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1. Executive Summary

As outlined in the CRC Annual Report for 201the AVFL-2 0 pr oj ect was wundertaken
efficiency advantages for increased octane number fuel quality that may be available from ethanol or
other blend components in modern lighu t y v e Rdcentlyestidie§ have been published that

show the pantial for improving vehicle fuel efficiency through increasing fuel octane ratifhiefs’2,

These improvements are understood to derive fneneasesn the antiknock qualities of the fuel that

enable the usef increased compression ratio. Fa#iciency benefits may also be obtained through
vehiclesystem changes (such as engine downsizing and-dpaeding) that result in the engine

operating under conditions that produce higher efficiency. These changes often result in engine operation
at higher brake mean effective pressure (BMEP) levels that are frequently limited by the onset of knock.
Hence, the andknock characteristics of the fuel are an important part of the overall vehicle optimization
strategy to achieve hightrel efficiency.

The project was ganized into three phases. Ind3e 1the fuels were designed and preparedrgét

fuel properties werselected by the AVFH20 panel membersThese included research octane number
(RON), ethanol content (volume %), and octane nurseesitivity. Octane number sensitivity is the
difference in the RON anghotor octane numbeMON) ratings. These parameters formed the axes of a
cubic fuel design space.These fuels included blends with RON levels from 92 to 100, ethanol content
from 10% to 30% by volume and sensitivity from 0 12. Gage Products was selected as the fuel
supplier. Gage reviewed the design matrix and determined tHaeiHgdend targeted to achieve 92 RON
and a sensitivity of 6 with an ethanol content of 3®¢&¥dumewas infeasiblesince the high ethanol
contentwould result in an excessively high sensitivity levelltimately, 19 fuel blends were identified

for inclusion in subsequent experimental efforts for the project.

In Phase 2, th&9fuel blends were sigcted to evaluation using a modern turbocharged, dimpsition
gasoline engine provided by Ford Motor Company equipped with pistons designed to deliver
different compression ratios' he engine was installed in an engdygmamometeresearch celltaDak

1 CRC Annual Report, 2014Available on the web from:
http://www.crcao.org/about/Annual%20Report/2014%20Annual%20Report/AR2014Final.pdf
2 CRC Project No. CML37-11-1b Report. Available on the web from:
http://www.crcao.org/reports/recentstudies201 2/C8F-11-1b%20Task%205/CM-137-11-
1b%20Final%20Report.pdf

35St ein, R. , Pol ovi na, D. , Rot h, K., Foster, M. et al .,
Sensitivity on Knock Linit for EthanolGas ol i ne Bl ends, 0 SAE Int. J.-0Fuels Lul
1277.

‘“Leone, T., Olin, E., Anderson, J., Jung, H. et al, AEf

Fuel Economy, and CO2 for a Turbocharged DIiEmge , ASAE I nt . -28,201&uel s Lubr. 7(1
doi:10.4271/20141-1228.
SSplitter, D. and Szy iGaseline Bledds, Fueld forrenablingnirereadsed ErmginefHfficiemdy o |

and Powertrain Possibili t-#47¢20140doi30MR71/201@1-12311. Fuel s Lubr.
6 Raymond L. Speth, Eric W. Chow, Robert Malina, Steven R. H. Barrett, John B. Heywood, and William H. Green,
AEconomic and Envir onrOretnatnael @Baesnoelfiintes, 0o fEnH/iigrhe®®®8, Sci . Te

doi:10.1021/es405557p.

"David S. Hirshfeld, Jeffrey A. Kol b, James E. Anderson
Economics of U.S. Gasoline: Octane Ratingsll0dind Et hanol
doi:10.1021/es5012668.

8_.,eone, Thomas G., Anderson, James E., Davis, Richard S.
Rating, and Ethanol Contenton Sparlgni t i on Engine Efficiency/-1078Environ. S
doi:10.1021/acs.est.5b01420.
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Ridge National Laboratory (ORNL)The data gathered during tigsase focused on screening of the
antiknock performance dll 19 fuels using pistons that produced a geometric compression ratio of 11.4
at a fixedenginespeed of 2,000 revolutions per minute (RRMgr a wide load rangeUsing these data,

a subset of the fuels were selected saréenedt the same conditionssingeitherthe original equipment
manufacturer (OEM) pistorar pistons that produced a comgs@n ratio of 13.2. The OEM pistons
nominally produce a compression ratio of 10.1, though subsequent measurements with the hardware used
for this project placed this compression ratio at 1d%e resulting combustion data were reviewed by the
project @mmittee to reach a consensus on fuel and compression ratio pairs that should be studied in
Phase 3.Fuel and compression ratio pairs were selected based on their ability to produce combustion
phasing results that were similar to those produced by the @&ibhs and baselinee. ~91 RON E10)
fuels or that allowed singluel comparisons between compression ratiise fuel and compression

ratio pairs were as follows: fuels #1, #10, and #15 at compression r&iiéuels #7 and #15 at
compression t#& 11.4, anduels #16 and #19 at compression ratid?13

In Phase 3, engine fuel consumption mayere developed using the fuel / compression ratio pairs
selectedn Phase 2. Thesenginemaps were comprised of fuel consumption measurements at
approxmately 75 conditions that encompassed the range of operation of the engine for each fuel. The
fuel consumptioimaps were theamployedn vehicle models representingbam #fi ndustry aver
mdsi ze sedan and an Ai nduwehicle($UVausiegrthe utooome madell s por -
developed by Argonne National Laboratory for the U.S. Department of En€hgyAutonomie model is

a vehicle modelvhich can predictuel economy changes that result from differing vehicle architectures

and powertrin control strategies. Autonomie relies upon engine maps for information about engine
efficiency at given engine speed and torque output conditibins.Autonomie model provided estimates

of the impact of the different fuels and compression ratios oicleetnergy consumptiofBTU/mile),

volumetric fuel economymiles/gallon) and tailpipe C@emissiongg/mile) over three EPAlefined

driving cyclesthe urban dynamometer driving sched®DS), the highway fuel economy test

(HWFET), and the US06 cycleResults were compared to those for the baseline case (the average results
of 91 RON E1(fuels(#1 and #1Pwith thebaseline OEM compression rati@he results showed that
decreases in vehicle energy consumption are possible on all three driving esWwétithe higher RON

fuels and increased CROpportunities for efficiency improvement are highest for the city and highway
portions of the US06yclebecause of the more frequent occurrence of kiiotked engine conditions

on this cycle.Depending orthe fuel used, vehicle energy consumpti@creased b$-2% on the UDDS

and HWFET cycles, and by up to 6% on the city and highway portions of the USO8vbgcie

compression ratifCR) was raised from 10.5 to 11.4ikewise, the higher compression rasiod

resulting higher efficiency led to reductions in tailpipe;@issions for all fuels, with reductions of 0.6

5.3% on the UDDS and HWFET cycles and-2.2% on the US06 cycle, also in part due to differences in
fuel CQ intensities.

For the E30 fud studied at CR11.4he energ\efficiencyimprovements were not sufficient to overcome
thelower volumetric energy densityf the gasolinesthanol blendand so volumetric fuel economy

declined relative to baselim®nditions (i.e. 91 RON E10 at CR1Q.8incethis study did not include

fuels withethanol levels between 10% and 3B%ovolume thereareno data to indicate whether
intermediate blend levels could achieve fuel economy parity with the baseline. Increasing sensitivity
and/or RON were shown firovide vehicle energy consumption decreases at both compression ratios.
The only fuel which had a better volumetric fuel economy at CR11.4 than the baseline on all drive cycles
was the E10 fuel having 96 RON and 10.7 octane sensititiiyh arepropertes similar to those of

premium grade gasolines in the market todalis study focused on improving efficiency by increasing
compression ratio and varying combustion phasing without changing other engine parameters, such as
bore diameter, stroke lengthalve timing, fuel injection pressure, fuel injection phasing, and so on.
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Attempts were made to gather data at CR13.2 for 4 fuels (#7, #15, #16, and #19). An engine failure
occurred during these tests that required installation of a new engine. Tkegiaeswas found to have
efficiency differences relative to tlogiginal engine. At the same time, the CR13.2 pistons were found to

have performance that was lower than expected. As a result, further data collection at CR13.2 was
discontinued.
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2. INTRODUCTION

2.1 MOTIVATION AND REGULATORY BACKGROUND

The relationship between the ability of a fuel to resist undesiredignitan and the use of increased
compression ratio to improve efficienof sparkignited (Sl) enginebas beeinvestigatedince the very
early days of the automotive industf!! As a result of these early investigations, increasing
compression ratio is a weéthown path towards improvement in engine efficieifithie onset of knock

can be avoidedForthe last severalatadesthe automotive manufacturers have been able to continue to
increase automotivielel efficiency through the development of a number of technologies witigioer
gasoline octane rating$.However, the introduction of new Corporate Average FuehBoty (CAFE)
standards in 2012 has created an unprecedented rate of increase in fuel economy regtiiramants.
result of these more stringeiel economy standards, automakers are faced with the need to adopt an
i adf-thea b ov e o t ec h moonkedthege reqairenzente dhus, there is a renewed interest
understanding the benefits and costgofeasing fuel octane ratings as a means of enabling further
improvements in engine efficiency.

