F 219.1 247.1 166.9 168.7
50% Evaporated °F 238.0 267.2 242.4 170.9
60% Evaporated °F 252.9 285.7 270.7 172.8
70% Evaporated °F 273.7 306.6 296.0 272.0
80% Evaporated °F 315.8 329.1 320.1 305.6
90% Evaporated °F 364.0 366.6 360.3 347.0
95% Evaporated °F 385.8 387.0 383.8 376.4
Final Boiling Point °F 409.6 409.5 407.8 401.2

Table 1AveragedTest FueVolatility Properties SummargOriginalHaltermannFuels)
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Figure3. Original Test Fudistillation Qurves (plotted fromaveraged fuel inspection D86 distillation))

CRC 2018 CM-138-15-2 Reblended Fuel Inspections

Fuel Code B0 TR2335A] CO TR2338A CE15 TR23394A CE30 TR2340A
Property ASTM Test Method  Units
API Gravity@60°F D1298/D287 API 52.2 53.1 52.1 51.2
Density @ 15°C D1298/D287 kg/L 0.7692 0.767 0.7704 0.7743
Ethanol Content D5599 vol % 0.0 0.0 14.9 29.7
DVPE Vapor Pressure D5191 psi 8.2 8.2 9.1 8.7
Temperature V/L=20 (TVL20) D5188 °F 144.8 148.4 132.0 133.8
Temperature V/L=20 (TVL20) Calculated D4814 147.0 134.8
Driveability Index Uncorrected D4814 °F 1278.8 1356.5 1099.5 1066.7
D86 Distillation D86
Initial Boiling Point °F 90.8 89.4 93.0 95.8
5% Evaporated °F 112.7 111.7 117.6 124.3
10% Evaporated °F 124.9 126.2 127.9 134.1
20% Evaporated °F 144.0 149.8 140.9 147.9
30% Evaporated °F 164.8 178.0 151.1 158.0
40% Evaporated °F 195.8 219.3 160.2 165.3
50% Evaporated °F 242.3 266.1 181.2 169.5
60% Evaporated °F 281.2 291.8 274.4 173.3
70% Evaporated °F 306.4 313.8 303.0 281.8
80% Evaporated °F 334.0 339.3 330.2 317.8
90% Evaporated °F 364.5 369.0 364.0 357.0
95% Evaporated °F 380.4 382.3 376.3 377.1
Final Boiling Point °F 414.9 413.0 409.1 405.4

Table 2 Averagedrlest FueVolatility Properties SummargResupply and Relended Fuels)
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Figure Soelow shows the original and resupply fuel distillation curvesrlaid over each other for
comparisa, there is a noteworth difference in the T50 point between ti@&E15 test fusl
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V. Test Site

All testing was conducted atclimate controlled chassis dynamometacility with controlledhumidity
andambienttemperature set at 40°F. Testing on the Honda Civic and Fbs@ kvas conducted at EDP

Technical Services Facility in Livonia, Michigan. Testing on the Magda®@® 2 y RdzOG SR G C9+Q
Vehicle @velopment Genter in Auburn Hills, Michigaall vehicles tested on the chassis dynamometers

were road load matched using EPA emission certification road load coefficients pertaining to each

particular vehicle. Each vehiclewad 82 NHzy Ay GReéy2 Y2RS¢ dzaAy3a Y| ydz
disable ABS control in order to fully enable vehicle operation on a chassis dyno as is done in emissions
certification testing.

Depending on drive train configuration and emissions cedifon procedurs,the testedvehicles
were tested ireither FWD oiRWD configuration.

Each facility featured forcetboling systems dedicated to thwsulated chassis dyno chamber. This
allowed for rapid cooling and conditioning for the testingeach vehicle. Additionally with controlled
ambient conditions, external boundacpnditions can be kept consistent between tests and vehicles
allowing for repeatability of test result&ach facility also featured variable road speed tangplicate
frontal road wind speeds.

Since vehicle emission measurements were not part of this program scopdailst emissions
were ventedout of the facility using an exhaust chute. The driver also used a standard computer display
with the specified drive cycle tollow on the dyno rolls.

The chassis dynamometer at EDP Technical services featured a Mustang Eddy Current controlled
Dyno whilethe FEV Vehicle Development Center feasiadully controlled AC curremtyno. Since either
chassis dyno ifslly controllabe to be able to match target road load coefficients and have ambient
climatic control the testing done between facilities is directly comparable. This is also a motivation for
future testing at facilities with these capabilities as the ambient conditwitide kept consdnt. Figure
6 and7 below shows the Ford-E50 at EDP climatic chassis dyno chamber

Figure6. Ford 5 Séfup InsideCIimate Controlled Cassis Dynamombegeniozr
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Figure?7. Ford F150$etu insideclimate controlled chassis dynamometer chamber rear view

V. Test Procedure
A. Fuel Drain and Changevér

A heay emphasis on a thorough fuehangeover process to avoid fuel cross contamination between
tests was part of the program scope. Initially a day tsetkip was recommended by CRC to avoid any
possibility of cross contamination. This day tank setup would be an auxiliary fuel tank accessible on the
side of the vehicle that would bypass the main fuel tank and allow for quick and thorough test fuel
changesHowever the complexity of modern EVAP systems and on board fuel tank sensors would likely
incur Diagnostic Trouble Codes in relation to an induced bypass in the fueling system with a day tank
setup. Therefore FEV developed and validated a fuel drain guveavith additional instrumentation on

the fuel system that ensured a complete fuel flush prior to thatreduction of a new test fuellin

summary the procedure involved removing the OEM fuel tank from the test vehicle and instrumenting it
with adedicated drain at the lowest part of the tank. Depending on tank design sometimoesiel

drains were installed in the case of a saddle type t&igure8 and9 below shows setufor 2016 Honda
Civic and is representative of thetaps for all vehicletested.
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Drain line orientation inside the OE tank of Honda Civic

Figure9. Special drain tube used to reach fuel in the lowest collection point of fuel tank
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In addition to a complete fuel tank drain aitidnal instrumentation points irthe fuel system
allow for draining of the low pressure fuel lines prior to the Directdtipm fuel pump as well as thadh
pressure direct injection fuel rail. All drain points usedaariliaryfuel pump to induce a vacuum drain
at each fuel system din point. A process flow of the fuel drain procedure going into vehicle jpriep

to drivecycle tesingis shown irFigure 10 below:

Use auxiliary fuel
pump to drain fuel
tank with quick
connect fittings

¥

Jack vehicle up on
passenger side to
ensure no entrapped
in-tank fuel. Finalize
fuel tank drain with
auxiliary pump.

v

Drain all fuel from
fuel line system
via under hood
connection with
auxiliary pump.

v

Attempt to start
vehicle. Make sure
vehicle stalls. Making
sure fuel in fuel rail is
consumed.

Take fuel sample

| from fuel line system

v

Drain fuel from high
pressure fuel
transducer line.

Idle vehicle for 2
minutes.

¥

¥

Add 5 gallons
of test fuel to vehicle.

Vehicle overnight
soak at 40 °F.

Y

v

Run FTP74 Prep cycle
to ensure test fuel
saturation throughout
system.

Following day
proceed with
instrumented test on
agreed test drive
cycle.

FEV |

Figurel0. Fueldrain and vehicle prep procedure process flow

The fuel drain was validatday carefully quantifying the drain efficiency by volume by
completely emptying the fuel system and measuring the fuel input and drain amount. The results are
summarized iffable 3 below.

Fuel Drain / Refill Efficiency Study Trial 1 Trial 2 Trial 3
Fuel In: 15,000 mL 15,000 mL 15,000 mL
Fuel Out (Fuel Tank Drain): 14 300 mL 14,320 mL 14,300 mL
Fuel Out (Under hood Fuel Drain): 510mL 600 mL 580 mL
Total Fuel Out: 14,810 mL 14,920 mL 14,880 mL
Fuel Remaining in wehicle: 190 mL 80 mL 120 mL
Fuel Volume Drain Efficiency: 88% 99% 89%,

Table3. Fueldrain volume efficiencyresults

In addition to draining the fuel from the fuel tank and the low side fuel pressure (under hood
fuel drain) it was later also found to be beneficial to drain thel foom the high pressure direct
injection fuel railusing the instrumented pressusensor adaptor line. This would further increase the
fuel volume drain efficieng thisstep is captured in the &l drain procedure outlined inigure 10 and
was used on all tested vehicle&nother important part of thgrocedure is after the fuel drawhenall
test vehicles underwent FTP74 prep cycles befael ambienttestingcommencedthis served to
baseline the vehicles consistently and also ensargsresidual fuel left by the fuel drain is consumed
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during the prepcycle,leavingonly the intended test fuel for théirst test. For fuel transportation each
test fuel had newly furnished and dedicated fuel containers ensuring no fuel contaminatiiog dur
transport fromthe fuel barrel to vehicle fill occurredt.is also noted that during the start of the test
following the cold soak the vehicle fuel system was naturally priwigiithe OEM fuel pump with no
external alteration.

The intent of the CRt&st program was to replicate previous CRC test program drive cycles from
CRC report 666. In preparation for the drive cycle following the fuel drain procedure and the addition of
test fuel the vehicle was loaded on the chassis dyficmeeded a road bad derivation wasun as well
as an FTP74 drive cycle at 758sulinga consistent baseline prep for all vehicles so that vehicle fuel
adaptations were all subject to the same prep cycle procethune maintaining consistency across
vehicles.

Followingthe FTP74 prep a fuel sample was drawn from the lowfsielgoressuredrain @t
least 120ml for distillation analysis). The vehicle was allowed to idle for 2 minutes following this sample
draw so as to avoid any air pockets developing in the fuel lisiesyand adversely affecting start up
and driveability on the following testycle. After the fuel sample wasawn and vehicle idlethe
vehiclewasshut off and the chassis dyno chamiveasforced cooled to 40°F and the vehicle left
overnight for a coldoak.

The following morning the vehicle data acquisition systamespowered onmonitored,
recorded and theestingdrive cyclds run Folbwing the three tests theemainingtest fuel isdrained
using the developed fuel drain procedure and properlypdsed.In preparation for further testing on a
different test fuel the vehicles are filled witbommercially availablgas station pump fueind the
vehicle idriven onroadin order to reset and normalize fueling adaptatiobBsiring this the fuel trims
were monitored to ensure that fuelingpmpensation was (+5%)so0 as to baseline the fuel trim
compensation systemln summanyprior to each test fuel biag introducedprior to procedure outlined
in figure 10)the vehicle fueling adaptations were resetlmaselined with the appropriateommercially
availablegas statiopump fuel.The fuel properties of the commercially available pump fuel were not
collected and it was later found that resetting fuel trim adains with a factory scan tool was more
effectivethan using pump fuel for fueling adaptation reset and baselifm@vever none of the vehicles
tested used the scan tool method to reset fueling adaptations.

B. OriginalDrive Cycle

The original CRC report 686ve cycle procedures in AppendixCof this report Figurell showsa plot

generated from the drive cycle procedutey’ G KA a NBLI2ZNI GKAa RNAGS OeoOfS
6aAf RO 5NRAGS /280tS¢é¢ (G2 RAAGAYAIAR &K OM(S £F NRSYva ANRSS SoRa
below.

CRC Original Drive Cycle

w
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Figurell. CRM@iriginalDrive Cycle
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The drive cycle is driven by usingeadsup display vidile to the chassis dyno driver. It was
important for the driverto start the drive cycle once the engine had successfully started and then
countdown to 5 sconds from engine start for a properly timadnsmission shift from Park to Drive and
have a vehid drive away at approd.0 secondsThis was to maintain consistency with the drive cycle
procedure in CRC report 6@@aintaining consistent driveveay times is importantor capturing
driveability issues as the longer the vehicle is able to idle the wathe combustion chamber gets and
the less sensitive the vehicle is to high [l fmduced driveability issues during transient driving.

Once the drive cycle was complete the data was saved on a test laptop, the wedscéhut off and
data acquisitiorsystems powerd off. The vehicle werethen left for an overnight cold soak at 40°F in
preparation for further testingThe following day the second test was run, likewise the third test was
run on the third test day. In all 4 days on the chassis dyntityaghere allocated for this test
procedure.