One frequently asked question is whether the automatianufacturers could mageeateruse of

existing premiurrgrade gasoline to enhance engine efficiency? Answering this question requires some
explanation of how cars and the regulatory environment have changed in the last several @ewades.
the keyinnovations that allowed the automobile manufacturers to increase engine efficiency without
requiring increased octane wassedloop knock detection and avoidanc€he U.S. Environmental
Protection Agency (EPA) quickly realized that the ability for ehds to adjust their spark timing to avoid
knock could lead to improved fuel economy, however these increases might not be realized by the public,
where gasoline with an octane rating lower than that of certification gasoline is typida EPA
subsequetly began requiring the manufacturers to prove, through testing with two different certification
fuels, that either the knock sensor output does not alter spark timing during Federal Test Procedure (FTP)
operation, or that the fuel economy difference leetwtesting with 96 RON fuel and 91 RON fuels is 3%
or less on any regulatory drive cyclManufacturers cadesign vehicles tgain an advantaggreater

than 3%through the use of premium fuel, but must speciy t h e o withat prénsumrfualisu a |
requiredin order to gain credit for CAFE complianc&hese vehicles agesignateda8 pr e mi u m
requi r ed After several ydarefslata collectionEPA agreed with an industry request that the
manufacturers could attest in a written statemeattdhe of the above conditions was true, rather than
conducting certification tests with two fuéksThis approach was continued through the EPA Tier 2
emissions standardd hus,for many yearsall fuel economy results for regulatory compliangre
determined using a premiugrade fuel, and a small detriment in fuel econamagaccepted when
regulargrade fuelsvere used.This procedure was changed in the Tier 3 emissions standardsathat t
effect in model year 2017.

9H.L. Horning, AEffect of Compression on Detonation and
International, 1923.

G. A. Young and J.H. Holl oway, #fAControl of Detonation, ¢
"HE.Hesselbergnd W. G. Lovell, fAThe Potentialities of Fuel An
SAE International, 1950.

2pawl owski, A. and Splitter, D., @ASl Engine Trends: A |

Technical Paper 20181-0972, 25, doi:10.4271/20181-0972.

1377 Federal Register 62653200

YLarry C. Landman AKnock Sensor Vehicle-1TSt Program, 0
Environmental Protection Agency, 1981.

15 EPA letter to manufacturers, VPCIY-01, January 24, 1997.
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Beginning in model year 2017, th&er 3 rules require the automotive manufacturers to use a regular
grade certificationfual n |l ess the vehicle is fédes-aanefuel speci fi
and the manufacturer requires the use of premium gasoline as part of their wagliadigated in the
owner 0s °mkemieradregulationsalso require that certification fuels be blended to include 10%
ethanol, in recognition of this blend becoming dominant intSenarketplace in recent yearsdn

principle, this new approadb the certification fuel octane requirement could allow the automobile
manufacturers to begin gaining a fuel economy befrefin requiring premium fuelMany OEMs,

however, are concerned that Flilling a vehicle that idesigned specificallfor premum (or even

higher octane rating) fuel could result in significantly degohperformance or engine damage, both of
whichwould cause customer dissatisfactidkccording to a study by the Fuels Institute, only 48% of
consumersurveyedknow if their cathas a recommended octane grade. Furtherranhe2% of
consumersurveyedunderstood that octane grade is a measure of th&ratking performance of
gasolinet’ The same Fuels Institute study demonstrated that the level of understanding of oc&ne grad
and antiknock performance is strongly influenced by the age of the consumer. Older consumers (i.e.
those who learned to drive prior to the proliferation of knock sensors on modern vehicles) were more
likely to understand the linkage between octaneayeattl knock resistance than younger consunigrs.
price differential between regular grade and premium grade gasoline is also known to be a driver in
selection of fuels by consumers, and could result in consumer hesitation about purchase of-premium
requied vehicles.

There are currently examples in the marketplace of vehicles that are designed to usegnadg fael,

but that can prduce more power if they are fed with premiumgrade fuel particularly when operated

under knocKimited conditionssuch as towingVehicles equipped witthe Ford EcBoost 1.6L

turbocharged diredhjectionengine used for this projeatean example of this trend. These vehicles

have the capability to both retard and to advance their spark timing in responsektddigmtion

algorithms that allow the engine control unit (ECU) to infer the relativekaotik properties of the fuel

in the vehicle tankand to adjust for environmental conditions that affect knock, such as temperature and
humidity. Thus, they are abte avoid knock by retarding spark timing, but also to enhance performance
and efficiency by advancing spark timing when a fuel with greater krestktance is presengince the
vehicles are designed for regutgnade fuel, thepre-2017 EPAlimit on fuel efficiency difference of 3%
discussed previously applies to these vehisleish have already undergone certificatiobheretail cost
differencefor premium grade fuel is generally greater than 3%, and so achieving increased fuel economy
with premium fiel in such vehicles not economical tmanyconsumesunder t odayo6és mar ket
regulatory conditionslt is important to distinguish o d aehidlesthat can adjust to improved fuel anti
knock propertiefrom a vehicle that is specifically designed foels with greater knock resistancehe
lattervehicle would most likely utilize a higher compression réiod perhaps other technologias)

enhance work extraction from the combustion procesdditian to spark timing changes, but would

likely experience performance degradation and perhaps engine damage if it were fueled witictarhew
gasoline blend.

In light of these trends and interests, more information on the potential impact -afchégie fuels in

nearterm engine platforms was deemestessary As outlined in the CRC Annual Report for 289, the
AVFL20 project was wundertaken to fAiinvestigate eff
quality that may be available from ethanol or other blend components in modeswiulighveh i c | es . 0O

1679 Federal Register 23527.

"John Eichberger, fAMarket Feasibility of Advanced Fuel s
Fuels and Engine Efficiency Workshop, Livermore, California, October 2016.

18 CRC Annual Report, 2014Available on thaveb from:
http://www.crcao.org/about/Annual%20Report/2014%20Annual%20Report/AR2014Final.pdf
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Recently, studies have been published that show the potential for improving vehicle fuel efficiency
through increasing fuel octane ratif8?122232425 These improvements are understood to derive from
improvement in the aniinock qualities bthe fuel that enable the use of increased compression ratio.
Fuel efficiency benefits may also be obtained through vebigdeem level changes (such as engine
downsizing and dowspeeding) that result in the engine operating under conditions thatprboigdner
efficiency. These changes often result in engine operation at higher brake mean effective pressure
(BMEP) levels that are frequently limited by the onset of knock. Hence, thienaak characteristics of
the fuel are an important part of theeoall vehicle optimization strategy to achieve higher fuel efficiency.

2.2 KNOCK AVOIDANCE IMPA CTS ON ENGINE EFFICI ENCY

Closedloop knock detection and avoidance most typically utilizes ignition retard as the control
mechanism to move engine operation away from a knock condition when it is detected. Knock is a
kinetically-driven process, and hence the pressure and tempeodtthe fuelir mixture are important
parameters that lead to the onset of knock for a given fuel. Thermodynamically, retarding ignition timing
bothdelays and reduces the increases in pressure and temperature in the cylinder that give rise to knock.
However, since the work output of the engine is also related to-thydimder pressure, these changes

also reduce engine efficienc¥igure 2.1 shows this effect graphically using apogssure versus leg

volume (RV) diagram.

19 CRC Project No. CML37-11-1b Report.Available on the web from:
http://www.crcao.org/reports/recentstudies2012/C8F-11-1b%20T ask%205/CM-137-11-
1b%20Final%20Reportdd

®stein, R., Polovina, D., Roth, K., Foster, M. et al.,
Sensitivity on Knock Limit for EthaneGa s ol i ne Bl ends, 06 SAE Int. J.-0Fuels Lul
1277.

?’Leone, T.,Olin,E,Ader son, J., Jung, H. et al , AEf fects of Fuel

Fuel Economy,andCO or a Tur bocharged DI E n g 28,2014, doB1A.£271261d .  J . F i
01-1228.

2splitter, D. and SohokGaseling Bledds, Fueld forrenablingnreréase EregineA
Efficiency and Powertrain Pos &47,R2014,ddi:104X71/2DIUSIA3E. | nt . J. |
2 Raymond L. Speth, Eric W. Chow, Robert Malina, Steven R. H. Barrett, John B. HeyammbWilliam H.

Green, fAEconomic and EnvOcrtoamnee nGaaslo | B enree foi tEsn va fr oHhi. g hSecri
6568, doi:10.1021/es405557p.

%pDavid S. Hirshfeld, Jeffrey A. Kolb, JamémmngE. Ander sor
Economics of U.S. Gasoline: Octane Ratingsll0dihnd Et hanol
doi:10.1021/es5012668.

»C. Scott Sluder, David E. Smith, Brian H. West, #AAn Er
Benefits ofa HighOct ane E25 Gasoline Blend, 0 Oak Ridge -National
2017/357, 2017.
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Figure 2.1. P-V diagram showing impact of spark timing on engine indicated work output.

The region representing the gross indicated work output is labeled on the figure. This region is bounded
on the lower side by the cqmession stroke and on the upper side by the expansion stroke. The total area
enclosed in this region is the integral of pressure over the swept volume for the engine expansion cycle
which defines the indicated gross work output for the engire regbn representing indicated pumping

work is also shownPumping worlguantifies the work done by the engine to pump air and exhaust
through the enginduring thenon-combustion portion of thengine cycle. The difference between the

gross work and thpumgng workis the net, or useful, work output of the engine at the conditions shown.
For the example shown in Figure 2.1, émyinewas operated at approximately D0@Pabrake mean

effective pressurdBMEP) using the original pistons that produce a coragian ratio of 10.1. AVH20

fuel #7, with a RON approximating premium grade gasoline was used. Three curves are shown: the
nominal spark timing that the ECU commands is the dashed blue line. The green line was produced by
advancing the spark timingetank angle degree€AD), and the red line by retarding the spark timing 4
CAD. Retarding spark timing at this condition, such as to avoid knock, reduces the work produced by the
engine and thus reduces its efficiency for fixed fuel energy input. Cselyeif a fuel with improved
antiknock characteristics can be used to avoid knock, more work can be progudancing spark

timing, raising engine efficiency. The degree to which a penalty or improvement in fuel efficiency results
depends both on¢hbaseline combustion phasing and the magnitude of the adjustment to spark timing.

For purposes of comparing the fuel effects on kAouoked spark timing and the resulting combustion
phasing, a useful metric is CA50, the crank angle at which 50% @iehmass has burned. It has been
clearly shown that engine efficiency and net indicated mean effective pressure (NIMEP) deteriorate in a
highly repeatable pattern as CA50 is retarded for a variety of operating conditions (Ayala et al., SAE
200601-0229) with the trend shown in Figure2. Therefore, knockimited CA50 values are used in
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this study as the primary metric for comparing knbiokited combustion phasing at a given engine speed
and load condition.
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Figure 2.2. Generalized relationship between retarded combustion phasing (as CA50) and net indicated mean effective
pressure as reported by Ayala et al. (2006).

Brake mean effective pressure (BMEP) is another related measure of enginehatitisused

extensively in this repartBMEP is the pressure acting on the piston for the entirety of the power stroke
that would produce the same brake output toeputihe actual cylinder pressure, which varies during the
engine cycle Since BMEP is a mean$ normalizing the output torque to the displacement of the engine,
expressing engine output as BMEP enables comparisons of engine performance across engines of
differing displacements.
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3. PHASE 1: FUEL MATRIX DESIGN AND FUEL PRODUCTION

In Phase 1, targdtel properties were selected by the AVEQ panel members. These included research
octane number (RON), ethanol content (volume %), and octane number sensitivity. Octane number
sensitivity is the difference between RON and MON. These parameters fitrengxes of a cubic fuel
design space. 19 fuel blends were identified for inclusion in subsequent experimental efforts for the
project. These fuels included blends wittiminalRON levels from 92 to 100, ethanol content from 10%
to 30%, andchominaloctane sensitivity from 6 to 12Gage Products of Ferndale, Michigan, was selected
as the fuel blender for the project. Gage produced-hbamtis targeting the combination of fuel
properties desired in the experimental fuel matrix. Initial results demtatsthat target fuel #9 (101
RON, 30% ethanol,-8 octanesensitivity) was not feasible as the sensitivity could not be made low
enough with an ethanol content of 30%idTfuel was removed from the matrix. Subsequently, a need
was identified for a fueldtween fuels 7 and 8 to represent a fogtane E15 blendyel #7.5). This

target fuelessentiallyreplaced fuel #9 in the final fuel matiyielding a total of 19 fuelsA federal
emissions certification gasoline (HaltermdfBE, batch CE2121LT10) was added to the screening study
for comparison.Figure 3.1 shows the final cubic design space of the fuel matrix.

The range of properties of the test fuels was designed to overlap and extend the range of those currently
availablein the market. The most predominant gasalineay in theJ.S. marketareE10regular grade

with RON value®91-93 and octane sensitivities oflD and E1(@remium grade with 9699 RON and

octane sensitivitiesf 8-12. EO and E1E85blends are also ailable in some markets.

Detailed hydrocarbon analysis (DHA) conducted by Chevron showed that severattasigh, low
sensitivity fuels contained higher than desired levels of isooctaneprdjeetcommitteerequested that
Gageattempt tause more alkiate, if possible, to offset some of theatisooctane blending for these
fuelssince high levels of isooctane blendingre not typical irmarket gasolinesGage was able to
accommaodate this request. Upon acceptance of the fuel formulations by #u poojmittee, Gage
blended 55 gallons of each fuel, semgdome drum of each fuel ©ak Ridge National Laboratory
(ORNL) and an additionalasnple to Chevron faanalysis and@omparisorwith the original handblends.
To achieve some of the design tasg€tage had to add larger quantities-blekene and/or cygpentane
to some of the fuels than are typically presemharket gasolines.

Gage Products provided the results of several fuel analyses with the delivery of the first drum of each of
the 19fuels to ORNL. Certificates of Analysis are included in Appendix A, results for the three design
variables (and additionally the MON) are summarized in Table 3.1.

Chevron prepared graphs comparing the RON and sensitivity values of the original handhbtetite

drums produced fdPhase 2 studies. This comparison is shown in Figures 3.2 and 3.3, respectively. The
drums were found to have properties that agreed well with the original hand blends upon which they were
based. The RON values cluster irfiose groups, corresponding to the ~91, ~96, and ~101 levels
envisioned during the matrix design. Within each group, the variation in RON is about 1 octane number.
The sensitivity level also falls within two groups (8&nd ~1012), as desired, with a nation of

sensitivity of about 2 within each group with a trend towards slightly higher sensitivity for the higher
RON fuels.Chevron also conducted DHA analyses on the fuel blends receiviedafee 2. Graphical
depictions of the results of these analysare included in Appendix B. Another view of the fuel matrix is
provided in Figures 3.4 and 3.5, in which the MON and sensitivity are plotted against RON with the
ethanol content indicated by the marker color.
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Figure 3.1. Cubic design space of AVFE20 fuel matrix.

Sensitivity

@101)

HOIH

20
15

EtOH
(%vol)

30

Table 3.1. Gage Products reported values for design variable®liase 2 blends).

Fuel | RON | MON | Sensitivity | Ethanol Content
(vol%)
1 91.0 | 84.5 6.5 9.9
2 914 | 85.0 6.4 14.6
3 914 | 845 6.9 20.3
4 91.7 | 84.7 7.0 30.2
5 96.4 | 89.0 7.4 102
6 96.3 | 88.4 7.9 30.0
7 | 100.0| 924 7.2 103
75| 99.8 | 91.3 8.5 15.3
8 99.6 | 91.2 8.4 20.1
10 | 91.1 | 80.7 10.4 10.0
11 | 91.6 | 80.8 10.8 148
12 | 914 | 81.2 10.2 196
13 | 919 | 81.2 10.7 29.9
14 | 96.2 | 855 10.7 10.0
15 | 96.4 | 84.9 11.5 30.0
16 | 101.5| 89.5 12.0 9.9
17 | 101.0| 89.6 11.4 15.1
18 | 101.1| 89.1 12.0 20.3
19 | 101.0| 89.0 12.0 299
EEE| 97.4 | 89.0 8.4 0
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Figure 3.2. RON comparison for handblends and drums produced forPhase 2.
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Figure 3.3. Sensitivity comparison for handblends and drums produced forPhase 2.

Page [11



14

12 oo
® )
S [
210 - %
=
2
o @
0 8 - ®
L
@ °®
®
6 -
4 T T T T T
90 92 94 96 98 100 102
RON
Figure 3.4. Phase 2 fuel octane sensitivity versus RON.
94
92 - ¢
@
90 -
[ ]
: *
~ 88 -
S
86 - °
o °
84 -
82 -
ot’
80 T T T T T
90 92 94 96 98 100 102
RON
Figure 3.5. Phase 2 fuel MON versus RON.
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4. HARDWARE AND FACILIT IES FOR ENGINE STUDIES

4.1 ENGINE INSTALLATION

Engne studiesvere performe@t ORNL using anodel year 203 Ford Ecoboost.&liter, 4-cylinder

engine. The production implementation of this engine featuresimad@pendent cam phasing, center

mount direct fuel injection, and a singdeage turbocharger. The production pistoosiinallyproduce a
compression ratio of 10.though subsequent measurements of the hardware used for this project yielded
a compression ratio of 10.%lereafter, the OEM pistons will be discussed as having a compression ratio
of 10.5. The engine is rated to produce 178 horsepower (HP) at 5,800aR& & peak torque of 184
poundfeet (Ibft) at 2400RPM. The engine requires regular grade gasolitk at least 87 antktnock

index (AKI). The owner 6 s ma n u adtatethatusing ampemi@rogiade fugith ¢hes p e
enginewill provide improved performance, and is recommended for severe duty such as traifer tow

Fuel ethanol conterfior vehicles produced with this engirsespecifiedto be 015%.

Additionally, ORNL procured piston blanks for the engine with technical assistance from Fand Mo
Company. Blanks were used to produce two additional sets of pistons for the engine, ongvast that
designed troduce a compression ratio of approximately 12, and another segthdesigned to

producea compression ratio of approximately I3e compression ratioverelater measured by using a
liquid volume measurement technique, establishing that the new compression ratios were 11.4 and 13.2.
TheCR11.4pistons have a bowl diameter of 55 millimeters (mm) and a depth of 7.75 mm from the top of
the piston crown. This bowl diameter is approximately the same bowl diameter as used for the production
pistons but with a shallower bowl tgield an increased compression ratithe OEM piston features a

central dome, presumably to enhanceytindercharge motion, rather than a flat bottom with uniform

depth. The top of the central dome is approximately 7.75mm from the top of the piston crown. This
dimension was kept constant in the designs of the CR11.4 and CR13.2 pistons to assure clearance for th
spark plug and fuel injector when the piston is at top -deater. The CR132 pistonshad a smallebowl
diameter of 38mnto further increase the compression ra##ophotograph of the three piston designs is
shown in Figure 4.

Figure 4.1. Photograph ofthe three piston designs.

The engine was installed in an engilymamometeresearch cell at ORNLConditioned combustion air
with control of bothiemperature and humidity was provided to the engine air intake. Heat exchangers

%2013 Escape Ownero6s Manual, available online at:
http://www.fordservicecontent.com/Ford_Content/catalog/owner guides/13204om?2e.pdf

Page [13


http://www.fordservicecontent.com/Ford_Content/catalog/owner_guides/13204om2e.pdf

were installed to allow control of the engine coolant temperéamgroximately 95 °G)oil temperature
(approximately 95 °G)and air temperature downstream of the inted@approximately 45 °Chhrough

the use of process water as a heat sink. Temperatyreisest were maintained through the use of digital
feedback controllers #t actuated valves to control the flow of process water through the heat exchangers.
A Dynamatic alternatingcurrent (AC) dynamometer rated to absopbto233 HP and with a maximum

speed of 6,000 RPM was used to provide a mechanical load to the engine outpdttehafigine was

already in operation at the beginning of the AVEL project andhad been previously run at a variety of
speeds and loads lboeak in the engine, which ensures that the piston rings are seated and that the friction
and thermodynamic efficiency have stabiliz8the dynamometer was controlled using a D@ystems
InterLoc-5 digital dynamometer controller. The Intert®@lso includes a digital throttle controller,

which was used to actuate the accelerator pedal to control the torque output of the engine.