C. Drive Cycle Modificatiort Modified (Aggressive) Drive Cycle

Following testing on the Honda Civic and the Feld® on the CRC report 666 original droyele a lack
of driveability degradatiomvas noted irthe data analysis. It wasted early on that thdirst two drive
gl & | OOStSNIGA2ya KSNBIFIFOISNI {y26y & RNARGS Oe ot S
profile and did not load the vehicle engine to a high degree where driveability issudsenmagasured.
Individual testing done on the Ford1B0 with CO TR2338 at ambient temperatures close to 40°F
revealed that ifamore aggressive initial acceleratiarasintroduced in the drive cyclduel induced
engine misfires resudd in severe drieability degradationthat was evident to the drivefFigure 12) It
was concluded that thdriveability degradatiomesulted from incompletépoor combustion caused by
the fuels;it was later found during continuedF50 testing on CITR2338 fuel that an aftaffect of the
incomplete combustiondue to fuels influence, frequentlgausal heavy carbon deposits to develop on
the spark plug electrode tipnd prevented the spark plug from proper ignitiofplug fouling) The
malfunction of the spark plugaused by excess carbon deposits further causes poor cstinhuguality
that compounds the already presedtiveability degradatiortaused by fuelsWhen this occurs it is
difficult to distinguish thalriveability effects attributedo spark plug carbon gmsit build upand sole
fuels influence on driveabilitythis is further examined and addressed in sectio8fark Plug
Investigation and Procedure Updategurel2 shows the ircylinder IMEP measurements during this
modified (aggressive) drive cydteestigation.In cylinder IMEP is the positive work extracted from the
combustion process, when IMEP dsdje zero no work is being output from the combustion process
and is a characteristic of cylinder misfire behadippoor combustiorthat directly resuts in driveability
performance issuewhich are obvious tanydriver. It is noted from the drivewho experienced the
misfires captured ifrigurel2 belowthat the vehicle driveability waseverdy degradedandvehicle
O2yaARSNBR dadzyRNA @Sl of S¢ o
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Figurel2. Ford F150 Engine Misfires during aitidnal testing on COR2338est fuel

This separate investigati regarding initial acceleration profilgrompted a close look at the
testing procedureand a joint decision between FEV and CRC was made to modify the drive cycle for a
more aggressive profile in order to increaiel induced driveability degradaticas captured above in
Figure 12 FEV modified the drive cycle by using the third hill inathginal CRC report 666 drive cycle
which had the most aggressive acceleration profile and came up with a drive cycle composed solely of
this drive cycle hill. In this manner the initial drive away at 10 seconds would be with an aggressive
acceleration tlat would repeat throughout the test and it would be possible to capture and compare the
driveability data at the beginning of the cycle where the combustion chamber is still warming up and
sensitive to high DI fuel and the last sectorfithe drive cyclavhere the engine is warmed up aradle
to vaporize the test fuel and mitigate any driveability concefigure14. Figure B below shows the
section of the original CRC report 666 drive cycle to be used in the newly modified drive cycle.

CRC Original Drive Cycle
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Figure B. CR@QReport 6680riginal(Mild) Drive Cyclé¢hird hill used for modified drive cycle
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Figure 4 below shows the final modified drive cycle with the repeated aggressive acceleration profile.

Modified Drive Cycle
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Figurel4. FE\DevelopedModified (Aggressivelprive Cycle
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Figure 5. EngineMEPInstabilityImprovingAs EngineWarmsUp

It was expected that the driveability concern area would be in the first 108nsiscdue to he
engine not beindully warmed up. Mich of the data analysis focuses on the first two hillthefdrive
cycle for vehicle dreability, outlined in red irHgure 14. Figure 15 shows the Fordl50 combustion
IMEP stability, noted by the variation in measurement, improving as the vehicle progresses in the drive
cycle and the combustion chambers wanm

Thedecision was made to retest theord F1500n all 4 test fuels using the modified drive cycle and
all the Mazda CX testing was done using solely the modiferave cycle. There was amcrease in
driveability issues captured with the Ford 50 on the modified drive cycleikewise the Mazda X
exhibited measurabledriveability issies on the modified drive cycl&he Honda Civic which was tfiest
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vehicle tested in the program was natailableto rerun the tests on the modified drive cyddecause
the vehicle had already been retired from the t@sogram when the modifiedggressivelrive cycle
was developedTherefore only results from the original CRC ref@@6 originaldrive cycle are available
for the CivicOnce the changever to the modified drive cycle occurreal other standard procaates
remained the samancluding fuel change, vehicle pregghicle startup, Park to drive shifandinitial
drive away time.

D. Spark Plug Imestigation and Procedure Update

Another change in the procedure resulted from spark plug fouling due to excessive carbon deposits on
the insulator ancdelectrode of the spark plug developiag a result of fuels testing his wagirst noted

during the Ford 50 testingon the modified dive cycle during CO TR23f&Istesting. This was a

concern due t@otential misfire and driveabilityssuesbeing compoundedoy spark plug foulingver
subsequent test dayanddifficulty distinguishing further driveability effectslely dueto fuels

influence. It is concluded that theause of the sparklpg foulingis due topoor/incomplete combustion
caused by the test fuelshichcreate excess carbon deposits on the spark plug liifjs the case that no

plug fouling would have occurred unless tiest fuel had caused severe misfire leading to partial
combustion and ircylinder soot accumulating on the spark pluiche initial misfires and poor

combustion due solely to fuels influence is evident in subsequent data and consistently noticeable to the
driver (examples can be found under subsection B. 2016 FafsDFData Review under section VI.

Results Overview).

Followinga spark plug investigation and discussions with,GB&k plug documentation and
replacement became part of éhstandard test pcedureto avoid carry over spark plugs fouled by the
test fuels further influencing subsequent testiridreesets of OEM spark plugs weararchased in
advance so that after evefyel test the spark plugs would be changed to a newfgethe next test
eliminatingthe possibility ofcarry overspark plugoulied induced driveability issues from occurring
during the following te€® éold start.This change was to maximize the fuels iefice on vehicle
driveability. During testing on the F50 on CO TR2338 and CE30 TR2340 the spark plugs were
consistently fouled after a cold start test due to fuels influerisigurel6 below shows the spark plugs
for the F150. This procedure change wasne following Ford £50C0 TR233Riel testing with the
modified drive cycle. All the following tests on the FortHB and Mazda CXincorporated spark plug
changes following each te# complée overview of the test sequence and subsequerttdifications
for each vehicle is available AppendixF Vehicle Test Sequence and Test Modifications
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SPARK PLUG INVESTIGATION FINDINGS

| : o] ' g Sparkplug comparison
e : | |3 '

CO0 and CE30 show heavier soot
- ! - and carbon deposits on the

F | | I | electrode tips when compared with
- - kg CE15 spark plugs.

£ | | B e L Spark plugs are collected and
- documented after every test. They
[ |3 | ] are replaced with a new set of
)‘0 | |- o i i plugs prior to each test.
|

Figure B. Ford F150 Spark Plug Findings

E. ColdStartDriveability Metrics

Previous CRC test programs with high DI gasoline fuels religabgective driver ratings in order to
quantify the driveability effects of fuel properties. This often relied on data normalization to correct for
driver bias and differences in ambient conditions. This test program provided the unique opportunity to
measue the underlying effects the test fuels have on vehicle warmup driveability and quantify the
effects. In order to analyze the acquired data, vehicle metrics had to be collected in relation to the
effects of the test fuels. There were three main data nestthat were closely analyzed.

1.) Engine Stagbility
This was the necessary crankshaft revolutions and recordedrtéeded to successfully start
the engine an importantdriveabilitymetric that can belirectlyinfluencedby the fuel. bnger
crank times aranindication of a lack of fuel vaporizatipmindering successful ignition and
combustion.Since a high resolution (360°) crank angle encoder was asegtcurate reading of
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the time neeadto start the engineas well as the number of crankshaft rotatiomas captured.
Once the engine started rotatinthe measurement equipment was able to pick up the
crankshaftrotation. Successful egine startup was considered to be tpeint when engine
speed flaredpast 400RPM to a successful engine idle. Start time was hence the timestamn
of crankshaft rotatiorto 400 RPM aslustrated inFgure 17 below. Due to the varying effects
the vehicle battery state of charge can have on starter motor crankieghumber of
crankshaft revolutionprovided the bestndication of engine start up qualisince it is
independent of time

1
: : Engine Speed 60
T Engine / Vehicle Speed ‘ —— —.Test?2 Vehicle Speed | [

Test 3
2500 | Engine Start Up Metrics

2000 | Test1 |4 9sec[18 3rev il 40

1| Test2 |2.6sec|B.7rev z 30
1800 Test3 [1.8sec|b.2rev [ o0
1000 \J

P
v =
Pl

[mph]

[ Seconds ]
Figure Z. Honda Civic CEJR234(Engine Start Up Times

2.) Engine Idle QualityWIEP Standard Deviatipn
Engine combustion stability can be characterized by calculating the standard deviation of each
Oe f A yomBustibrBVIEP. This requires the engine to be at steady state conditiocls as
during enginddle immediately after engine start. In order to meas the fuel effects on
combustion stability the cold start idle in park (first 5 seconds of the drive cycle following engine
start up) was chosen to be analyzed for IMEP standard deviation adt@ssjine cylinders.
Figure B below shows the first 10egonds of the drive cycle engine speed and the sample point
for IMEP standard deviation based on engine steady state operation. The higher the standard
deviation the morecombustioninstability> (0 2 NJj dzS @I NAF dA2ya |.yR 3IASySN
Since thigsduring the first seconds of engine startup this was a good measurepuént for
fuelinfluence oncombustionstability.

*Example Test
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3 I
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Figure B. Example engine RPM where steady state engine operation allowsrfdrustion
stability measurement
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In order toassign an average standard deviation across all cylinders in the engine several
averaging methods were assigned to create an overall engine IMEP standard deviation. The
averaging methods are described bel@Method 1 is what is used in the Plats)

1. EngineAverage Standard DeviatiorThe CASCombustion Analysis System)
system outputs an IMEP.EA (EA = Engine Average) parameter. This method looks
into the stability ofeach engine cycle and uses tnerage IMEP values of all
cylinders for each engine cyckdter the engine average is output the standard
deviation of the selected sample is calculated, in this case the IMEP.EA
corresponding section of the drive trace is selected for anafysisaveraged
over the length of the sampl&his was the primary metlibused for analysis
and plotting.
2. Mean Average Cylinder Standard Deviatiofiakes the standard deviation of
each individual cylinder for each engine cycle sepdyafehe mean average of
thesevaluesis subsequently the engine average StdDev. This methjparates
GKS RIGF o0& O@fAYRSNI G2 €221 Ayd2 GKS S
3. RMS Average Cylinder Standard Deviatidrakes the standard deviation of the
cycle by cycle IMEP values for each individual cylinder separately followed by
the RootMean-Square averaging method for tldeviation values. This method
separates the data by cylinder to look into RMS engine average of each
Oef AYRSNN& ailloAfAide gAGK GKS adGFrdAadaol
The results were plotted across all test fueFigure @ below shows the results gathered from

the Ford FL50 testing. Each datupoint represents an engine average IMEP standardation
with the green box daturpoint being the average IMEP standard deviation of all three tests.
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Figure B. Fad F150 IMEPRstandard [@viation Cold Start Idle Indfk Original Drive Cycle

3.) Vehicle Drive AwaRriveabilityAnalysisPedal Request to IMEP output.
A direct measurement of driveability can be made using the vehicle pedal position and
measured engine IMEP. The pedal position is the driver torque request input to the engine
control module. The engine IMEP is the positive combustion work that will beeded into
eventualtorque at the wheels for vehicle response. If there is a mismatch in the toemeest
to torque output ratio then there is driveabilityconcern as the vehicle ihresponding to
driver input.The plot in Kjure 20below shows theanalysis done to measure and detect
driveability issuesAs shown irHgure 20below, at second 14 during the initial vehicle drive
away the driver is holding a consistent 65% pedal and the IMEP outputti®engine has a
notable lag resulting in engirfeesitation and subsequent vehicle hesitatidiis type of careful
analysis was done on the vehicles to identify driveakdé@gradation

26



BO Test 1 Modified Drive Cycle
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Figure 20Mazda C Testing on BO TR2338 Fuels testing showing driveability issues during
vehicle drive away

Metrics Conclusion:

The driveability metrics focus on three parts of the drive cycle that consist of the first 30 seconds of the
drive cycle. This being the engine start, engine idle quality and engine respangeateehicle

transient operation(drive away accelerationsgollected data shows that engine exhaust temperatures
quickly exceed 300°C in the first seconds of engine shastdue to the catalyst heating strategy
implemented by the cold start emissions reduction strategy. Although much of the in cylinderdesat g

to the exhaust during this strategy the fast rate of temperature rise measured at the exhaust indicates
that in-cylindertemperaturelikely will also have quickarmup and fuel evaporatiom accordace with

the distillation curve. Therefore the fueffectsmay potentiallybe isolated to the firs0-30 seconds
followingengine start. Figures 223 below show the exhaust temperature profiles for the test vehicles.
The turbine inlet exhaust temperaturedl exceed 300°C by 5 seconds.
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VI. ResultsOveriew

A. 2016 Honda Civic DateeRiew

Vehicle specifications

2016 Honda Civic

Engine: 15 Liter Inline 4 cylinder GTDI

Transmission: C\(Continuously Variable Transmission)

Engine Start ActivationAutomaticStart Button &utomatic crank until engine start)

Figure 2. 2016 Honda Civic

Test Findings

Since the Hond@livic was thdirst vehicle in the test program the original CRC report 666 drive cycle
was solef used. The results showed variedponse to thaest fuelswith aminimal impact on
driveabilityonce the vehicle began drivingone significantly notable to the drivepotentially

attributed to the CRC report 666 drive cycle not having the necessary acceleration profile totimeluce
higher enginedads that camesultin driveabilityissues. Therevas however, measureablelegadation

of vehiclestartabilityand engine stability during cold start idle

Initial testing on the base hydrocarhduel, BO TR2%with DI=1266F, did not incur significant
driveabilityissues or engine stallfo misfires present in comistion data, combustion IMEP data
present in AppendiB. A close look at the vehicle data did however indicate active cold start
adaptations being implemented by the engine management syskemimproved engine startability
Thefirst test had16 crankshatft revolutions (4.3 seconds) before the engine sucdgsstarted;this was
noted by thedriver as a startability concerithe prolonged engine start tirseare likely solely due to
fuelinfluence.The followingsecondandthird test hadreduced engine stanip time of1.7and 1.8
secondgespectivelytypically a car start needs to be less than 1 second for driver satisfadtian.
improved engine startability overonsecutivaestingsuggess that the engne control module had
implementedadaptive changes response to théigh Difuel to ensure faster engine staup.
Prolongedstart up injection durations areoted and alsaorrespond to riclexhaust Lambda
measurementgratio of the amount of oxygen in the exhaust to stoichiometdERcondition, a Lambda
lower than 1.0 indicads enriched operation and higher than In@anslean conditions)Please note
that the instrumented widebanéxhaustoxygenmeasurement equipmenis only able taalculateAFR
andsubsequent.ambda with combusted exhaust oxygeeasurementshence no datas available
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prior to engine start where combustion is not prese@nce the engine does fire and successfuliyts

the exhaust oxygemeasurements responand are able to measuthe enginecold start AFR and
Lambda measurements as shown in FigureT2b.differences in cold start enrichmeas testing
progressedire an indication of thevehicleECM compesating for the lowfuel volatility by increasing

fuel injection to enable combustion and engine st&igures 8 and 26 (below) respectively show the
prolonged engine start up tingand the high injection durations. The evidence for cold start
adaptations prompted the l&r inclusion of short term and long term fuel trirfs all futuretesting in
order to capturefuel trim adaptationresponseo the test fuelslt comes to note that below a certain
RPM threshold (200 rpm) the CASmbustion Analysisystem is not ableotsync and accurately

output fuel injection timing and duration. As a consequence the fuel injection duration is not available
during enginecrankingbut only after the engine has successfiiltgd and started figure ). Due to

the minor vehicle resporesto BO TR2338 fuel, it was decided to progress onto CO TR2338 test fuel (DI =