The engine was controlled using an engine control unit (EGajiged by Ford Motor Company. The

ECU contained a calibration for the engine that siaslar tothe calibration used for serial production,
except that some features (such astuetit functionstransmission control, traction control, ¢were

disabkd to facilitate operation in an engine test cell. Operator interface with the ECU was accomplished
through Accurate Technologies Incorporated (ATI) Vigiosoftware. Vision allowed the operator to
monitor, record,and clange engine control parametassneeded to support the projethe Vision

software communicated with the engine ECU through a universal serial bus (USB) linkage.

During experiments, the spark timing wadjusted to retard combustion phasasgnecessary avoid

knock. As discussed previously, retarding spark timing causes combustion phasing to occur later in the
cycle. A representative from Ford recommended limitingdrank angle location of 50% combustion

(CA50) to no more than 30 CAD ATDC. Thisiit is based on the potential for unstable combustion if
combustion is phased later than 30 Cafier TDC ATDC) and also because retarding combustion
phasingncreasegxhaust temperatures. Exhaust temperatures were limited to approximat&Gy&00

theinlet of the turbine to protect the turbocharger from excessive heat that could decrease its reliability.
Once the limits on CA50 and turbine inlet temperature were reached, air/fuel ratio enrichment was used to
reduce the propensity for knock and thbaxst temperature. lawer limit of 0.75(recommended bthe

Ford representativeyas est abl i shed for the relative air/ fuel
creates excessive degradation of fuel efficiency and high levels of Clydratabon HC) emissions.
Enrichment generally was not needed at engine speeds below 2,000 RPM, but was used at some 2,500
RPM and 5,000 RPM high load conditions.

4.2 EMISSIONS MEASUREMENTS AND DATA ACQUISITION

Gaseous emissions from the engine were measuragisiaindard methods heated
photochemiluminescence analyzer for oxidésitrogen (NQ), aheated flame ionization detector for
hydrocarbons (HCs), netispersive infrared detectors for carbon monoxide (CO) and carbon dioxide
(COy), and a paramagnetietkctor for oxygen (&). All of theseinstruments were manufactured by
California Analytical Instruments, Incorporated (CAl). Particulate mass emissions were measured using
an AVL Model 483 MicreSoot Sensor. The micsoot sensor uses an infrared plactustic detection
method for soot. The instrument directly reports the mass concentration (mass of soot per volume of
exhaust gas) in the engine exhaust pipe. The nature wighsuremerirocesgrevents droplets of
unburneduel from being measuregk soot.

A cust om datahboguisition Eystem (DA®8s established and configured to receive analog

inputs from the emission instrumentation as wethasmocouples and pressure sensors that are typical
devices for measuring temperatures and presgtiroughout the engine and associated components. The
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DAS provides the ability to collect the laboratory data streardat@files as well as providing online
visual feedback to support safe and reliable test cell operation.

4.3 COMBUSTION ANALYSIS SYSTEM

A DRIVVEN uUDCAT combustion analysis system was used to support the project. (DRIVVEN has
subsequently been purchased by National Instruments, and newer versions of the same software system
and associated hardware modwes now sold through Natiohlmstruments Powertrain Controls.)

Combustion analysis is accomplished through {sighed measurement of the pressure in the combustion
cylinders synchronously with the rotatadrpositionof the crankshaft. In combination with the known

(from engine gemetric information) volume of the combustion cylinders at each crankshaft rotation

position, these data can be used to evaluate the combustion process. This process is a powerful means for
examining engine performance, but it is importanetmognizethat the only measurements are the
relevantpressuresOther metricssuch as cylinder gas temperature, heat release rates, and combustion
durations are values derived from the presdata and are not independent measurements.

4.3.1 Cylinder PressureMeasurements

Cylinder pressure measurements were accomplished by mountingpgigtl piezoelectric pressure
transducers into each combustion chamber. Kistler 6052CU20lu@ers were used for this purpose.
These transducers were mounted in each combustion chdmiiegh ports machined into the cylinder
head. The transducers were connected to Kisttetel5010charge amplifiers, which convert the signals
from the pressure transducers to analog voltages for measurement by the uDCAT system.

A BEI rotary encoder @as installed to measure the rotation of the engine crankshaft. The encoder had a
resolution of 1,800 pulses per revolution, or 1 pulse every 0.2 crank angle degrees (CAD). The rotational
position of the engine crankshaft directly determines the pistsitiggpand thus the instantaneous

volume of the cylinders. The uDCAT system recorded the signal from the pressure transducers
synchronoushat each electrical pulse produced by the encoder.

Piezoelectric pressure transducers require a reference mmeastet a known pressure in order to

convert their signals to an engineering value. The process of making this comparison and establishing the
pressure being measured by the piezoelectric tran
was acomplished in this application by using a lepeed transducer mounted in the engine intake

manifold. The uDCAT system measured this pressure at a fixed location in the engine cycle where the

intake valves were open. At this point, the cylinder pressyte & good approximation, the same as the

intake manifold pressure, allowing the cylinder pressure transducer readings to be correctly referenced to

a known pressure during each engine cycle.

4.3.2 Knock Detection

The uDCAT system incorporates a kneatecton algorithm that can utilize several different signal
sources to detect knocktine engine.Audible knock is a result of the undesired autoignition of unburned
pockets of fuel and air mixture in the cylinder. When an autoigniticurs, it causes pressure waves to
propagate through the cylinder at known frequencies that are related to the cylinder dimensions and the
in-cylinder gas temperature. nfautomotiveknock sensor responds to the transmission of these pressure
waves throgh the cylinder walls. Hoewer, since the forcing functions for the signals measured by a
knock sensoare the pressure waves within the cylinder, measuring itgdiimder pressure can be used

to detect knock. For this project, the cylinder #1 pressigreal was split to both a synchronous
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measurement channel (for combustion characterization) and-aégiobsynchronous channel (for
knock detection). The higspeedasynchronous channel sampled the pressure in cylinder #1 on a time
basis, rather thaon a crankangle basisso that higHrequency oscillation in the pressure can be
measured

The algorithm used for knock detection in the uDCAT system is a BRIC method: that is, the signal is
first Bandpass filteredRectified, | ntegrated, and theBompaed with the same signal in a rknocking

portion of the engine cycle. The first step, bandpass filtering, restricts the signal analysis to the target
frequency range. The pDCAT system calculates the frequencies that are characteristic of knock for the
engine, and allows the user to select the cutoff frequencies for the-étetezkion algorithm. In this

case, the cutoff frequencies were selectetDdddz and50 kHz. This frequency range was selected to
include the primary knocking frequency and tistfharmonidrequency This filter is applied to

pressure measurements conducted in the exagle space where knock is possii€€AD ATDC to 50

CAD ATDC) and in a crank angle space where knock is not pogs#d@e CAD ATDC to-180CAD

ATDC). Next,both signals are rectified and integrated to produce a numerical metric that is proportional
to the energy contained in the pressure pulsations in both the knocking akmbicking portions of the
engine cycle. Finally, theignalfrom the knocking regin is divided by thsignalfrom the norknocking
region, producing a final value that indicates the strength of the signal in the knockredgfieeto that

of the nonknocking region. This value is reportedaasondimensionahetric ofknockintensty. This
measurement was only carried out for cylinder number 1, which was assumed to be representative of the
other cylinders. The taylinder pressure traces for all four cylinders were also examined at each
condition, allowing the operator to visualgsess whether there were gross differences in the knock
behavior of all four cylindersNo gross differences in the onset of knock among the cylinders was noted
during this study.
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5. PHASE 2: ANTI-KNOCK SCREENING

Phase 2 of the project was to conduct anlamtick screening study on 19 fuel blends that were finalized
duringPhase 1. To accomplish the aktiock screening, a load sweep was conducted at 2,000 RPM for
each fuel in the Ford 1.6L engini principle,it is possible to increase the engine compression ratio and
the fuel antiknock properties together, improving efficiency without compromising the ability of the
engine to produce its rated torque as a result of the onset of knock. The objectiventifitheck

screening was to identify fuel and compression ratio combinations that closely approximated the
combustion phasing and engine performance of the original engine when fuélecbageline (~B

RON) gasoline and to dowselect fuel CR pairs foithe more indepth engine studies in Phase 3.

5.1.1 Fuel Anti-knock ScreeningProcess

The first step was to purge the fuel system and introduce the desired test fuel. This process began with
draining the source and return lines for the-fjm@ssure fuel pump t@move as much of the previous

fuel as possible. Then the source line was placed in the desired drum of fuel and a quantity of
approximately 2 quarts of fuel was pumped througtptivap system and out througdturn line into a

waste can to purge the Iqwessure pump and remaining tubing with the new feakl was pumped into

a waste cafinstead of flowing back to the fuel drum through the return liog@revent cross

contamination ofhefuel drum by return flow once the return line was connectédetduel drum. Once

the lowpressure pump was purged, the return line was connected to the desired fuel drum. Next,
approximately 1 gallon of fuel was pumped through the transfer line to the engine and rejected through a
purge port into a waste can. & hurge port was located as close as practical to the inlet of the high
pressure fuel pump on the engine and allowed rapid changeover of the fuel in the longer transfer line.
Finally, the fuel changeover was completed by operating the engine. Thewagifiest started and

allowed to reach operating temperature at 2,000 RPM &8MEP of approximately 200 kPaOnce the

engine reached operating temperature, the elBMEP was increased to approximat@0i 1000 kPa

to increase the fuel consumptionera This condition was held for 15 minutes to burn whatever volume of
the previous fuel might still have been present in the fuel pump, fuel rail, and transfer line. Once this
operating condition was completed, the engine was returned to a brake fotQuelbs and collection

of data was initiated.

The engine control unit (ECU) adapts to the-antick quality of the fuel by detecting knock and either
advancing or retarding the spditing to maximize engine efficiency whikevoidingknocking

condiions The authority of the ankinock algorithms in the ECU to advance or retard spark is set by
tables that contain numerical limit values for different engine conditions. Prior to the collection of data,
the values in both the spark advance limit guatls retard limit tables were set to zero at all conditions so
that avoidance of knock was controlled by the engine operator and not theTB@Utep was taken
because the ECanti-knock calibratiorcould not be assumed to respond to knomksistentlywhennon
standard pistons were used to change the compression ratio.

Next, the engine was operated at target brake torque points that were spaced nominaHpat 10 ft
increments, beginning with 10-fhs. At each point, the commanded spark timing a@justed to achieve

a target 50% mass fraction burned location (CA50) afrabk angle degrees (CARjter top dead
center(ATDC). Onscreen traces for fuel consumption and emissions were monitored to determine when
the readings reached steady valu@sice this occurred, data collection was initiated. Engine

performance, combustion, and emissions data were collected simultanddpstycompletion of data
collection, the engine torgue output was increased by physically actuating the acceleralasipgdal

digital throttle controller to move to the next desired condition.
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As engine load was increas€ziA50 phasing was held approximately constant at 5 CAD ATDIE the
increasedoad caused the onset of kako at which point CA50 timingvasretaraedby retarding spark

timing. The region of operation for each fuel where knock did not occur (where the CA50 phasing was
held approximately constant at 5 CAD ATDC) was defined as the maximum brake torque, or MBT
region.The onset of knock generally occurr@angine torques of 6090 ft-Ibs (depending on fuel and
compression ratio), corresponding to brake mean effective pressure (BMEP) levels of approximately 600
T 900 kPa. Once the onset of knock was observed, th® @Adsing was set at the most advanced point
possible while remaining at a borderline knock condition.

On-screen displays of theon-dimensional knock intensity metric described previoustyeused to

ascertain when a borderline knock condition wasesell. A knock intensity trend chart provided a

means for observing the knock intensity that resulted from changes in spark timing. Spark timing was
initially advanced until knock was observed as a sudden, large increase in the knock intensity flor a smal
increase in spark advance. Once knock was encountered, the spark timing was retarded in 0.5 degree
increments to remove the knocking condition.

5.1.2 CA50 Phasing Results

All 19 fuels were screeneaat compression ratio 11.4 his compression ratio was chossa

compromise for screening all fuels while assuring that none produced excessively advanced or retarded
combustion phasingA subset of the fuel matrix walsenscreened at CR13 followed byanother

subset at CR1B. A federal emissions certificati gasoline (Haltermann EEBatch CE2121LT)0wvas

added to the screening study for comparison. Tafllehows the fuels and CRs at which they were
screenedln general, fiels tested at CR H®were 91 RON while fueltested at CR 13 were 101 RON

Fuels 5, 15, and EEE (all ~96 RON) were tested at all three CRs.

Theknocklimited CA50 results folCR11.4are shown in Figures ) 5.2, andb.3, for the 91RON, 96
RON, and 104RON fuels, respectivelyln these figures, the CA50 is plotted as a fumctibBMEP.
Images of the fuel matrix are includeldntifying the fuels compared in that figuréhesymbol andine
colors indicate differing ethanol content. Filled symbols are used fesémsitivity fuels and open
symbols for higksensitivity fuels

In general, the CA50 data for CR 11.4 show that the fuels within a RON group perform similarly to one
another. The CA50 data for the [dRON fuels do not indicate great differences within the variability of
the data. The miRON fuels are also seffmilar in terms of CA50, but fuel #15 has CA50 phasing

the highest load, highly retarded regibat is several degrees more advanced than the other ethanol fuels.
The performance of the EO EEE fuel is better than that of fuel #15 up to a BMEP of about 1000&Pa.
results for the higlRON fuels indicate that combustion tends to be more advanced at high loads for the
high-sensitivity fuels al t h o u g h ppedr ® becan effeceo$ athariol cantent for those.fuels

This trend is also evident with the [FRON and midRON fuels, but is most clearly seen with the high
RON fuels. Overall, the phasing of CA50 in the knbokited load range correlated with the RQevel

of the fuels, as expected, with the higDN fuels showing combustion phasing abct0SCAD more
advanced than the IeRRON fuels at CR11.4. The overlap of the curves for fuels #16, #17, #18, and #19
suggest that there are no particular observednigoustion phasingenefits of higher ethanol content for

the fuels having similar high RON and sensitivity values at this compression ratio.

Page [18



Table 5.1. Fuel and compress

iomatio pairs selected for antiknock screening.

Fuel# | 1|2 |3 |4 67|75/ 8|10|11}12|13|14|15|16|17|18|19| EEE

CR10.5| X X | X XXX ]|X X X

CRIIA| X | X | X | X | X X[ X | X [ X[ X | X | X[ X[ X | X[|X|X|X|X]| X

CR13.2 X X X XX | X[ X|X| X
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The CA50 results for the CRZ3condition are shown in Figuée4, with the samaymbolsfor fuel
identification as were used for the CR4results. In additionto the highRON fuels the midRON fuels

(#5, #15, and EEREwvere also runThe midRON fuels are shown using orange dashed lines to
distinguish them from the higRON fuels. At CR132, the result@againshow a separation betweerth
low- and highsensitivity fuelsThe highsensitivity fuels have a significantly more advanced CA50
phasing. Itis also interesting to note that the CA50 phasirthddio lowsensitivity, highRON fuels
were similar(fuel #8)or more retarddéat BMEPabove 1000 kPa (fuel #%an the higksensitivity, mid-
RON fuel ¢15. The other mieRON fuels (#5 and EEE) had more retarded CA50 timing than the high
RON fuels, as expected. Also evident from @132 data is the fact that fuels without sufficiemtt
knock qualities result in CA50 reachitige limit of 30 CAD ATDC at lower BMEP levels. The lower
achievable BMEP level means that these fuels, when used withZRb8Id cause a performance
detriment compared to fuels with greater &«mick qualiies. The overlap of the curves for fuels #16,
#17, #18, and #19 suggest that there are no particular observable benefits of higher ethanol content for the
fuels having similar high RON and sensitivity values at this compression ratio.

35

30 |

25 +

20 -+

15 |

10 |

Location of Cyl #1 50% Burn (CA50, CAD ATDC)

o+
0O 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Brake Mean Effective Pressure (kPa)

Figure 5.4. CR132 anti-knock screening CA50 results.

The CR106 CA50 results are shown in Figuses. Once again, the miBON fuels are shown with
dasheebrange lines to distinguish them from the {&®N fuels in thiggraph. In this case, the rARION
fuels have more advanced CA50 than the-R@N fuels, as expectedhe lon-RON fuels had generally
similar knock limits to each other. Surprisingly, fuel #atigh sensitivity E10)as slightly more
knocklimited than tiel #1(a low sensitivity E1Q)The lowRON, lowsensitivity fuels had MON levels

of about 85, compared to about 81 MON for the feghsitivity fuels. Fuel #10 has a MON of just less
than 81, compared with marginally higher MON values for fuetd3.1However, the results from fuels

#5 (up to a BMEP of about 1300 kPand #15 show that if RON is higher, high sensitivity produces less
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knocklimited phasinghan the other ethanobntaining fuelsas waslsoobserved at bot@R11.4and
CR132. At the samre@ RON (96) and same sensitivity (7), fuel EEE (EO) offers better knock resistance
than fuel #5 (E10) at all compression ratios studiaterestingly, the results of the lesensitivity, EO

EEE fuel track those of fuel #15.
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Figure 5.5. CR105 anti-knock screening CA50 results.
5.1.3 CA5O0 Results Relative to Baseline Condition

While the CA50 results discussed above are informative, it is useful to compare them to a baseline
condition to aid in establishing fuehd CR pairs that approximate the performance of the OEM engine

and marketplace fuels. For this purpose, the CA50 data for fuel #1 at thésCBidition were taken as

a baseline condition, sintiee octane values f@ifiel #1 approximates a regulgradeE10 marketplace

fuel. Since the BMEP points for all of the fuels exhibit some variability, the kinodied CA50 data for

fuel #1 was fit with a thirébrder curve to allow calculation of a baseline CA50 for each of the BMEP

levels where data was loggtm the other fuels. The baseline CA50 data and curve fit are shown in
Figure5.6, with red data points indicating results in theximum brake torqueMBT) region and blue

data points indicating knodkmited conditions that were used for the thindtler curve The baseline