1358°F).
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Figure 3. Honda Civic B0233 Testing Cold Start Lambdgall Tests)
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Figure B. Honda Civic BOR2338lesting Injection DuratioAll Tests)

Testing on COTR2338uel caused the Honda Civic to repeatedly stall duringtthiesmission
shift from park to drive in the first test exclusively. Following three repeateginestart, shift to drive
and engine stall events the test was considered a complete st@fiteAn engine stall event is defined
as the vehicles engine coming to an unintended halt (RPM = 0) and requiring driver to mensially
the engine agairftypically major driver complaintjurther examination of the data showed that the
vehicle repatedly stalled the engine during the shift from park to drive when the fueling was still in
open loop contralindicated by fuel trim activatiarAny engine stall event would be extremely evident
to any driver/customer and would not require any instrumentation to det®¢hen the engine is shifted
into drive the transmission is engaged, increasing engine Baihg increased engine loads
combuston burn rates become increasingsitical in order to avoid misfireBykeeping track of short
term fueling activity it was determined #t closed loop operation occurs approximately 1&Geconds
after engine start upFigure Z below shows the firstay of testing on CUR2338est fuel and three
repeated engine stalls. Cold start enrichment adaptation was observed in the external standalone AFR
(Lambdameasurements with each staattempt progressivelynicreasing coldtart fueling and settling
at 0.85 Lambda. It is noted that the engine coolant temperature at the OEM sensor remained constant
at 4C°F during all start up and shift attempts, indicating that the change in cold start enrichment was
due to fueling adaptations and netimarilyin respong to anycoolant temperature changes.
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During thesecondandthird tests, each tested on separate days following cadksthe vehicle
successfullgtarted and completed the drive cycle with no engine stalls or significant driveability issues.
This improvement in vehicle response to TRR338est fuel @n possiblbe attributed to fueling
adaptions the ECM implemented following thest i S & U@ atténipts.N@st 2 cold start enrichment
(0.85 Lambda) was likely a learned value from the previous test start attefiitpse was still evidence
of fuels influence in the shift from park to drive laan conditionsare measured but this condition is
followed closely by short term fueling corrections indicatihgsed loop operationThe lean conditios
arecorrected as evidenced by the positive short term fuel trim valhres Lambda iigure B. (Positive
short term fuel trimsadd fueling to compensati®r lean condition9.Running lean during cold start
conditions with high DI fuels often leads to combustion stability isthetsresult inengine stalbr rough
running conditionsas witnessed in the first test attempts. The findings sugtiegtthe Honda Civic is
sensitive to the test fuels in open loop fueling control conditions where as a result of insufficient fueling
coupled with high DI fuel the engine has a tendency td staésponseo a transition tohigher engine
load situationgshifting into drivg. Combustion IMEP plots for CO TR2338 tests are available in Appendix
D.
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The next fuel that wasested was CE15 TR2339 which was th& RE33&lend stock fuel splash
blended with 15% ethanol'he data results were similar to the findings from CO TR2338 fuel. Again cold
start fueling adaptations were observed with increased cold start enrichmenhdwach consecutive
test. Dstinct to this fuel was a notable increase in short term fueling corrections to correct for lean
conditions. Figure 2below shows all three tests for CEIR233%®verlaid. Note the progressive
enrichment in the cold start landa measurementollowing consecutive testadicating cold start
fueling adaptationsThere waslso an instance of severe engine misfires hesitation that was noted
by the driver and evident in the data during test 2. This occurred during the shiftgesk to drive and
observing the lambda measuremeritgere was significant efeanment prior to closed loop operation
that nearly stalled the engine. The combustion measurements wereasillgoto capture the misfires
during this section as shown ihe red dotted circle in i§ure 30
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The final fuel that was tested was CH3®2340. Results were similar to CER2333est fuel
but the engine starup times were notably prolonged in comfison to the rest of the fueld=igure 2
below has a table outlining the engine start up times. As the fueling adaptations are enabled it is
observed that engine start up time imprasbut is still considered long &t2 crankshaft revolutions (1.8
second3$ by the third test. Fuel trims were observed to add the most compensation out of all the test
fuels at up ta25%(figure 32) There wereno significant driveability issueseasured during testing on
CE30rR234Mmnce closed loop operatiowas achieved anduringvehicle driveoff.
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Figure 3. Honda Civic CEJR2340Q.ambda Adaptatiomand ProlongedEngine Start Up Metrics

Engine Start-Up Comparison
Test 1 Test 2 Test 3
Seconds |[Seconds |Seconds

BO 4.3 1.7 1.8
Co 2.3 1.2 0.9
CE15 15 1.3 1.0
CE30 4.8 2.5 1.6

Crank Rev. |Crank Rev. |Crank Rev.

BO 16 6 6.6
Co 8.9 4.6 3.3
CE15 5.3 4.3 3.8
CE30 18.3 8.7 6.2

Table4. Honda Civic Engine Start Metrics
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Figure32. Honda Civic CEJ®R234hort Term Fuel Trims Corrected for Lean Conditions

Summary

The Honda ®ic exhibitedsevere driveability malfunctioriacluding repeating engine stalls on
COTR2338very high DI) fuel. Staljengine rpm = Opccurred at the same point in testing; immediately
after cold start idle after shifting into drive to start the first acceleration. On the other test fuels (BO
TR2335CE19R233%nd CE30R234) the vehicle exhibitedhinimal driveability hesitation dimg
vehicle drive awagnd transient operationMuch of the hesitation and combustion stability issues
occurred during the cold start idle in open loop conditiole to the engine control module not being
able to actively monitor and correct measured ARRce the vehicle entered closed loop conditions,
fuel trim corrections were observed and vehicle drive away was not hindBretbnged engine start
times were measured likelue to the test fuel propertiesThe ECM was able to make cold start fueling
adaptions,by adjustingcold start AFRbllowing each test taeduce engine start up times drimprove
combustion stability.

Being the first test vehicle in the test program the learnings from the testing prompted attention
to the short and long term fugtims to monitor fueling adaptationlso it was difficult for the chassis
dyno driver to accurately time the shift to drive following successful engine start often resulting in the
shift being made several seconds after 5 secopdsmpting a tolerancefcseveral secondghe IMEP
standard deviation was calculated during the vehicle cold start idle in park following engine stabilization.
The results are shown indure 33below. Standard deviation results overlap with each other resulting in
no statistical distinction between fuels. Individual tests onf@233&nd CE19R2339lid measure
higher standard deviaticsa CE30TR234Qest fuel resultshavethe highestengine starimetrics as shown
in Table 3 The results from the Honda Civic suggest that the fuels with most impact on driveability are
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CO0TR233&nd CE30'R234(Qest fuel as COR2338uel exhibited engine stalls whileE30rR2340est
fuel exhibited prolonged engine stanp times.
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Figure33. Honda Civic All Test&lUMEP Standard Deviation Plot
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B. 2016 Ford A50 DataReview

Vehicle specifications:

2017 Ford A50

Engine3.5Liter V-6 cylinder GTD+PFI

Transmission: 10 Speed Automatic

Engine Starfctivation: Keyed Engine Start (Driver holds key until engine start up)

Figure 3. 2017 Ford £50

Test Findings

The2017F150, with the 3.5L powertrain configuration, features an uncommon Direct Injection and

Port Fuel Injection engine design. Each individual engine cylinder has a direct fuel injector injecting fuel
directly into the combustion chamber as well as a dedidatort fuel injector mounted on each
AYRAQDGARdIzZEf O@f AYRSNRA Ayidl 1S NHzyySNXY 9y3IAyS 2LISNI
benefits in different operating areas of the engine. During cold starts both sets of injectors (PFI + Direct
Injection) inject fuel while the vehicle is in the catalyst heating and-stddt emissions reduction phase.

Initial testing on the CRC report 666 drive cycle did not measure signifiehitle response to
test fuelshindering vehicle driveability. Subsequerdlgeparate investigation revealed that more
significant vehicle driveability issues can be induced with a more aggressive drivd egtilegwasthen
repeated orthe four fuels withthe moreaggressivenodifieddrive cycle. The results on the modified
(aggressivegycle showed severe daability impacts caused by the fuelhe higher engine loads
caused by the aggressive drive cycle resliteengine misfires caused tgst fuelinfluence which
directly impacted drieability. Figure 34 below shows the first test on BR2335uel conducted on the
CRC 666riginaldrive cycle and while there is a degree of variability in the IMEP measurements during
the cold start and first drive awathe engine responds to a degregere the driver cannot perceive
any driveability degradationTo note, i is important to distinguish any drop in IMEP from a
transmission gear shift, driver pedal input and fuels influefegure 3 has a drop in IMEP due to the
driver easing off th@edal in order to maintain the light acceleration during the initial drive away, this is
not considered a driveability degradation as the driver is requesting a rieduict engine output. Figure
36-38 show similar resultfor the rest of the test fueld-igures 8-38 show the first test on each test fuel
with combustion IMEP, the results show vehicle is able to maintain drive cyctbeddver did not
note any serious driveability concern.
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IMEP Standard Deviation [ sigma ]

Engine Start Comparison (sec)
Test 1 Test 2 Test 3
BO 0.98 0.74 0.73
Co 0.76 0.64 0.64
CE15 0.86 0.66 0.64
CE30 0.89 0.73 0.75
Engine Start (Crank Rewolutions)
Test 1 Test 2 Test 3
BO 3.57 2.58 2.61
Co 3.03 2.26 2.27
CE15 3.13 2.25 2.27
CE30 3.2 2.57 2.6

Table 5 Ford F150 Engine Start Time Metrics for CRC G6§inalDrive Cycle
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IMEP Standard Deviation Method 1

Test Fuel Cylinder 1| Cylinder 2 | Cylinder3 | Cylinder 4 | Cylinder 5 | Cylinder 6 _&?;Z_
BO Test 1 (40°F) 0.7491 | 06477 05026 | 06261 | 06308 | 04692 | 0.3013
BO Test 2 (40°F) 05936 | 0.5647 05592 | 04461 | 04603 | 0.3939 | 0.2365
BO Test 3 (40°F) 06433 | 0.6744 04118 | 04364 | 05574 | 04328 | 0.2925
CO Test 1(40°F) 0.8067 | 0.7480 06682 | 04852 | 07164 | 06708 | 03372
CO Test 2 (40°F) 06188 | 0.6667 06505 | 06735 | 04971 | 0.4845 | 0.3194
CO Test 3 (40°F) 0.8048 | 0.7980 08898 | 06913 | 07188 | 04971 | 03877

CE15 Test 1 (40°F) 0.5290 0.5283 0.7362 0.5624 0.743 0.4638 0.3434
CE15 Test 2 (40°F) 0.6744 0.7032 0.6237 0.5010 0.5440 0.5725 0.3651
CE15 Test 3 (40°F) 0.8073 0.7145 0.6393 0.5178 0.6875 0.5930 0.2901
CE30 Test 1 (40°F) 0.5759 0.6631 0.5700 0.5534 0.5950 0.6165 0.4237
CE30 Test 2 (40°F) 0.8251 0.6306 0.5558 0.5639 0.5495 0.6147 0.3765
CE30 Test 3 (40°F) 0.6227 0.6722 0.6628 0.5839 0.6205 0.6661 0.4231

Table6. Ford FL50 IMEP Standardediation Results Origin&lrive Cycle

Present in the data fromigfures 35-38is variation in the combustion IMEP across cylinders
causing high IMEP standard devias@amd indicating combustion instabilitfhe measureablacrease
in combustion instabilitys exhibited byhigher IMEP standard deviatisas plotted in Figure 3and
tabulated in Tablé®. Standard deviation results again overlap across fuels making it difficult to
statistically distinguish. Individual testadthe test averages provide some insight into the effects the
fuels have on combustion stabilitigher levels oicombustion instabilitymeasuredon the F150 can be
due to various factors. Analyzing tbata in depth showedhat the enginecold start Lenbda
consistently targeted..O (stoichiometricAFR during cold start idle potentially a coldstart strategy in
orderto reduce colestart emissions. Figure 4how this duringc0TR2338uel testingwith a
consistently measured Lambda for the cold statt1.0for all three tests. Whileunning the cold engine
at Lambda 1.0educes cold start emissions it also increases the engine sensitivity to high, Diueieb
the lack of fuel vporization causing Bn diluteconditions in engine combustiandincreasing
combustioninstability. Figure41 showswhere thecold start IMEP measuremesample is taken frong
degree of variability is evident based on the plots and later quantified stithdard deviation
calculations made visible in the Figure Bfibt.
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From previous testing on the Honda Civiwés noted that closed loop AFR confiotrucial for
correcting fueling and improving engine stability and driveability. The Fa&DBEhort term fueling
correctionswere not indicated viashort term fuel trimactivation until17-19 seconds after engine start
up (after first hill drive away)Figure42 below shows the 50 testing on CE30 TR2340, where the
STFQ do not activate until 18 seconds indicatisrt of closed loop operation. It can be noted that
prior to short term fueling correctionthe AFR is lean across both engine bap&gentiallydue to the
high ethanol content of CE3GR234Gndthe lack ofactivefueling corrections

CE30 Test 3 Original Drive Cycle
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25 .
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Figure42. Ford FL50 CE30 TR2340 Test 3 Closed Loop Operation kdlicaiSTFT activation

Modified Drive Cycle Data Review

Up until this point most of théuel effectson the vehicles were nataptured during vehiclgansient

driving operation After the switch over to the modified drive cycle a degradation of driveability became
measureableThe most adversely affected fuels were CO TR2338 and CE30 TR234@3Rkpaves the

first testrun on COTR2338est fuel and the severe misfires on eylinders as evidenced by the IMEP
measurements dropping to zero. It is also notable that the misfires continued into the second drive cycle
hill after closed loop operation and wraing of the combustion chambgbelieved to be caused by

excess spark plutarbon depositherein called spark plug fouling
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‘ CO Test 1 Modified Drive Cycle
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Figue 43. Ford FL50 COTR2338rest 1 severeri/eabiity degradation evidenced by misfires

The misfires wersevere enough to prevent the vehicle from successfully following the drive
cycle up to 20 mphapparat in the vehicle speed trac®espite the pedal request from the driver
(100%}he vehicle could not maintain vehicle speethown in gure 4.