CA50 was then calculated at each BMEP point for all fuel and CR pairs and subtracted from the observed
CA50t o pr oduce a0 Atehts pointtheccdmbuasti®A Fhasing versus BMEP plots that have
been discussed previously werecre e at ed using the &CA50 met BY c. Th
T 5.11and are presented in the same order and with the sanimlsfor fuel idertification as used

previously. In these figures, a value of zero indicates that the CA50 was the same as that observed for the
baseline condition. Values greater than zero indicate that the CA50 was more retarded than baseline, and
values less than zenadicate that the CA50 was more advanced thaibaseline. A fueCR pair that
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exactly matches the performance of the baseline condition would therefore have a flat lingaaidzero
that fuel would enable use of that CR with the same knock behavive daseline conditionFuelCR
pairs that approximate the baseline condition would have values that are either slightly positive or
negative, with slightly negative being more desirable. Large positive values indicdtestbalected CR
requires more thock resistance than the fuel providehile large negative values indicate that that the
fuel has more knock resistance than the selected CRetfantively utilize.
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Figure 5.6. CR105 fuel #1 CA50 dataand curve fit for the knock-limited region of the data.
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The CR1.4results fortheloaRON f uel s show that all &CA50 values
of these fuelprovide sufficient knock resistanéer use with CR1.4 The midRON f uel s show &C
trends that cross zero or are only positive or negativeféy aegreesindicating that ~9®7 RON fuels

enable CR11.4 with approximately the same knock behavior as the basel#lg?15 and EEE are good

examples of this trend. The resultstioe 102102 RON fuels at CR11ghow that the lovgeensitivity

fuelshave small positive or negative values, while the dsighsitivity fuels have large negative values at

high BMEP levelswith no apparent benefits of higher ethanol content

The CR13.2eCA50 r esul t s -RON tuels (with theposstbleegceptitinod #15) have large
positive valuesand thus do not provide sufficient knock resistance for use with @REBels #15 and

#8 have similar performance, as noted previouBlyel #7 shows significantly more retarded phasing

than #8 the same pattern issal apparent at CR11.4uel #8 has higher ethanol content, perhaps

indicating that the ethanol content is affording more advanced combustion phasing at the same RON and
sensitivity level. The higfiRON, highsensitivity fuels all showmearzerovalues amoderate loadand

negative values at high logasith no obvious trend with ethanol conter general, the higRON,
high-sensitivity fuels seem to be the best candidates for use with.ZRitB approximately the same

knock behavior as the baseline

The CR1(6 data show thattheloR ON f uel s have &CA50 valwues that ge
of baseline, indicating that they are very similar to the baseline case, as could be expectexs

discernable effect of ethanol contefithe midRONfues have negative @&CA50 val u
surprising since this engine is known to achieve higher performance when premium fuel is used. In

particular, fuel #1%vith high sensitivity and 30% ethanol contshbws the most negative values

although the nd RON EO EEE fuel shows similar results, at least up to 1700 kPa BMEP

Page p6



5.1.4 Fuel/CR Recommendations for Phase 3

ThePhase 2ata were reviewed by tle/FL-20 project committee to dowselect to 7 fuels that would

be included in th€hase 3 engine mapping and vehicle modeling stage of the projeete selections

are summarized in Table 5.After considerable discussion, the working group agreeecdmmmend

study of fuels #1, #10, and #15 at CRil@ollowed by fuels 8, #7, #14and #15atCR11.4 Finally,

fuels #7 #14,#15,#16, and #19vould be studied afR13.2 Thus a total of 12 fueCR combinations

were selected for Phase 3 testifidhe projectcommittee selected these fuels on the basis of their
performance at the diffent compression ratios, with consideration for all@ycomparisons among

RON, sensitivity, and ethanol content from Brease 3 data. These recommendations were presented to
and approved by the AVFL committee.

Table 5.2. Fuel / CR pairs selected for Phase 3 studies.

Fuel CR10.5 CR11.4 CR13.2
#1 a

#6 a

#7 a &
#10 1

#14 & a
#15 & & a
#16 &
#19 &
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6. PHASE 37 ENGINE MAPPING AND VEHICLE MODELING

Phase ®f the project focused on generating engine maps to support vehicle modeling using the fuels
down-selected from the Phase 2 akiock screening study.

6.1 PHASE 3FUEL PROPERTIES

CRC commissione@ageProductsto producethree55-gallon drums of each of the selecfadls The 3
drum volume was judged to be sufficient to support both AZBPhase 3 as well as AVFR0a project
activities, allowing both projesto use fuels manufactured as one batéhge provided measuremsiuf
RON, MON, density, RVP, distillation, and aromatic, olefin, and saturate content. Copies of the
certificates of analysis provided by Gage are includekbpendixD, and summarized in Table 6.The
properties of théhase 3 fuedwereconfirmedto agree very closely with those of tRease Fuels
Figure 6.1 shows the net heating value comparison, with the error bars representing the stated
repeatability for ASTM D4809.

43000
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[72)

42000 - m Phase 3 Fuels

41000 -
40000 -
39000 -

38000 -
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37000 -
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35000 -
1 10 15 6 7 14 16 19
AVFL20 Fuel Number

Figure 6.1. Comparison ofASTM D4809 Net Heating Value results folPhase 2 andPhase 3 fuels.

At the conclusion oPhase 2, the OEM CR10.5 pistons werénsalled in the engine. Thus, fBhase 3

the first maps conducted were for the fuels selected for evaluation at thedomgsession ratio, 10.5.

The run order for the fuels was #1, #10, and #15. Following the CR10.5 studies, the CR11.4 pistons were
installed and data collected for fuels #6, #7, #14, and then #15. Finally, the CR13.2 pistons were installed
with the intenion of collecting data for fuels #7, #15, #16, and #19.
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Table 6.1. Gage Products reported values for design variables in Phase 3 fuels.

Fuel RON MON Sensitivity Ethanol Content (Vol%)
1 91.8 84.5 7.3 10.4

6 96.0 88.5 7.5 30.0

7 100.1 92.5 7.6 10.1

10 91.4 81.0 10.4 10.0

14 96.6 85.5 11.1 10.4

15 96.5 84.9 11.6 30.4

16 101.1 89.3 11.8 10.2

19 101.0 89.0 12.0 29.9

6.2 ENGINE MAPPING

The methods and procedures detailed previously fdptiaee 2 studies were also adopted for use in the
Phase 3 efforts. The automotive members of the project committee showed data indicating that operation
in the speed range from 2,500 RPM to 5,000 RPM on standard drive cycles is very sparse, making data
collection in that region less important to vehicle models aimed at the standardized drive cycles. The
project technical committee, after considerable discussion, agreed that an abbreviated mapping procedure
be used. This procedure focused on collectingrengata at 1,000 RPM, 1,500 RPM, 2,000 RPM, 2,500
RPM, and 5,000 RPM in nomina00 kPa BMEP load increments at each speed. Additionally, the
maximum torque achievable at speeds between 2,500 RPM and 5,000 RPM waediolEid RPM
increments. Elimintng data collection at speeds between 2,500 RPM and 5,000 RPM allowed a larger
number of fuels to be included in tRBase 3 study. Generally, da@lectionwas initiated at 1,000

RPM and moved upward in engine speed until all desired data had bleetedoFigure 6.2 shows the

speed and load conditions for a typical engine map.
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Figure 6.2. Speed and load conditions investigated for thengine map offuel #1 at CR105.
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In the absence of knock, tlEA50 phasing was adjusted to approximately 5 CAD ATRGich is

typical of MBT phasing Both positive and negative offsets to the spark timing were needed to
accomplish this phasing, depending upon the engine condition and fuelAsstgbload was inceased

and theengine began to experience knotle spark timing was adjusted at each operating condition to
locate the timing at which the knock intensity increased substantially for a small change in spark timing.
This condition was then taken as theeihold of knock onset. Once this point was identified, spark

timing was set slightly retarded of the threshold and data collection was initiated.

6.2.1 Results for Fuels Studied at CR1&

Based on the results tife Phase 2 studies, three fuels were seleftiedse with CR1G& in Phase 3 of
the project. Thesmcluded#1 and #10, which havelew RON, low ethanol contentand vary in
sensitivity. Additionally, #15 was selecttmlbe tested at all 3 CR$-uel #15 has mid-level RON a
high ethanol contentind high sensitivity.

6.2.1.1 Combustion Phasing

The CA5O0 resultat the five engine speeds studfedfuel #1, #10, and #15 are shown in Figuresi 6.

6.5, respectively CA50 results for these three fuels are compared at one single engine speed (2000 RPM)
in Figure 6.6.As expected, the BMEP where knock begins to occur rises as the erggaddrsreases

for all three fuels Fuels #1 and #10 exhibit CA50 trends thatsangilar, as might be expected based on

the similarity of their RON ratingskFuel #15 has more advanced CA50 resulting from its higher RON

rating. The CA50 trends for the three fuels are shown together for 2,000 RPM in FiguiRet.@ers

may note thatite 1,000 RPM trends often end at CA50 values that are much less than the 30 CAD ATDC
limit. At 1,000 RPM, the maximum torque output of the engine is limited by available intake air mass, as
the turbocharger is not able to produce full boost at this l@e@dspHence, maximum torque at 1,000

RPM is achieved before the CA50 limit is reached.
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6.2.1.2 Fuel Mean Effective Presure

Fuel mean effective pressuiMEP)is a measure of the fuel energy consumed by the engine at a given
torque output, normalized to the displacement of the ertit#. The concept is similar to the
normalization of engine torque output accomplished by the brake mean effective prestsiareEngine
brake thermal efficiency at a given condition is equal to BMEP divided by fuel ME&l.. MEP is
generally not a str@nfunction of engine speed, although at low speeds heat transfer losses can cause it to
increase. Similarly, at high speeds friction increases and causes fuel MEP to incregseral, fiel

MEP is a linear function of BMEP over a wide operating raamggtaccounts for heating value differences
between fuelsThereforea linear regression of fuMEP and BMEPdata fornon-knock limited load
conditionsis a means of examining the change in &redrgyconsumption resulting from the use of
differentcompression rat® Bestfit lines were established in the MBT regigat all engine speed&)r

all of the fuels examined at each compression tegiogthe data fronengine speeds of 1,50@,500.