46



CO Test 1 Modified Drive Cycle
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Figured4. Ford FL50 COTR2338rest 1 Showing Driver Pedal Input

Rather than improve consecutively as testing progressed due to fueling adaptatiemaisfires
and driveability degradation persisted. The second test ormR2338est fuel withessed the vehiel
engine stall out dring the drive away, shown ingare45. The vehicle would then fail testart; a
further root cause investigation revealed that the spark plugs had excessive carbon deposits due to
incomplete combustion preventing proper spark plug§. Changing spark plugs after every teistis
ensuring that each test began with clean and new plbgsame incorporated in the standard testing
procedure to eliminate theffects of spark plug fouling carried over into subsequent repeat téstsl
review of test procedure modifications during the program is available in Appéndikicle Test
Sequence and Test Modifications.
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Figured5. Ford FL50 COTR2338est 2 Engine Stallie to spark plug fouling

Based on severity and numbermisfires, hesitation, and engine stalise driveability impact
was highest on the CDR2338&nd CE30'R234(Qest fuels.However, the IMEP standard deviation plot in
Figure 8 (measured during cold start idle in park) shows no statistical difference leetthes four test
fuels, although theaest average was higher for CEBR2340Figure46 shows an IMEP comparison on all
fuels ontest day 3the data showsonsistentand severalriveability degadation on the COR233&nd
CE30rR234Guel. Despite highTFT2t® compensate for leanonditions caused by the fuelbie engine
still misfired considerably causing driveability degradattat was very evident to the driveFigure Z
showsunstableAFRfuelingmeasurementand high levels of STFT instability, the LTFT is also learned
from the previous 2 tests and show a significant positive fueling correction to compensate for lean
conditions.Regardless of fueling adaptations and corrections the vehicle struggled to epeitatCO
TR233&nd CE30'R2340duels, the typical driver would consider vehicle cold start driveability
unacceptable in these cases.
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Figured6. Ford FL50 Modified(Aggressivé)rive Cycle Test 3 All Fuels

Results captured in Figur® 4how severe misfires during the initial drive away frord00seconds of

the modified aggressive cycle. By second 50 the combustion chamber has warmed up sufficiently to
mitigate the fuel effects. Any IMEP drops past secondrg&@ue to driver pedal regest or transmission
gear shift causing the engine to reduce output. Due to the 10 speed automatic transmission there is a
significant amount of transmission shifting.
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Figure 8. Ford F150 Cold Start IMEP Standard Deviation Plot Modified Drive Cycle

Engine Start Comparison (sec)
Test 1 Test 2 Test 3
BO 1.01 0.77 0.75
CO0 0.84 0.77 0.70
CE15 0.91 0.71 0.70
CE30 0.93 0.78 0.79
Engine Start (Crank Rewolutions)
Test 1 Test 2 Test 3
BO 3.8 2.5 2.3
Co 2.5 2.1 2.5
CE15 2.9 2.1 2.5
CE30 2.95 2.6 2.25
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Summary

Testing on the Ford-F50 providedvery valuablansight into driveability degradain caused by
the high Dtestfuels. Initially testing on the origin@RG@G66 originaldrive cycle did not havasevere
driveability impact further investigation revealethat amore aggressive driveycle wouldcapture
higher levels ofiriveability degadation The combustion IMEP standard deviation measurements were
notably highbut statistically the samacross fuels. Testing on the modified CRC drive cycle revealed
serious driveability degradation particularly with CO TR2338 and CE30 TR2340 fagkrélgel MEP
standard deviatiorwas higher for CE3DR234@han for the other three test fuelsAdditionally after an
engine stall event on CDR2338uel during he modified drive cycle testing,was found that spark plug
fouling was occurringd separate spark plug investigation found that the plugs most affected by carbon
depositscausing plug foulingrere from COrR233&nd CE30'R234Qesting, also in accordance with
the driveabilityfindings. In order to reduce the effects of improper spark plug function due to fouling
the test procedure was modified to include spark plug changes after every test. It is not known how fast
spark plug fouling occurred and whether the sustained driveabilibessmeasured in CDR233&nd
CE30TR234Q@esting was solely due to fuels influence or a combination of spark plug fouling and fuels
influence.It was concluded thatmark plug fouling occurred due to misfifpeor combustioncaused by
the test fuels Thisis further backed by data showing high IMEP variation, misfires in combustion data,
and unstable AFR measuremengures 46 and 47.

Measurements and results werepeatable across all three tests for each fuel with consistent
misfires measured and deaded driveability observed on COUR2338&nd CE30'R234Guel. Despite long
term fueling adaptations the driveability degradation did not improve by the third test chR2B38
and CE30'R234duels. BO TR2335 and CE15 TR2339 were more stable in compdtissimilar levels
of driveability degradationThe data shows that CTR2338esting was more severe thaCE13R2339
testing indicating thathe 15% splash blended ethanol fuel does not degradesdbility but actually
improves compared to CDR2338more testing is needed for this to be a conclusion and is an
observation at this pointOne of the causes for the elevated degradation of combustion stability and
driveability performancecross all fuelmay be due tdhe cold start strategy the-£50 employs which
targets Lambda.D. The low volatility high DI nature of the fuels will cause partial fuel vaporization
which will create a leaner combustion mixture than intentionally targeted by the ECM causing
combustion staility issuesAdditionallyit was observed thathe ethanol blended fuels colstart
Lambdaup untilshort term fueling correction islosed loop controlvas often measured as ledh.1-1.2
Lambda)which further inhibits combustion stability thi poor vdatility high DI fuelsThe enleanment
on ethanol blended fuels can be attributed to the higher oxygen content of the flléstime for short
term fuel trim activationwas also lengthy as it did not occur untit2d seconds after engine start, this
coud also help explain the serious driveability issues that occurred during the initial drive away at
approx. 1015 seconds while the vehicle is still in open loop cor{trot actively measuring AFM and
using calibrated tables for fuelingjhe results showhat even modern vehicles with the latest
technologies are still sensitive to high DI fuels and ethanol blended fuels do have a discernable effect as
they particularly affect open loop fueling conditions due to the Higlvolatility properties and
potentially oxygenate levels.
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C. 2016 Mazda CR Data Review

Vehicle specifications:

2016 Mazda GH¥

Engine2.5Liter Inline 4cylinder GTDI with high pressure external EGR
Transmission: Speed Automatic

Engine Start Activation: Auttatic Start Button (autanaticcrank until engine start)

Figure @. 2016 Mazda GX Tested

Test Findings

Testing on the Mazda @4{vas conductedising themodifiedaggressivelrive cycleand fully
implemented the spark pluget changédollowing everyindividualtest to eliminatepotential effects of
spark plug fouling on driveality measurementsFor the Mazda the original test fuel stocks were
depleted and resupplied replacement tesefisupplied by Gage Products was usetker to Appendix
A: Fuel Inspection sheets for fuel propertitids to be noted that the rdlended fuels did have slight
differences in the volatility properties that may have affected this vehicles test reBigise 5 shows
the distillation curves of the original and-dended fuels compared with one another.

This vehicle aae equipped with an external high pressure Eg&em;however this system is
not active untilthe engine is fully warmed up and did not have a rolany of thedriveability
measurements for this testingnique to this engine are multiple ignition events measured during
engine start up, up to 4 events angeasured. This mutspark strategy during engine turn over and start
helps flame propagation for combustion and contributes to faster engine start up tirmasiple
ignition eventsare shown in kgure54 and 56

Starting with BO TE335A fuel the vehiak exhibited driveability degradation with engine
hesitation on thefirst testQ iaitial drive awayEngine start and idle wergable bu during the initial
pedal tipin a misfire on cylinder 2 is noteds the vehicle continued acceleration there is alved
engine hesitation shown by the drop in IMEP during acceleration while pedal input by the driver is held
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constant at approximatelg5% (Figure 50 The driver did note the drive away hesitation but regarded it
as minor and may pass unperceived by déiverage layman.

BO Test 1 Modified Drive Cycle
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Figure 50Mazda C® BOTR2335A est 1 Engine Hesitation

Active $ort term fueling corrections occurrdaetweenseconds 10 andi3, Hgure 51, coinciding
with the pedal tipin on thefirst driveaway.It is not known whether thactive fueling corrections were
implemented during initial tip in response where a single cylinder misfire is repeatgaiyred, kgure
50second 12.5. Long term memdiyeling adaptationsvere presentacross testsvith adjustment to
cold start LambdaOn BOTR2335uel test 2 and 3 the driveability hesitation observed during test
during the first drive away was no longer presa@nticating fueling adaptations improving driveability
performance
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Testing on COTR2338Aest fuel confirmed a consistentrgjle cylinder misfire at pedal tijn
duringthe first drive away, igure53. This occurred for all three tests of fuel TR23384s shown in
AppendixD. In accordance with the misfire event the Lambda measuremenidvbave a lean reading
due tothe lack of combustion in one cylindpassinghon-combustedair into the exhaustRgure 54.

There was no driveability degradation on TR2338Aest fuel measureé@nd the vehicle responded

well to the test fuelcontrary toresults fromprevious vehicles tested close look at fueling adaptations
showed e fuel trims applyindpigh corrections in respnse to the test fuel,igure55. The long term

fuel trims are set to increase fueling while the short term fuel trims counter balance and redace
fueling during vehicle accelerations. It was noted the5@°C Engine Coolant Temperature the fuel trims
reset, indicating that the vehicle had different fuel trim adaptation tables for different engine
temperature set pointsThefirst test on COTR2338Aest fuel had the long term fuel trims set ah 8%
increase in fueling correction. This may be that the fueling correction was learned from the vehicle fill up
and FTP74 drive cycle prep the previous day and carried tiveas later learned that a merthorough
way to reduce carry over adaptations from vehicle prep is to clear fuel trim memory using a
manufacturer scan tool, this was not done on any of the vehicles in this program.
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Testing on CE15 TR223®@el caused an engine stall event the firsttest, shown inFgure 5.
Onthe second start attempthe engine successfully started and vehicle completed the drive cycle. A
close look at the data showealevatedlevels of combustion instabiliguring engine idlgpotentially
due to en loop fueling consistently &an conditims (1.1 LambdaHgure B. In response to the
engine stall the engine control module implementegbid adaptations witta differentenginestart and
warm up strategy. Instead of arctive catalyst heating strateggharacterized by late ignition tiimg
and adouble fuel injectiona different strategy was implementedThe tiel injectionstrategychanged
to a single injection event and there was active catalyst heatings the ignition timing was not
retarded past TDC. This change in strategy was likedyto the engine control module recognizing the
initial engine stall and changing over to a safer calibration strategy that prioritizes engine stability over
cold start emissions reductio@n this second start attempt, following initexhgine stall dung the first
attempt, the vehicle drive away on the first drive cycle bltiservedsignificant driveability degradian
caused by engine IMEP hesitatidigure57. A look at the ignition timing during the engine hesitation
does show briefetardationthat is consistently present duringis areaof engine operation, igure 3.
The ignition retard causes a reduction in engine IMEPdhatbecompounded by fuels influencehere
can be a variety of reasons for the ignition retard in thatt of engine operatiojone plausible
explanationmay be for engine knock mitigation purposése fuel trims following the lean open loop
fueling also max out at 30% positive correction in regeoto CE15R2339A4uel, indicating very high
fuelingcormrections being implemented,dure .
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CE15 Test 1 Modified Drive Cycle
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Figure ®. Mazda CX9 CE19R2339Aest 1 Fuel Trims

For the remaining tests on CEIR2339Auel, the cold start calibration strateggverted toa
catalyst heating strategy for cold start emissions reduction. The open loop fueling was no longer lean
but likely adapted with the learned long term fuel trims from the first test. There was still driveability
degradation from engine hesitation durinigd first drive awaypossiblydue to the ignition timing
strategy used.Figure61 more clearly shows the reduction in cylinder combustion pressure caused by
the ignition timing retard that causes engihesitation;it is also present in the engine speed trace.
Figure60 shows the corresponding ignition timing retard, engine speed hgsit and measured

Lambda.
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The final testsun on CE30 TR23A®est fuel did not show thesame level of driveability
degradation during the first drive away. Open loop fueling was consistently lean for all three tests
despite fueltrim adaptations close to maximum levels for correctiegn conditiongFgure &).
Following the third and final S& G G(KS @SKAOfS aSda I a/ KSO1 9y3aAYyS |
too lean codeThis code was likely causedthg high ethanotontent of the CE30 fuel (308thanol).
This occurreeven though the fuel trims were correcting for leaonditions they were likely at
maximum authorityand could notadequatelycompensate for the fuel and eventually an engine code
was set
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Figure62. Mazda C¥ CE3@'R2340AII Tess Open Loop AFR Consistently Lean

Despite open loop fueling being leahe driveability during vehicle acceleration response was
not dgnificantly degraded. Figu@&8 and 64 show the driveability on CE3WR2340Avhichwas not
significantly affected with a consistent and smooth response from the engine as indicated by the
combustion IMEP in response to pedal input from thiéevdr. The engine start time on CEI®R2340A
was prolonged in comparisao the rest of the test fuelshown inTable8.
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[ bar]

Engine Start-Up Comparison (sec)
Test 1 Test 2 Test 3
BO 1.3 1.2 0.9
Co 0.9 1.1 1.1
CE15 0.9 1.1 1.3
CE30 1.6 1.2 1.5
Engine Start (Crank Rewolutions)
Test 1 Test 2 Test 3
BO 3.5 3.0 2.3
Co 2.8 3.1 3.3
CE15 3.4 3.5 4.0
CE30 4.8 4.0 4.5

Table8. Mazda C9 Engine Startability Metrics

CE30 Test 1 Modified Drive Cycle
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Figure63. Mazda C® CE30'R2340A est 1 Driveability not significantly degraded
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Figure64. Mazda C¥ CE30'R2340AIl Tests Showing Consistent Driveability Results

Summary

C2NJ GKAAa @S Kethanbl §léhded fudsxHibiey Aorais&vEre driveability response
thanthe base hydrocarbon fuelaith the most severduel beingCE15TR233% test fueldueto an
engine stall event that occurred on the first test and consistent engine hesitation during initial drive
away accelerationt is noted that the CE15 TR2339A fuel had a significant difference in T50 distillation
point than the original CE15 TR2339 fukistmay have contributed to vehicle driveability differences
when compared to the previous vehicles tested on CE15 TR23390H8D TR234(est fuelalso had
consistentandprolonged engine start timesimilar to the previous vehicles testdduring thefirst drive
away acceleration, where driveability degradation was pregeogsibletest fuel influencecoupled with
an ignition retard strategyas thecausefor inconsistentcombustion IMEButput that triggered
driveability performance degradatiomheECMadaptations werealso noted toonly be effective in
improving engine start timen BO TR2335A test fydhe rest of the fuels did not show startability
improvement on consecutive testd consistent single cylinder misfire duriting firstinitial pedal tipin
at drive awayo 0 secondpwas noted across all tests and fuels. This can be due to fuels influence while
the vehicle is still in open loop control andmbined withpoor fueling response by the engigentrols,
this single cylinder mfire was not noticeable by the driver and not considered a major driveability
concern

The first test on CE15 TR2339A was characterized bygine stall eventwhen the vehicle was
started and un, againthe engine control modulgvas noted torapidlyadapt and switch to a more
stableand conservativeold start strategyRegardless of the change in cold start strategy on the first
CE15 TR2339A test, the vehicle still exhibited driveability degradation duringtialedrive away
acceleration, lgure57.
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In comparison the CE30 TR2340A tests did not stall the engine but did have notable effects on
the fueling measurements:ollowing theCE30TR234@\ fuel testing the vehicle triggered a check engine
code due to consistent lean conditions from the highamol content fuel; this was the first vehicle in
the test program to set a check engine light in respaiasatest fuel. The first tests are circled in red in
the plot of IMEP standard deviation (Figurs) s they are expected to have the largest IMEP standard
deviation due to a lack of fueling adaptatidhis noted thatCE30 has a large spread in IMEP standard
deviation and the first test has the lowest deviatiwvhile the third test has the highest. Theoad
spreadmay be explained by the lean conditiocsused by the fudbr which the ECM was not able to
adapt toandeventuallytriggereda check engine lighEor all tests, driveability degradation was only
observed in the firsBO seconds after enginstart, indicating that once the combustion chambe&rms
up the vehicle is able to adequatehaporize and combust the test fuels.
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VIl.  Summary and Conclusions

Thistest programset out todetermine if aclimate controlled dynamometer baseesting appoach can
be used to determindow vehiclesespondto high DI @iels,ethanol blended fuels anthe
consequential effects on colstart driveability performance.

As part of the investigationvie questions were posed.

Do vehicles still respond adversely to high DI fuels?

Can this be detected with instrumentation?

How do the vehicles respond to high DI splash blended ethanol fuels?
Can the response be quantified with instrumentation?

5. What ingrumentation is needed?

PN

The vehicles atespondedadversely to the high DI fuels showing that despite advances in engine
technology fuel volatility standards are still relevaanhd essential for coldtart driveability
performance

Utilizinga climatecontrolled chassis dyno chambandinstrumented vehicls for testing, the
acquired datavasable to detectand measuralriveability performancén response to the test fuels.
Metrics such as engine start time / number ofcrankshaftrevolutions IMEP standard deviation, and
driver pedal input toenginecombustionIMEP output comparisorere able to characterizéhe effects of
the fuelson driveability It was also possible to gather a more fundamental understanding of the effects
the test fuels had ormoderncombustion andengine management systesn

Frominitial testing on the Honda Civic it became apparent #ragine management system fueling
adaptations are criticalfactor invehicle response to differingst fuek, andthose adaptationvaried
across different vehicle manufacturemad engine management systenihe adaptations included fuel
trim adjustments, fuel injection duration, cold start enrichment, cold start ignition and injection timing.
The time for closed IgpAFR contrglindicated by STFT activatimaried across vehicles and walsoan
important facor in how the engine management system responded corrected fuelingonditions
Sored long term fuel trim memory typicallgadsto driveabilityimprovement in each consecutive test
cycle and is considered a dic#lfueling adaptation to mitigate high Diduced driveability degradation,
particularly in open loop AFR conditiod$ie Honda Civic for example showed increased open loop AFR
enrichmentfollowing consecutive testing in ordés mitigate the effects of high DI fuel while the Ford F
150 did not exhibit open loop AFR adaptation regardless of consecutive testing. This suggests that
different engine managemersystems have varying levels of high @l fadaptability.

Qonsistent with traditional DI modeling of hydraten fuels CO TR2338 test fuel produced more
driveability degradatiorthan BOTR2335uel on the Honda Civic and FordlB0, howeverthe same
observation isiot so clear on the Mazda €&Xk isto be noted that the C>9 used the resupplied and+e
blended test fuelvhich had slight differences compared to the original test fuels used on the Honda and
Ford. Theethanol blended fuels had viable effects acrosshe vehiclesand while they provided good
insight into the response from the vehicles a firm conclusion was not reached regarding the effects of
splash blended ethanol with high DI fuklwould be beneficial to continue testing splash blended high
DI etharol fuels on more vehicles using this methodology to continue gathering data and conclusions.
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In summary the test fuels that exhibited the most driveabitiggradationfor each one of the vehicles
testedare:

1 Honda CivicCOTR2338 due to repeated engistalls when shifting into drive.

1 Ford F150: CO TR2338 and CE3Q@3® test fuels due to misfires, severe engine hesitation and
engine stall events

1 Mazda C>9: CE15 TR2339A due to engine stall event and repeated driveability degradation on
the first acceleration.

From the study its concludedthat one of the largest effects the ethanol blended fuels have on
vehicles is in open loop fueling contrdye toinducedlean AFRaused byhigh DI volatility fuel
properties and compounded bgthanol blendedxygenated fued None of these vehicles e
equipped with ethanol sensors in the fuel system so the change in fuel stoichiometry could only be
detectedand aljusted via fueling adaptations the case of the Mazdéested withCE30TR2340Ael
an enleanment engine code wasEet A Y RAOF G Ay3 GKIFIG GKS /9on¢wHonn! 1
ability to cope with It is known thatenginesrunning lean AFRW@ith a cold combustion chamber can
degrade combustion stability and lead to enginefirés which will be perceived as driveability
degradation.

In summarythe main learnings in this project regarding the effect of high DI faelehicledriveability
responseare:

1 Modern vehicles with GTDI engines still respond adversely to high DI fuels showing that despite

advances in engine technology, fuel volatility standards are still relevant and essential for cold

start driveabilityperformance

Vehicle instrumentation is able to capture and characterize test fuel driveability effects.

Driver evaluation is able to readily detect several cases of fuel induced driveability effects and

instrumented data backs and quantifies driver sutijge evaluation.

1 Ethanol blended fuelsanhaveanenleanment effect that goes una@cted until closed loopir
fuel control. During the enleaned combustion, the engine is more prone to misfire events
hesitationand subsequentlydriveability degradatia.

1 Factors that determine time to @sed loop air fuel control vaignd can be attributed to O2
sensor heating characteristics, exhaust system packaging and design, and the engine
management system.

1 Vehicle responsand adaptatiorto poor combustiorevents caused by the test fuels varied
differently across thevehiclestestedand can be attributed to engine management system
controls adaptations ad calibration differences.

= =4

Foranyfuture testingto replicate these resultthe required data acgsition equipment should include:

1 Combustion Analysis system with high resolution (1° CA) crankshaft encoder
0 In cylinder pressure transducers for combustion measurement
0 Fuel Injection Measuremerftnjection Timing and Duration)
o Ignition Measurement

1 MK M etypethérmocouple temperature measurement(s)

Ambient Air Temperature

Engine Coolant In/Out temperature

Engine oil sump temperature

Exhaust Turbine Inlet and Catalyst Temperature(s)

O o oo
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1 Pressure Measurements(s)
0 Ambient Air Pressure
o Intake Manifold Pressure
o0 Fuel Presure ( Direct Injection Rail and Fuel supply system)
Exhaust wideband air fuel measurement installed close to OEM oxygen sensor
OBDIlI CAN measurements (L0Hz minimum)
o Pedal Position
0 Throttle position
0 Short/Long Term Fuel Trims
o Commanded Air Fu&atio
o0 EVAP Purge Activation
Analog to Digital Modules and DAQ Battery Setup
Laptop with data acquisition software
Special Fuel Drain installed in fuel tank and fuel evacuation points installed on fuel system lines.
Manufacturer specific scan tool for engisode readings and fuel trim (adaptation) resets.

= =4
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Out of the equipment listed the most expensive and complex to instrument is the combustion
analysis system as special cylinder head machining is required to fit-tiyérider pressure transducers.
The caonbustion analysis system allows for close monitoring ofctm@bustion qualityas well as any
crank amgle based measurements such gsifion and fuel injectionThe use of flush mounted spark
plug pressure transducers of interest due to cost reducticand feasibility but this type of transducer
may not have the necessary resolution to distinguish combustion irregularities caused by fuel.
Additionallyspark plug transducers have been known to cause combustion instabilitsbimcharged
direct injectionengines. Due to the high sensitivity of newer combustion systems in vehicles, the
slightest inconsistency between the spark plug transducer and the original spark plug, results in misfires
at cold start and full load operations. This would ultimately comngise the reliability of the dataA
separate invetigationis needed to concluden the option of flush mounted spark plug pressure
transducers.

The thermocouple measurements are for boundary condition monitoring of ambient conditions
and engine coolartnd oil temperatures. The exhaust temperatures help in estimating the cold start
combustion temperature and the catalyst temperatures are tonitor any potentiakcatalyst
overheating conditionsaused by engine misfires.

The pressure measurement of ambient air is for boundary condition monitoring. The intake
manifold pressure is for engine load indication as wefbags combustion analysis system reference
signal. Another important measurement is the fuel pressure in thieect injection system to observe
any changes caused by fueling adaptations.

The exhaust wideband air fuel measurement is for close monitoring of the engine air/fuel ratio
during cold start operation and to capture the effects of the test fuels. Thigpatent is already
warmed up and accurately measuring exhaust air/fuel ratios when the engine is started as it is
independent of vehicle systems and powered by the DAQ power sEtuphis testing the O2 sensor
was calibrated in open air only once anditigbefore the start of any fuels testing during the
instrumentation process.

The critical OBl measurements needed are pedal position to monitor driver torque request. Fuel
trims ard commanded air fuel ratio helpapture vehicle fueling adaptatiossidclosed loop AFR
control. EVAP Purge activation helps in understanding AFRondition changes caused by EVAP Purge
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activation. Monitoring the throttle position allows for understanding of the engine management
response ashrottle position controls engie loading.

A critical piece of equipment is the manufacturer specific scan tool in order to read engine codes and
reset fueling adaptions prior to testing the driveability of test fuels. This was not incorporated during the
program but should be done omg subsequent testing in order to capture full effects of fuels and
GakK201¢ UKS @SKAOf So

The fuel system also needs to be instrumented with special drain points on the tank and along the fuel
line system in order to effectively evacuate test fuels. Spéabaication of custom fittings may be
needed for this depending on vehicle design and packaging.