An example is shown as the dashed black linegaiféi 67, whichshows the bedit line for the three

fuels studied at CR18. The results for all three fuels fall onto one line, iadiieg that the fuel

consumption measurements produced during experiments combined with the net heat of combustion for
each fuel agree well in the MBT region, as expected. The relationship determined by this regression was
used to calculate the fuel consumption rateafbfuelsfor conditions within the MBT region to aid in
reducing the impact of experimental noise dginehicle modeling. Measured fuel consumption values

for eachindividual fuel were used for BMEP levels beyond the MBT regigin. example fuel

consumption map for fuel #1 is shown in Figur@ @n this plot, filled symbols represent points in the

MBT region, open symbols represent points that are in the Kimitkd region. Different engine speeds

are represented by the color of the plot symddie data in Figure 6.8 do not fall onto one line because

the fuel consumption values in Figure 6.8 arectielent on engine speed. Fuel MEP values, as shown in
Figure 6.7, are not dependent on engine speed since fuel MEP is a measure of energy consumption per
engine cycle.

Wei Wu and MadgnRdson EQmamlke Fuel Consumpti o®l- Model in
0554, SAE International, 1999.

28p J. Shayler, J.P. Chick,and DdEa, A A Met hod of Predicting Brake Speci f
Technical Paper #19991-0556, SAE International, 1999,

®Marc Ross and Feng An, fAThe Use of Fuel by Spark 1 gni:t
International, 1993.
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6.2.2 Results for Fuels Studied aCR11.4

Based on the results froRmase 2, four fuels werghoserfor study inPhase 3 at CRiL4. These were #6,
#7, #14, and #15. Fuels #7 and #14 loadethanol content and differed in both sensitivity and RON
rating. Fuels #6 and #15 hhifjh ethand content,mid-level RON and differed in sensitivity.
Additionally, #14 and #15 hagbminallythe same sensitivity and RON rating, but differed in ethanol
content.

6.2.2.1 Combustion Phasing

Figures @1 6.12 show the CA50 timing for the four fuels studiedC®11.4. As was observed at
CR10.1, the delay in combustion phasing that was needed to avoid knock dkaseasgine speed
increased.As shown in Figure 63fuel #7 enables higher BMEP output prior to the onset of knock, but
fuel #15required lesggnition retard as BMEP increased. This tendency was observed at all engine
speeds and was found to be repeatable in multiple experiments egéfiuls.
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Figure 6.9. Combustion phasing (CA50) resultsor fuel #6 at CR11.4.
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6.2.2.2 Fuel Mean Effective Pressure

Figure 6.4 shows the fuel MEP for all fuels studiedGR11.4in the MBT regionThe observed trends
in the fuel MEP for individual fuels were very similar to those identified ascudsed in the CRE.
resuls. The linear regression for the CR4data produced a slope of 2.4¥Pa/kPaand an intercept of
417.56kPa The slope is numerically smaller than that determined at GR&ith only a marginally
higher intercept value. The marginally higher intetaggtue is consistent with higher frictiaorque
which is often experienced when compression ratio is incrédsedo higher cylinder pressure which
leads to higher loads on the piston rings, higher piston side forces, and higher bear)ngloadswer
slope indicates an overall efficiency increaseG&11.4compared to CR18in the MBT region as
expected. The average efficiency improvement in the MBT reg®t%.A curve fit to the data of
several recent studies provides a benchnfekdan be used to evaluate these re€ulthe curve fitto
the data in that papshows that the increase in efficiency from CR10.5 to CR11.4 is approximately
1.7%.
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Figure 6.14. Fuel MEPin the MBT region for all fuels studied atCR11.4

%leone, Thomas G., Anderson, James E., Davis, Richard S.,
Rating, and Ethanol Contenton Spdarlgni t i on Engine Efficiency /- 078Environ. S
doi:10.1021/acs.est.5b01420.
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6.2.3 Results for Fuels Studied at CR12

Fourfuels were selected for study at G in Phase 3. These fuels weré,#15, #6 and #19.Fuel

#15 had midevel RON, while fuels #7, #16, and #19 had Higlel RON. Fuel #7 had low sensitivity;

fuels #15, #16, and #19 had high sensitivity. Fuels #7 and #16 had low ethanol content, while fuels #15
and #19 had high ethanol content.

6.2.3.1 Issues withthe CR13.2 Pistons

During experimats with the CR13.2 pistonanengine failure occurred that prevented collection of data
for fuels #15 and #19. A new engine was installed, but had different efficiency than the original engine
likely because of small differences in manufacturing in addition to changes in thef stet@riginal

engine resulting from numeroushailds and considerable run time. This difference would have
confounded the results for the CR13.2 condition unless a new baseline was established for this engine
prior to resumption of tests with the CR2 pistons.Additionally, data from the CR13.2 pistons had not
shown as much improvement in fuel efficiency as had bbsarvedn previous studie¥.,*?

A computational fluid dynamicgCFD) study was undertaken by Ford Motor Company to examine the
potential causes of this shortcoming in an effort to determine the most beneficial path for study of the
CR13.2 condition.Solid models were generated for the piston crowns and used together with engine and
fuel data from the study to support the CFD analy$égure6.15shows an example solid model for the
CR13.2 piston crown.

z

J

Figure 6.15. Solid model of the CR13.2 piston crown.

The CFD study showed that the relatively small diameter bowl in the CR13Aaistreased the

likelihood of impingement of the fuel spray on the pistonfined flame progmation, and extended

combustion later into the cycle compared to the baseline OEM piston. All of these factors limit the
combustion efficiency and are liketyntributors to the lowethanexpected efficiency increase for these
pistons. Extension of the combustion event later into the cycle wasoakservedn the CFD studyor

the CR11.4 pistas) but to lesser extent owing to the larger diameter of the @Rildton bowl that was

more comparable to the OEM piston. Based on the results of the CFD analysis, the @yfject

committee deemed that conducting baseline experiments on the new engine for the purpose of continuing
study with the existing CR13.29tbns was not likely to provide beneficial information, and thus
discontinued studgt the CR13.2 pistons. Studf/fuel efficiency benefits of CRs higher than 11.4 in

31Smith,,, Heywood, J., and Cheng, W. ,-lgBEftedt &ngf n€omEprfess
Technical Paper 201@1-2599, 2014.

®2.Leone, T., Olin, E., Anderson, J., Jung, H. et al., #fE
FuelEconomy, and CO2 for a Turbocharged DI Engine, 0 SAE |
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this engine vassuggested foa potential future projectExisting data at CR13Rith the original engine
are nevertheless includén this report for completeness.

6.2.3.2 Combustion Phasing

Figures 6.6 and 6.7 show the CA50 versus BMEP for fuels #7 and #16, respectively. As was observed
at CR10.5 and CR11.4, the amount of phasing reteastdgid knock decreased as engine speed increased.
In general, fuel #16 required less combustion phasing retard than fuel #7 at similar BMEP and engine
speedas was observed during the Phase 2 screening
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Figure 6.16. CA50 versus BMEP for fuel #7 at CR12.
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Figure 6.17. CA50 versus BMEP for fuel #16 at CR12. Data were not collected at 5,000 RPM due to engine failure.

6.3 VEHICLE MODE LING

Vehicle modeling allows the engine data gathered during this project to be used to estimate the fuel
consumption and Cmissions from vehicles that might usmilar engines withthe different

compression ratios and fuels studied in this project. The vehicle modeling for this project was carried out
using the Autonomie model, which was developed at Argonne National Laboratory with support from the
U.S. Department of Energy. The Autonomie mdtb been extensively benchmarked, and offers the
advantage of being a ngmoprietary modeling tool designed to assess fuel consumption for conventional
and hybrid vehicle design®:343536

6.3.1 Parameters Describing the Model Vehicles
Several paranters are aededn vehicle simulation model® describe the aerodynamic and inertial

loads placed on the vehicle and its powertrain during operafierodynamic and inertial loads at the
tire-road interfacare specified by the dynamometer target coefficientdesidveighthatare available

¥Kim, N., Rousseau, A., and Rask, E., #AAutonomie Model

Technical Paper 201@1-1040, 2012, doi:10.4271/204%1-1040.

¥Kim, N., Duoba, M., and Rousseau, A., #dAValidating Vol t
Aut onomi e, 06 SAE 1 Meth. Syst. 6(2)RGL3, do&1D.g271/260B-1458.

Lee, D., Rousseau, A., and Rfdhe Kord Fécus,Bat@rpEectdclVehglme nt and

Model , 0 SAE T e c-011180% 2014, did @.4271/2G00-1809.

36 Kim, N., Rousseau, A., and Loh&u s ¢ h H. , AfAdvanced Automatic Transmi s:

DyanamometeT e st Dat a, 0 SAE -U01€¢78,2014, doi:10.2231261-1778. 1 4
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in the EPA certification test database for all vehicles soldintheUlse EPA AEqui val ent T
(ETW) allows calculation of inertial forces acting on the vehiderodynamic and friction forces at the

interfaceof the vehicle tires and the roadway are described by a quadratic function of vehicle speed. In

this relationship, the AAO0 parameter is the fixed
parameter is the coef fCcaargmetdristhd coefficiamtivkhiclespeegpte e d, an
the second powerlThe forces at the wheel are translated to forces at the engine output shaft through the
differential and transmission. Hence, the relevant gear ratios and final drive ratio also Ineed t

specified. Two target vehicle configuratiorssiitable for the 1.6L EcoBoost engiwere of interest for

this project: an industrgverage miesize sedan and industayerage small sport utility vehicle (SUV).

A data mining effort was conducted ugithe2014EPA certification test database as a source for the
required informatiorio support vehicle model developmetiiach record in the database was augmented
with vehicle size class to enable analysis of the certification data by vehicfé Sihenext step was to
analyze the data for the méize sedan and tHeUV size classes. Parameters such as dynamometer target
coefficients were examined as a function of the paleassityand thespecific displacemematio for all

of the vehicles in the EPdatabase for the appropriate vehicle size claggure6.18 shows an example

of the result of this analysis for target coefficient C.