VIIl. Recommendations

Testing instrumented vehicles in a climate controlled chassis dgrupposed to the traditional driver
subjective evaluabns onvehicle fleetsaallowsfor a more fundamental understanding ohe fuel effects

on driveability, combustion angehicle engine management systeffor traditional and novel engine
technologies this will have benefits in understanding the effects of fuel properties on the engire cold
start driveability peformance. Using a fixed drive cydds, done in this progranallows for repeatable
resultsandenablesdifferent vehicle resporesto be morereadily compared to each other as opposed
to the methodologyin previous CRC fleet testin§using intakenanifold pressure characteristics of a
particular vehicle to define a custom acceleration profile as was done in the origin&epRO666

drive cycle.

It was initially known and again confirmed in thtady that vehtle engines are most sensitit@
high DI fuels during thimitial cold start as the combustion chamber is warming up to operating
temperatures due to thefuel vaporizéion and air / fuel mixing needed for stable combustiBnivingan
aggressivénitial acceleration profile is strongly recommendtdinduceworst case scenaridriveability
degradation and capture thiill effectsof the test fuelsvia instrumented meagements.This will also
SYKIyOS a4dzo2SO0GAQGS S@lfdad A2y Fa GKS STFFSOGa I NB

One of the aspects of the study was to observe how the engine management system reacted to the
test fuels. This study confirmed thdifferent modern engine management systeingplementdifferent
fueling adaptationsnd rates of adaption response® try to mitigate the effects of the fuels. It was
learned from this study that inrder to fully cajpure the individual test fuel effectprevious fueling
adaptations should be baselined to avoid having them carried over into a new &stlfis study
addressed this by conditioning the test vehicles with commercially available pump-hetheen test
fuels in order to reset (baseline) fueling adaptations. It was however notedaftertthis was done and
the vehicle rama prep cycleat ambient temperatures close to 75tRe vehicles may havaarted
implementing adaptations with the new test fuel$id likely mitigated some of the full effects of the
test fuels during the first test at 40°F but the results from the program are still considered
representative and valid. For future testing in order to capture the full effects of the fuels it is
recommended to clear fuel trim memory from the test vehicles after prep cycle conditioning and before
cold soak storagerior to the first test ran at 40°H.his would erase any learned fueling adaptations
during the fuel change over procedure and during the pre@e conditioning It is recognized thaa
fuel trim memory clear using a hand held scan fodbwing thevehicle pep can be more effective than
using pump fuel toeset fueling adaptations and this procedure changet®mmended for any future
programs.
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Thedriveabilitymetrics usedn this studyprovided good characteristics for the test fuels and
allowed for objective driveability measurements. It was noted that the IMEP standard deviation
measurements are only feasible during engine steady state operation during the initial cold stan idle
order tocharacterize idle quality. While it would be valuable to have a metric foinitial vehicle
accelerations, carrying out a standard deviation calculation during transient vehicle operation is not
accurate duedo the combustion IMEP points at thfent operating points in the engine. A different
approach for transient (acceleration) vehicle response is needed in order to quantify the driveability.
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Definitions/Abbreviations

AB&; Anti Brake System

AFRc¢ Air Fuel Ratio

°CAc Crank Angle Degrees

CAN¢ Controller Area Network (Communications Protocol)
CR; Coordinating Research Council

CVTc¢ Continuously Variable Transmission

COV IMEE Coefficient ovariance IMEP (Combustion Stability Parameter)
DAQg Data Acquisition

DI ¢ Driveability Index

DVPE, Dry Vapor Pressure Equivalent

Dynoc¢ Chassis Dynamometer

EO¢ 0% ethanol blended fuel

E15¢ 15% ethanol blended fuel

E30¢ 30 % ethanol blended fuel

ECT Engine Coolant Temperature

ECLU; Engine Control Unit

ECM¢ Engine Control Module

EGRExhaust Gas Recirculation

EPAc U.S. Environmental Protection Agency

EVAR; Automotive Evaporative Vehicle Emissions

FTP74 U.S. Federal Emissions Drive Cycle Segment
FWD¢ Front Wheel Drive

IMEP( Indicated Mean Effective Pressure (combustion parameter)

GTDL Gasoline Turbo Direct Injection
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HOV( Heat of vaporization

Lambdac Air Fuel Ratio as a function of Stoichiometric Ratio (1.0 = Stoichiometric ratio)
T10¢ 10% fuel distillation temperature

T50 50% fuel distillation temperature

T90¢ 90% fuel distillation temperature

LTF¥ Long Term Fuel Trims

02- Oxygen

OBD¢ On Board Diagnostic (system)

OEM( Original Equipment Manufacturer

PFIc Port Fuel Injectin

RMS¢ Root Mean Square numerical averaging method

RWD¢ Rear Wheel Drive

Startability¢ The capability of a vehicle engine to start during a -«édt procedure
STFT Short Term Fuel Trims

TDC; Top Dead Center (engine crank angle position)

USCARUNnited States Council for Automotive Research
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Appendix

Appendix AFuel Inspection Sheets

Table A-1

2016-18 CRC Study EO Original Fuels

Fuel Code B0 TR2335
Laboratory Halterman| Chevron| MPC BP Average
Property ASTM Test Method Units

API| Gravity@60°F D1298/D287 API 54.8 54.0 54.6 54.7 54.5
Density @ 15°C 0.7593 | 0.7625 | 0.7597 | 0.7599
Research Octane Number D2699 RON 97.6 97.0 97.3
Motor Octane Number D2700 MON 87.1 88.6 87.9
Antiknock Index, (R+M)/2 D2699/D2700 AKI 92.35 92.8 92.6
Sensitivity 10.5 8.4
Ethanol Content D5599 vol % 0 0 0 0 0.0
DVPE Vapor Pressure D5191 psi 8.9 8.9 8.89 9.0 8.9
Temperature V/L=20 (TVL20) D5188 °F 142.6 137 139.8
Temperature V/L=20 (TVL20) Calculated D4814 144.6 142.2 143.5 143.2
Sulfur Content D2622/D7039 ppm 4.0 4.0
FIA (uncorrected) D1319

Saturates vol % 52.20 51.2 46.49 50.0

Aromatics vol % 37.10 38 40.97 38.7

Olefins vol % 10.70 10.8 12.53 11.3
FIA (corrected for oxygenates) D1319

Saturates vol %

Aromatics vol %

Olefins vol %
Benzene D3606 vol % 0 0.03 0.03 0.0
D86 Distillation D86
Initial Boiling Point °F 89 83.5 85.8 85.2 85.9
5% Evaporated °F 115 106.2 111.2 110.8
10% Evaporated °F 130 121.9 124 125.2 125.3
20% Evaporated °F 156 149.0 150.9 152.6 152.1
30% Evaporated °F 187 182.5 185.2 186.3 185.3
40% Evaporated °F 220 216.4 219.8 220.3 219.1
50% Evaporated °F 239 235.6 238.3 238.9 238.0
60% Evaporated °F 254 251.0 253 253.4 252.9
70% Evaporated °F 274 271.8 273.8 275 273.7
80% Evaporated °F 316 313.6 316.2 317.5 315.8
90% Evaporated °F 365 363.3 363.4 364.2 364.0
95% Evaporated °F 387 383.1 387.2 385.8
Final Boiling Point °F 408 407.1 411.8 411.4 409.6
Recovered vol % 97.7 96.7 98 98.4 97.7
Residue vol % 1 1.1 1.1 1.1 97.7
Loss vol % 1.3 2.2 0.9 0.5 1.1
Driveability Index Uncorrected D4814 °F 1278.0 | 1253.0 | 1264.3 [ 1269.0 | 1266.1
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Table A-1

2016-18 CRC Study EO Fuels Resupply Reblended Fuels

Fuel Code BO TR2335A
Laboratory Gage | Chevron MPC BP | Average
Property ASTM Test Methog  Units

API Gravity@60°F D1298/D287 API 52.8 51.4 52.3 52.5 52.2
Density @ 15°C 0.7679| 0.7735| 0.7698 | 0.7689| 0.8
Research Octane Number D2699 RON 96.6 96.4 96.1 90.9 95.0
Motor Octane Number D2700 MON 85.2 85.0 84.7 80.7 83.9
Antiknock Index, (R+M)/2 D2699/D2700 AKI 90.90 | 90.7 90.4 85.80 | 89.5
Sensitivity
Ethanol Content D5599 vol % 0 0 0 0 0.0
DVPE Vapor Pressure D5191 psi 8.43 8.1 8.25 8.17 8.2
Temperature V/L=20 (TVL20) D5188 °F 144.8 | 144.8
Temperature V/L=20 (TVL20) Calculated D4814
Sulfur Content D2622/D7039 ppm <5
FIA (uncorrected) D1319

Saturates vol % | 50.10 | 52.80 5140 | 514

Aromatics vol % | 39.50 | 36.90 41.00 | 39.1

Olefins vol % 10.4 10.00 0] 6.8
FIA (corrected for oxygenates) D1319

Saturates vol %

Aromatics vol %

Olefins vol %
Benzene D3606 vol %
D86 Distillation D86
Initial Boiling Point °F 91.8 90.3 90.8 90.1 90.8
5% Evaporated °F 1145 | 111.2 1125 | 112.7
10% Evaporated °F 126 124.2 | 1254 | 124.0 | 124.9
20% Evaporated °F 1442 | 1429 | 145.3 | 143.7 | 144.0
30% Evaporated °F 164.5 | 164.5 | 165.8 | 164.4 | 164.8
40% Evaporated °F 195.1 | 195.1 | 196.6 | 196.2 | 195.8
50% Evaporated °F 240.9 | 240.8 244 243.6 | 2423
60% Evaporated °F 280.4 | 280.0 | 282.8 | 281.7 | 281.2
70% Evaporated °F 305.9 | 305.3 308 306.3 | 306.4
80% Evaporated °F 3345 | 333.0 | 334.2 | 334.3 | 334.0
90% Evaporated °F 364.9 | 363.7 365 364.3 | 364.5
95% Evaporated °F 379.8 | 379.1 | 381.5 | 381.3 | 380.4
Final Boiling Point °F 411.7 | 416.1 | 415.7 | 415.9 | 414.9
Recovered vol % 97.5 96.7 97.9 97.5 97.4
Residue vol % 1.1 1.1 0.9 1.1 1.1
Loss vol % 1.4 2.2 1.2 1.4 1.6
Driveability Index Uncorrected D4814 °F 1276.7| 1272.4| 1285.0] 1281.1| 1278.8
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Table A-1 Cont'd.

2016-18 CRC Study EO Original Fuels

Fuel Code C0 TR2338
Laboratory Halterman| Chevron| MPC BP Average|
Property ASTM Test Methogl  Units

API Gravity@60°F D1298/D287 API 55.0 54.0 55 55.0 54.8
Density @ 15°C 0.7585 | 0.7625 | 0.7581 | 0.7584
Research Octane Number D2699 RON 96.0 99.4 97.7
Motor Octane Number D2700 MON 87.1 89.1 88.1
Antiknock Index, (R+M)/2 D2699/D2700 AKI 91.6 94.25 92.9
Sensitivity 8.9 10.3
Ethanol Content D5599 vol % 0 0 0 0 0.0
DVPE Vapor Pressure D5191 psi 8.5 8.78 8.68 8.7
Temperature V/L=20 (TVL20) D5188 °F 140.4 140.4
Temperature V/L=20 (TVL20) Calculated D4814 149.7 150.7 148.9 151.2
Sulfur Content D2622/D7039 ppm
FIA (uncorrected) D1319

Saturates vol % 60.00 58.1 53.52 57.2

Aromatics vol % 31.8 32.9 36.11 33.6

Olefins vol % 8.20 9 10.37 9.2
FIA (corrected for oxygenates) D1319

Saturates vol %

Aromatics vol %

Olefins vol %
Benzene D3606 vol % 0.04 0.0
D86 Distillation D86
Initial Boiling Point °F 84 80.8 82.5 84.5 83.0
5% Evaporated °F 108 106.7 112.1 108.9
10% Evaporated °F 126 126.2 124.8 1294 126.6
20% Evaporated °F 164 164.2 163.9 168.7 165.2
30% Evaporated °F 211 212.2 212.6 216.7 213.1
40% Evaporated °F 246 245.6 247.5 249.4 247.1
50% Evaporated °F 267 266.4 266.5 268.9 267.2
60% Evaporated °F 285 284.7 285.9 287.2 285.7
70% Evaporated °F 306 305.4 306.8 308 306.6
80% Evaporated °F 329 326.8 3314 333.6. [ 329.1
90% Evaporated °F 368 365.2 367.2 365.9 366.6
95% Evaporated °F 387 385.4 388.7 387.0
Final Boiling Point °F 409 408.3 409.6 411.2 409.5
Recovered vol % 97 96.8 97.6 98.6 97.5
Residue vol % 1.1 1.1 1.1 1.1 1.1
Loss vol % 1.9 2.1 1.3 0.3 1.4
Driveability Index Uncorrected D4814 °F 1358.0 1353.7 | 1353.9 | 1367.0 | 1358.2
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Table A-1 Cont'd.
2016-18 CRC Study EO Fuels Resupply Reblended Fuels

Fuel Code CO TR2338A
Laboratory Gage | Chevron MPC BP | Average
Property ASTM Test Methog  Units

API Gravity@60°F D1298/D287 API 53.4 52.3 53.2 53.4 53.1
Density @ 15°C 0.7653| 0.7700| 0.7661 | 0.7652| 0.767
Research Octane Number D2699 RON 97.0 96.4 95.9 92.8 95.5
Motor Octane Number D2700 MON 86.3 85.3 85.3 82.1 84.8
Antiknock Index, (R+M)/2 D2699/D2700 AKI 91.70 | 90.9 90. 87.40 | 90.1
Sensitivity
Ethanol Content D5599 vol % 0 0 0 0 0.0
DVPE Vapor Pressure D5191 psi 8.43 8.0 8.24 8.12 8.2
Temperature V/L=20 (TVL20) D5188 °F 147.1 149.7 | 148.4
Temperature V/L=20 (TVL20) Calculated D4814
Sulfur Content D2622/D7039 ppm <5
FIA (uncorrected) D1319

Saturates vol % | 59.00 | 60.00 55.90 | 58.3

Aromatics vol % | 34.90 | 31.90 36.00 | 34.3

Olefins vol % 6.1 8.10 3.8 6.0
FIA (corrected for oxygenates) D1319

Saturates vol %

Aromatics vol %

Olefins vol %
Benzene D3606 vol %
D86 Distillation D86
Initial Boiling Point °F 91.4 89.4 89.1 87.7 89.4
5% Evaporated °F 113 109.0 113.0 | 111.7
10% Evaporated °F 127.1 | 124.8 | 126.2 | 126.5 | 126.2
20% Evaporated °F 150.1 | 148.2 | 150.4 | 150.4 | 149.8
30% Evaporated °F 178 176.5 | 178.1 | 179.4 | 178.0
40% Evaporated °F 219 216.6 220 221.6 | 219.3
50% Evaporated °F 265.1 | 263.9 | 267.1 | 268.2 | 266.1
60% Evaporated °F 291.3 | 289.8 293 2929 | 291.8
70% Evaporated °F 313.3 | 313.0 | 3135 | 3154 | 313.8
80% Evaporated °F 339.7 | 338.5 339 340.1 | 339.3
90% Evaporated °F 370 368.4 | 369 368.5 | 369.0
95% Evaporated °F 382.4 | 381.8 | 382.2 | 382.6 | 382.3
Final Boiling Point °F 412.8 | 411.1 | 413.2 | 414.7 | 413.0
Recovered vol % 97.3 96.5 98 97.9 97.4
Residue vol % 1.1 1.1 0.7 1.1 1.0
Loss vol % 1.6 2.4 1.3 1.0 1.6
Driveability Index Uncorrected D4814 °F 1356.0| 1347.3| 1360.0| 1362.9| 1356.5
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Table A-1 Cont'd.

2016-18 CRC Study E15 Original Fuels

Fuel Code CE15 TR2339
Laboratory Halterman| Chevron MPC BP [Averags
Property ASTM Test Method Units

API| Gravity@60°F D1298/D287 API 54.1 51.3 54 54.0 53.3
Density @ 15°C 0.7621 | 0.7659| 0.7622| 0.7625
Research Octane Number D2699 RON 100.4 103.8 | 102.1
Motor Octane Number D2700 MON 88.7 90.1 89.4
Antiknock Index, (R+M)/2 D2699/D2700 AKI 94.55 96.95 | 95.8
Sensitivity 11.7 13.7
Ethanol Content D5599 vol % 15 15.2 | 15.18 154 15.2
DVPE Vapor Pressure D5191 psi 9.7 9.3 9.57 9.64 9.6
Temperature V/L=20 (TVL20) D5188 °F 126.3 | 126.3
Temperature V/L=20 (TVL20) Calculated D4814 136.7 138.3 | 137.6 | 137.8
Sulfur Content D2622/D7039 ppm
FIA (uncorrected) D1319

Saturates vol %

Aromatics vol %

Olefins vol %
FIA (corrected for oxygenates) D1319

Saturates vol % 49.5 52.30 | 50.9

Aromatics vol % 28 28.2 28.1

Olefins vol % 7.4 3.00 5.2
Benzene D3606 vol % 0.03 0.0
D86 Distillation D86
Initial Boiling Point °F 91.9 86.3 86.6 90 88.7
5% Evaporated °F 117.8 117.4 118.9 | 118.0
10% Evaporated °F 129.5 129.5 | 129.7 | 130.9 | 129.9
20% Evaporated °F 148.3 147.6 | 149.4 | 149.8 | 148.8
30% Evaporated °F 160.2 1595 | 1614 | 161.2 | 160.6
40% Evaporated °F 167.3 166.2 167.1 | 166.9
50% Evaporated °F 239.1 2442 | 241.4 245 242.4
60% Evaporated °F 269.7 268.8 273.7 | 270.7
70% Evaporated °F 294.8 296.2 | 295.6 | 297.4 | 296.0
80% Evaporated °F 317.1 321.6 3215 | 320.1
90% Evaporated °F 360.9 359.9 | 358 362.3 | 360.3
95% Evaporated °F 384 382.9 3845 | 383.8
Final Boiling Point °F 406.1 411.4 | 406.7 | 406.8 | 407.8
Recovered vol % 97.2 97.8 97.7 98.2 97.7
Residue vol % 1.1 1.1 1.1 1.1 1.1
Loss vol % 1.7 1.2 1.2 0.7 1.2
Driveability Index Uncorrected D4814 °F 1272.0 | 1286.8| 1276.8| 1294.0| 1282.4
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Table A-1 Cont'd.
2016-18 CRC Study E15 Resupply Reblended Fuels

Fuel Code CE15 TR2339A
Laboratory Gage | Chevron MPC BP | Average
Property ASTM Test Method Units

API Gravity@60°F D1298/D287 API 52.3 51.3 52.4 52.6 52.1
Density @ 15°C 0.7698| 0.7739| 0.7694 | 0.7684 | 0.7704
Research Octane Number D2699 RON 100.6 100.4 100.§ 97.9 99.9
Motor Octane Number D2700 MON 87.6 87.7 87.94 84.2 86.8
Antiknock Index, (R+M)/2 D2699/D2700 AKI 94.10 | 94.1 94| 91.00 | 93.3
Sensitivity
Ethanol Content D5599 vol % | 15.08 | 1528 | 14.1 15.2 14.9
DVPE Vapor Pressure D5191 psi 9.17 9.0 9.13 9.15 9.1
Temperature V/L=20 (TVL20) D5188 °F 131.9 132.2 | 132.0
Temperature V/L=20 (TVL20) Calculated D4814 134.8 134.8
Sulfur Content D2622/D7039 ppm <5
FIA (uncorrected) D1319

Saturates vol % 51.50 30.90 | 41.2

Aromatics vol % 26.30 1.30 13.8

Olefins vol % 6.50 49.20 27.9
FIA (corrected for oxygenates) D1319

Saturates vol %

Aromatics vol %

Olefins vol %
Benzene D3606 vol %
D86 Distillation D86
Initial Boiling Point °F 95 93.2 93.6 90.3 93.0
5% Evaporated °F 118.3 [ 115.8 118.8 | 117.6
10% Evaporated °F 128.3 | 125.8 | 128.7 | 128.8 | 127.9
20% Evaporated °F 140.8 | 138.6 | 142.2 | 141.9 | 140.9
30% Evaporated °F 150.8 | 149.5 | 152.2 | 152.0 | 151.1
40% Evaporated °F 159.6 | 159.7 | 160.8 | 160.7 | 160.2
50% Evaporated °F 182 176.1 | 179.1 | 187.6 | 181.2
60% Evaporated °F 275.3 | 270.2 | 2755 | 276.4 | 2744
70% Evaporated °F 302.1 | 303.4 | 303.1 | 303.4 | 303.0
80% Evaporated °F 329.7 | 3294 | 331 330.8 | 330.2
90% Evaporated °F 363.1 | 363.9 | 364.5 | 364.6 | 364.0
95% Evaporated °F 363.1 | 380.0 | 3814 | 380.6 | 376.3
Final Boiling Point °F 406.4 | 410.0 | 409.4 | 410.7 | 409.1
Recovered vol % 97.2 96.8 97.9 98.0 97.5
Residue vol % 1.1 1.1 0.8 1.1 1.0
Loss vol % 1.7 2.1 1.3 0.9 1.5
Driveability Index Uncorrected D4814 °F 1101.6| 1080.9| 1094.9| 1120.6| 1099.5
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Table A-1 Cont'd.
2016-18 CRC Study E30 Original Fuels

Fuel Code CE30 TR2340
Laboratory Halterman| Chevron MPC BP [Averags
Property ASTM Test Method Units

API| Gravity@60°F D1298/D287 API 52.6 51.7 52.6 52.7 52.4
Density @ 15°C 0.768 0.772 | 0.768 | 0.768
Research Octane Number D2699 RON 103.0 106.3 | 104.7
Motor Octane Number D2700 MON 88.7 89.9 89.3
Antiknock Index, (R+M)/2 D2699/D2700 AKI 95.9 98.1 97.0
Sensitivity 14.3 16.4
Ethanol Content D5599 vol % 30.2 32.3 30.4 30.3 30.8
DVPE Vapor Pressure D5191 psi 9.0 8.8 9.1 9.1 9.0
Temperature V/L=20 (TVL20) D5188 °F 130.8 | 130.8
Temperature V/L=20 (TVL20) Calculated D4814 133.8 134.8 | 133.9 | 133.6
Sulfur Content D2622/D7039 ppm
FIA (uncorrected) D1319

Saturates vol %

Aromatics vol %

Olefins vol %
FIA (corrected for oxygenates) D1319

Saturates vol % 41.3 48.6 45.0

Aromatics vol % 21.7 24.3 23.0

Olefins vol % 6.6 0.0 3.3
Benzene D3606 vol % 0.0 0.0
D86 Distillation D86
Initial Boiling Point °F 88.8 90.6 90.3 93.0 90.7
5% Evaporated °F 122.6 124.7 124.4 | 1239
10% Evaporated °F 136.9 138.5 | 138.1 | 138.1 | 137.9
20% Evaporated °F 155.9 156.6 | 156.9 | 156.5 | 156.5
30% Evaporated °F 164.9 164.7 | 165.5 | 165.2 | 165.1
40% Evaporated °F 168.7 168.6 168.8 | 168.7
50% Evaporated °F 171.2 170.1 | 171.4 | 170.9 | 170.9
60% Evaporated °F 173.8 171.7 172.8 | 172.8
70% Evaporated °F 270.9 272.7 | 270.4 | 274.1 | 272.0
80% Evaporated °F 306.5 303.1 307.2 | 305.6
90% Evaporated °F 347.5 344.0 | 349.7 | 346.8 | 347.0
95% Evaporated °F 378.4 374.8 376.1 | 376.4
Final Boiling Point °F 403.0 402.8 | 404.9 | 394.0 | 401.2
Recovered vol % 97.4 97.9 97.7 97.7 97.7
Residue vol % 1.0 1.0 1.1 1.1 1.1
Loss vol % 1.6 1.1 1.2 1.2 1.3
Driveability Index Uncorrected D4814 °F 1066.0 | 1062.1| 1071.1| 1067.0| 1066.5
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Table A-1 Cont'd.
2016-18 CRC Study E30 Resupply Reblended Fuels

Fuel Code CE30 TR2340A
Laboratory Gage |Chevron MPC BP | Average
Property ASTM Test Method Units

API Gravity@60°F D1298/D287 API 50.8 50.8 51.6 51.7 51.2
Density @ 15°C 0.776 | 0.776 | 0.773 | 0.772 | 0.7743
Research Octane Number D2699 RON 102.§ 102.3 101.1 | 102.1
Motor Octane Number D2700 MON 88.4 89.2 844 87.3
Antiknock Index, (R+M)/2 D2699/D2700 AKI 95.6 95.8 92.7 94.7
Sensitivity
Ethanol Content D5599 vol % 30.3 28.8 26.7 33.0 29.7
DVPE Vapor Pressure D5191 psi 8.8 8.3 8.9 8.8 8.7
Temperature V/L=20 (TVL20) D5188 °F 133.5 134.0 | 133.8
Temperature V/L=20 (TVL20) Calculated D4814
Sulfur Content D2622/D7039 ppm
FIA (uncorrected) D1319

Saturates vol % 43.6 45.4 44.5

Aromatics vol % 214 27.4 24.4

Olefins vol % 5.6 0.0 2.8
FIA (corrected for oxygenates) D1319

Saturates vol %

Aromatics vol %

Olefins vol %
Benzene D3606 vol % 0.0 0.0
D86 Distillation D86
Initial Boiling Point °F 96.8 96.1 94.6 95.8
5% Evaporated °F 125.1 123.5 | 124.3
10% Evaporated °F 134.8 133.3 | 134.1 | 134.1
20% Evaporated °F 147.7 147.9 | 148.0 | 147.9
30% Evaporated °F 157.6 158.2 | 158.1 | 158.0
40% Evaporated °F 164.9 165.5 | 165.4 | 165.3
50% Evaporated °F 169.3 169.8 | 169.5 | 169.5
60% Evaporated °F 172.5 174.0 | 173.3 | 173.3
70% Evaporated °F 281.3 282.0 | 282.0 | 281.8
80% Evaporated °F 317.9 316.2 | 319.3 | 317.8
90% Evaporated °F 357.2 356.6 | 357.3 | 357.0
95% Evaporated °F 376.8 377.8 | 376.7 | 377.1
Final Boiling Point °F 403.0 406.7 | 406.4 | 405.4
Recovered vol % 97.7 97.9 98.1 97.9
Residue vol % 1.1 0.9 1.1 1.0
Loss vol % 1.2 1.2 0.8 1.1
Driveability Index Uncorrected D4814 °F 1067.3 1066.0| 1067.0| 1066.7
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Appendix BAverage Fuel Inspection Properties Original and Reblend Comparison Table

Appendix B
CRC 2016-2018 CM-138-15-2 Fuel Inspection Averages Comparison Table

Fuel Code BOTR2335 BOTR2335A COTR233§ COTR2338A CE15TR2339 CE15TR23394A CE30 TR2340 CE30 TR23404
Property ASTM Test Metho Units

API Gravity@60°F D1298/D287 API 54.5 52.2 54.8 53.1 53.3 52.1 52.4 51.2
Density @ 15°C D1298/D287 kg/L 0.7604 0.7692 0.7595 0.767 0.7633 0.7704 0.7692 0.7743
Ethanol Content D5599 vol % 0.0 0.0 0.0 0.0 15.2 14.9 30.8 29.7
DVPE Vapor Pressure D5191 psi 8.9 8.2 8.7 8.2 9.6 9.1 9.0 8.7
Temperature V/L=20 (TVL20) D5188 °F 137.0 144.8 140.4 148.4 126.3 132.0 130.8 133.8
Temperature V/L=20 (TVL20) Calculated D4814 143.3 147.0 150.2 137.6 134.8 134.0
Driveability Index Uncorrected D4814 °F 1266.1 1278.8 1358.2 1356.5 1282.4 1099.5 1066.5 1066.7
D86 Distillation D86
Initial Boiling Point F 85.9 90.8 83.0 89.4 88.7 93.0 90.7 95.8
5% Evaporated F 110.8 112.7 108.9 111.7 118.0 117.6 123.9 124.3
10% Evaporated F 125.3 124.9 126.6 126.2 129.9 127.9 137.9 134.1
20% Evaporated F 152.1 144.0 165.2 149.8 148.8 140.9 156.5 147.9
30% Evaporated F 185.3 164.8 213.1 178.0 160.6 151.1 165.1 158.0
40% Evaporated F 219.1 195.8 247.1 219.3 166.9 160.2 168.7 165.3
50% Evaporated F 238.0 242.3 267.2 266.1 242.4 181.2 170.9 169.5
60% Evaporated F 252.9 281.2 285.7 291.8 270.7 274.4 172.8 173.3
70% Evaporated F 273.7 306.4 306.6 313.8 296.0 303.0 272.0 281.8
80% Evaporated F 315.8 334.0 329.1 339.3 320.1 330.2 305.6 317.8
90% Evaporated F 364.0 364.5 366.6 369.0 360.3 364.0 347.0 357.0
95% Evaporated F 385.8 380.4 387.0 382.3 383.8 376.3 376.4 377.1
Final Boiling Point °F 409.6 414.9 409.5 413.0 407.8 409.1 401.2 405.4
Recovered vol % 97.7 97.4 97.5 97.4 97.7 97.5 97.7 97.9
Residue vol % 97.7 11 1.1 1.0 1.1 1.0 1.1 1.0
Loss vol % 1.1 1.6 1.4 1.6 1.2 15 1.3 1.1
FIA/DHA (uncorrected) D1319/D6849

Saturates vol % 50.0 51.4 57.2 58.3

Aromatics vol % 38.7 39.1 33.6 34.3

Olefins vol % 113 6.8 9.2 6.0
FIA (corrected for oxygenates)/DHA D1319/D6849

Saturates vol % 50.0 51.4 57.2 58.3 49.5 50.4 45.0 44.5

Aromatics vol % 38.7 39.1 33.6 34.3 28.0 28.6 23.0 24.4

Olefins vol % 11.3 6.8 9.2 6.0 7.4 3.9 3.3 2.8
Benzene D3606 vol % 0.0 0.0 0.0 0.0 0.0
Research Octane Number D2699 RON 97.3 95.0 97.7 95.5 102.1 99.9 104.7 102.1
Motor Octane Number D2700 MON 87.9 83.9 88.1 84.8 89.4 86.8 89.3 87.3
Antiknock Index, (R+M)/2 D2699/D2700 AKI 92.6 89.5 92.9 90.1 95.8 93.3 97.0 94.7
Sensitivity D2699/D2700 9.5 9.6 12.7 15.4
Sulfur Content D2622/D7039 ppm 4.0

AppendixC. CRC Report 66BoldStart and WarrdJp DriveabilityProcedure

REVISED CRC CHIART AND WARMUP DRIVEABILITY PROCEDURE

Record all necessary test information at the top of the data sheet.

Turnkey on for 2 seconds before cranking to pressurize fuel system. Makelefrost is on and
fan is in "low" position. Start engine per Owner's Manual Procedure. Record start time.

There may be a total of three starting attempts recorded. If the engine fails to start within 5
seconds on any of these attempts, stop craugkat 5 seconds and record "NS" (no start) in the
appropriate starting time box on the data sheet. After the first and second unsuccessful
FOGSYLIia G2 adlF NI ddz2Ny GKS (1Seé G2 (GKS bh2FFh
Manual procedurelf the engine fails to start after 5 seconds during the third attemgtord a

"NS" in the Restatbox, then start the engine any way possible and proceed as quickly as

possible to Step D without recording any further start times.

Once the engine startsnoany of the first three attempts, idle in park for 5 seconds and record
the idle quality. If the engine stalls during thisé&cond idle, record a stall in the Idle Park "Stls"
box, then restart per the above paragraph, subject to a combined maximumyioraer) of
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K.

three no-starts and Idle Park stalls. After all the stamie boxes are filled, no further starts
should be recorded.

Apply brakes (right foot), shift to "Drive" ("Overdrive" if available) fsebond idle, and record
idle quality. If egine stalls, restart immediately. Do not record restart time. Record number of
stalls.

A maximum of three Idle Drive stalls may be reeatchowever, only one stall ctibutes to
demerits. If the engine stalls a fourth time, restart and proceed to the maneuver as quickly

as possible. It is important to complete the stap procedure as quickly as possible to prevent
undue warmup before the driving maneuvers and to maintain vehicle spacing on the test track.

After idling 5 seconds (Step D), makearief 0-15 mph lightthrottle acceleration. Lighthrottle
accelerations will be made at a constant throttle opening beginning at a predetermined
manifold vacuum. This and all subsequent accelerations throughout the procedure should be
"snap" maneuvers:he throttle should be depressed immediately to the position that achieves
the pre-set manifold vacuum, rather than easing into the acceleration. Once the throttle is
depressed, no adjustment should be made, even if thegatevacuum is not achieved. Use
moderate braking to stop. Idle for approximately 3 seconds without rating it. Make a biigf O
mph lightthrottle acceleration. Both accelerations together should be made withim@ilé. If

both accelerations are completed before the @nlle marker, crise at 15 mph to the O:-inile
marker. Use moderate braking to stop; idle for approximately 3 seconds without rating it.

Make a 820 mph wideopenthrottle (WOT) acceleration beginning at the @rille marker. Use
moderate braking to achieve 10 mph anddd0 mph until the 0.2Znile marker (approximately
5 seconds). Use moderate braking to stop; idle for approximately 3 seconds without rating it.

At the 0.2mile marker, make a brief-05 mph lightthrottle acceleration. Use moderate braking
to stop. Ide for approximately 3 seconds without rating it. Make a brid50mph lightthrottle
acceleration. If accelerations are completed before th&gi@ile marker, cruise at 10 mph to the
0.3mile marker.

At the 0.3mile marker, make a ligkthrottle acceeration from 1620 mph. Use moderate
braking to make a complete stop at the @le marker in anticipation of the next maneuver.
Idle for approximately 3 seconds at the 9mile marker without rating the idle.

Make a 820 mph moderate acceleration beming at the 0.4mile marker.

At the 0.5mile marker, brake moderately and pull to the right side of the roadway. Idle in
"Drive" for 5 seconds and record idle quality. Slowly maketari

Repeat Steps E through J. At the-@ile marker, brakenoderately and slowly make aturn.

NOTE: Items-N may be useful only at colder temperatures.
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L. Make a crowd acceleration (constant predetermined vacuum) fref ph. Foutenths of a
mile is provided for this maneuver. Decelerate from 45 to 25 mgfiote the 0.4mile marker.

M. At the 0.4mile marker, make a 285 mph detent position acceleration.

N. At the 0.5mile marker, brake moderately. Idle for 30 seconds in "Drive," recording idle quality
after 5 seconds and after 30 seconds, and recordstals that occur. This ends the driving
schedule. Proceed to the staging area.

Definitions of lightthrottle, detent, and WOT accelerations are attached. During the above maneuvers,
observe and record the severity of any of the following malfunctions §@ehed definitions):

1. Hesitation
2. Stumble
3. Surge

4. Stall

5. Backfire

It is possible that during a maneuver, more than one malfunction may occur. Record all deficiencies
observed. Do not record the number of occurrences. lfmadfunctions occur during a maneuver, draw

a horizontal line through all boxes for that maneuver. Also, in recording subjective ratings (T, M, or H),
be sure the entry is legible. At times, M and H recordings cannot be distinguished from each other.

Recordmaneuvering stalls on the data sheet in the appropriate column: accelerating or decelerating. If
the vehicle should stall before completing the maneuver, record the stall and restart the car as quickly
as possible. Bring the vehicle up to the intendedlfspeed of the maneuver. Any additional stalls
observed will not add to the demerit total for the maneuver, and it is important to maintain the driving
schedule as closely as possible.

DEFINITIONS AND EXPLANATIONS

Test Run

Operation of a car throughout ehprescribed sequence of operating conditions and/or maneuvers for a
single test fuel.

Maneuver

A specified single vehicle operation or change of operating conditions (such as idle, acceleration, or
cruise) that constitutes one segment of the driveabitltiving schedule.
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Cruise

Operation at a prescribed constant vehicle speed with a fixed throttle position on a level road.

Wide Open Throttle (WOT) Acceleration

"Floorboard" acceleration through the gears from prescribed starting speed. Rate at whichelisott
depressed is to be as fast as possible without producing tire squeal or appreciable slippage.

PartThrottle (PT) Acceleration

An acceleration made at any defined throttle position, or consistent change in throttle position, less
than WOT. Several Ri€celerations are used. They are:

1. Light Throttle (Lt. TR)AIl lightthrottle accelerations are begun by opening the throttle to an initial
manifold vacuum and maintaining constant throttle position throughout the remainder of the
acceleration. The vaetim selected is the vacuum setting necessary to reach 25 mph in 9 seconds. The
vacuum setting should be determined when the vehicle is cold. The vacuum setting is posted in each
vehicle.

2. Moderate Throttle (Md. Th)Moderate-throttle accelerations are dgun by immediately depressing
the throttle to the position that gives the prgpecified vacuum and maintaining a constant throttle
position throughout the acceleration. The moderateottle vacuum setting is determined by taking the
mean of the vacuum aderved during WOT acceleration and the vacuum prescribed forthgbitle
acceleration. This setting is to be posted in the vehicle.

3. Crowd- An acceleration made at a constant intake manifold vacuum. To maintain constant vacuum,
the throttle-opening nust be continually increased with increasing engine speed. Crowd accelerations
are performed at the same vacuum prescribed for the liginottle acceleration.

4. Detent- All detent accelerations are begun by opening the throttle to just above the do¥tnshi

position as indicated by transmission shift characteristic curves. Manifold vacuum corresponding to this
point at 25 mph is posted in each vehicle. Constant throttle position is maintained to 35 mph in this
maneuver.

Malfunctions
1. Stall

Any occasionuring a test when the engine stops with the ignition on. Three types of stall, indicated by
location on the data sheet, are:

a. Stall; idle Any stall experienced when the vehicle is not in motion, or when a maneuver is not being
attempted.

b. Stall; maneuvering Any stall which occurs during a prescribed maneuver or attempt to maneuver.
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c. Stall; deceleratingAny stall which occurs while decelerating between maneuvers.
2. Idle Roughness

An evaluation of the idle quality or degree of smootkaavhile the engine is idling. Idle quality may be
rated using any means available to the lay customer. The rating should be determined by the worst idle
quality experienced during the idle period.

3. Backfire

An explosion in the induction or exhaust syste

4. Hesitation

A temporary lack of vehicle response to opening of the throttle.

5. Stumble

A short, sharp reduction in acceleration after the vehicle is in motion.
6. Surge

Cyclic power fluctuations.

Malfunction Severity Ratings

The number of stalls encatered during any maneuver are to be listed in the appropriate data sheet
column. Each of the other malfunctions must be rated by severity and the letter designation entered on
the data sheet. The following definitions of severity are to be applied iringauch ratings.

1. Trace (THA level of malfunction severity that is just discernible to a test driver but not to most
laymen.

2. Moderate (M} A level of malfunction severity that is probably noticeable to the average laymen.

3. Heavy (H) A level d malfunction severity that is pronounced and obvious to both test driver and
layman.

4. Extreme (E)A level of malfunction severity more severe than "Heavy" at which the lay driver would
not have continued the maneuver, but taken some other action.

Enta a T, M, H, or E in the appropriate data block to indicate both the occurrence of the malfunction
and its severity. More than one type of malfunction may be recorded on each line. If no malfunctions
occur, enter a dash)(to indicated that the maneuveras performed and operation was satisfactory
during the maneuver.
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AppendixD: Honda Civic anBord F1500OriginalDrive Cycle IMEP Measurements

Honda Civic BO TR23BBst 1 OrigindDrive Cycle
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Honda Cind BO TR2335 Test 3 Origibaive Cycle
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Honda Civic CO TR2338 Test 2 Original Drive Cycle
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Honda Civic CE15 TR2339 Test 1 Original Drive Cycle
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Honda Civic CE15 TR2339 Test 3 Original Drive Cycle
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Honda Civic CE30 TR2340 Testiginal Drive Cycle
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Ford F150 BO TR2335 Testiriginal Drive Cycle
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