2014 EPA Test Car List Data (Tier 2 Cert Gasoline)
I | I I I

0.04 |
* MidsizeCar_FTP

* SmallSUV2WD_FTP
0.035 - .

0.03 |- o ° .

0.025

0.02

Target Coefficient C [Ibf/mph2]

0.015

0.01 | ! I ! ! ! ! !
50 75 100 125 150 175 200 225 250 275

Power Density [HP/ton]

Figure 6.18. Target coefficient C versus vehicle power density fanidsize sedans and small SUVs ithhe EPA certification
test database.

In this example, the midsize sedan results for the FTP cycle are shown in shades of red, while the results
for small SUVs for the FTP cycle are shown in shades of gray. The lighten fegeach vehicle group

denotes the range of variation for all of the data in the database, with the exception of statistical outliers.
Statistical outliers are shown by stars that fall outside the bounds of the shaded areas. The darker regions

372014 Certified Vehicle Test Result Report Data (XLS), available online at
https://www3.epa.gov/ang/cert/documents/cetst/14actrr.xIs

Page 42


https://www3.epa.gov/otaq/cert/documents/cert-tst/14actrr.xls

denotethe interquartile range of the data for each vehicle size. The Grgelar icon on each line

shows thegeometrionedian of the data for each vehicle size cl#ssshown by the example data, target
coefficient C for midsize sedans is relatively mssitive to the vehicle power density. Using the same
process as for target coefficient C, the EPA certification databasgnalzed to determine target
coefficients A and B, and the engineering test weight for thesim&@lsedan and small SUV vehicle
configurations. The geometric mediaof the data for each parameter was adopted for use in the vehicle
modeling efforts for this project.

Once the median power density for the target vehicle configurations was determined, these results were
used to sele production vehicle examples that had similar power density to the median. These examples
provided a means @&klectingfinal drive and transmission gear ratios for use in the vehicle models. The
2014 Ford Fusion and 2015 Ford Escape, both equippbdheitl.6L Ecoboost engimesed in this study

had power densities that were very close to the mediéter consultation with the AVFI20 project

committee, lhe transmission gear ratios from these vehicles were adopted for use in the vehicle models for
this project. Table &.summarizes the parameters used in the vehicle models for this project.

Table 6.1. Parameters for Vehicle Models

Parameter Mid -Size Small
Sedan SuUv

Target Coefficient A (Ibf) 34.0501 31.3622
Target Coefficient BlIbf / MPH) 0.2061 0.3408
Target Coefficient C (Ibf / MPH"2) 0.0178 0.0235
EquivalentTest Weight (Ibs) 4000 4000
15t Gear Ratio 3.73 4,584
2" Gear Ratio 2.05 2.964
34 Gear Ratio 1.36 1.912
4" Gear Ratio 1.03 1.446
5" Gear Ratio 0.82 1.000
6" Gear Ratio 0.69 0.746
Final Drive Ratio 4.07 3.21
Tire Rolling Radius (m) 0.32775 0.32775

6.3.2 Vehicle Gear Shift Points

The baseline Autonomie shift algorithm calculates-load gear shift points based on the engine speed

that produces most efficient apdion. Higher load shift points are calculated based on the maximum

torgue of the engine. Initially, the engine speed profile predicted by Autonomie for the small SUV when
using atypical certification drive cycle was notably higher tlzatual test datfroma 2015 Ford Escape

as shown in Figure 9. The data shown in Figure 6.22 are for a UDDS cycle followed by a US06 cycle.
The Autonomieshift algorithm includes the ability to adjust théftshoint calculations through setting

the engine speed whe maximum efficiency is obtained. Adjustment of this parameter to 2,000 RPM
caused the Autonomie shift algorithm to calculate shift points that were similar to data from the 2015
Escape. Itis important to note that this adjustment was notshlt d providing a particular shift

schedule to the model, but rather a change that enabled the model to more closely mirror the performance
of an actual vehicle. Once this change was accomplished, the engine speed profile predicted by the model
was aceptablysimilar to test dataas shown in Figure B0.
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6.3.3 Effect of Reduced Engine MapData Contenton Fuel Economy Results

The engine map procedursad for this project focused most of the data collection at engine speeds less
than 2,500 RPM, where previous experience had demonstrated that vehiclesmpstiagguently. The
model relied on interpolation to calculate fuel consumption data in tigebatweer2,500 RPM to 5,000
RPM. This strategy was not expected to cause significant issues with vehicle modeltresarits
assessment was conductedjuantify the impact For this purpose, data collected previously in a study
funded by the U.S. §partment of Energy was used. efbdata weregatheredn the Ford 1.6L engine
equipped with the CR10.5 pistons arging a retail 87 AKI E10 fuel. The mgpneratedvith this fuel
contained pointbetweer?,500 RPMand5,000 RPM in addition to the lowspeed data. The data
between 2,500 RPM and 5,000 RR\Wre then removed to create a second engine map that duplicated
the map procedure in use for this project. By using the same vehicle model with these two versions of the
87 AKI E10 engine map, diffenees in results could lbrectly attributed to the difference in the data
content of the engine map. Figur@Bshows the results of this comparison.

40

37.437.4 = Full Map
m Reduced Map

28.3 28.3
26.0 25.8

Fuel Economy (MPG)
N
o

UDDS HWFET US06_City US06_Hwy

Figure 6.21. Comparison of vehicle model resultéor full and reduced engine map.

The urban dynamometer driving schedule (UDDS) is the same driving sche&hkesas 1 and 2 of the
Federal Test Procedure (FTP) driving schedule. The UDDS and the highway fuel economy test
(HWFET) fuel economy results anet significantly impacted by the reduction in data content of the
engine map. Both the city portion (US06_City) and highway portion (US06_Hwy) of the US06 cycle
have marginally lowemodeledfuel economy resulting from the reduction in data conterfiegngine
map. The difference for the city portion and highway portion of the US06 cycle is 4% and 1%,
respectively.However, since the purpose of this study is to evaluate the potential impacts of different
fuelsand/or CR with the same type of enginaprthe small difference iabsolutdJS06 fuel economy
resuling from the use of the reduced engine nsapot likely to significantly influenceonclusions about
thedifferences between fuedsxd/or CR Thereforethe reduced map approach was used
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6.3.4 Vehicle Model Resultsi CR10.5

Figure 622 shows an example of tleecondby-secondengine conditions predicted by Autonomie for the
UDDS cycle and the US06_City cycle for fuel #1 at CRB10r the midsize sedan. These results show
that lowload cycles such ahe UDDS include a large fraction of operation in the MBT region, while
high-load cycles such as the US06_City cycle include more operation in thelkmitekl regime. The
modeloutput indicates thanocklimited operatioroccursat~7.5% of theoperating points included in
the UDDS cycleand at~32.5% of pointsncluded in thedJS06_ City cycléfor this CR and fuel
combination Figures 6.23-6.24 showthe volumetricfuel economymiles/gallon)and energy
consumption(BTU/mile) results respectivel, for the midsize sedan using fuels flbw RON, low S,

E10) #10(low RON, high S, E1Q)and #15mid RON, high S, E30yith the CR1(5 pistons. Figure

6.25 shows the volumetric heating values for all of the fuels.

Fuel #15 had the lowesblumetric uel economy on all drive cycles due to its lowelumetric heating

value owing to its highr ethanol content. Fuel #15 haeéb@% poorer fuel economy than fuel #1 and 0
8.2% poorer fuel economy than fuel #10. Fuels #1 and #10 have similar RON ratireihamol

content, but fuel #10 demonstrates marginally higher volumetric fuel economy on all drive cycles studied.
Compari sons of vol uremablecaonausidniodd dragrebout whetlger differendes

are due to the higher sensitivity#f0 compared with #1, or higher volumetric heating value, or both.

So, he volumetric fuel economy results werecesst in terms of engine efficiency or energy consumption,

in units of BTU/mile, to visualize differences among these three fuels withocotiieunding effect of
differences in volumetric heating value. Fuel #10 consumes marginally more energy per mile than fuel
#1. Figure 6.28 shows the volumetric heating values for all of the fuels. Examination of the volumetric
heating values Figure6.25for these fuels shows that fuel #10 has just over 2% more energy per gallon
than fuel #1, which is likely the primary reason for fuel #10 having marginally higher volumetric fuel
economy despite exhibiting similar or slightly poorer efficiency. Tightly higher energy consumption

for #10 (G1.1% relative difference depending on drive cycle) also suggests that its higher sensitivity was
not beneficial at this compression ratio. Fuel #15 showed the lowest energy consumption on all cycles,
demonstrahg that increasing RON rating can impramgineefficiency at CR10.5although it is not

enough to overcome the lower volumetric heating value of this E3@xXaept on the city portion of the

USO06 cycle This result is not surprising, since this emgin advertised to achieve greater performance
when premiurrgrade fuel is used.
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CO; emissions are another potential metric upon which to judge the performance of these fuels relative to
one anotherHence, the results were-cast using the analyses for each fuel to provide thee@ssions

rate for each fuelAs shown in figure @6, fuel #10 exhibited the highest €@roduction on all cycles

because of ithigher carborintensity(mgCQO,/BTU, Figure 627). Fuel #15 generally had similar or

slightly lower CQ emissions than fuel #IFigure 627 shows that fuel #thigh RON, low S, EQ) has

the lowest CQintensity of the fuels studied.

Table 62 includesthe fuel economy, energy consumption, and €fissions results for the small SUV
as well as for the midize sedanThe two vehicle platforms show directionally similar trendsegfach of
the metrics across the fuels and driving cycles analyzbd.fuel economy for the SUV is lower than for
the sedan, with the energy consumption and €fiissionshigher for the SUV than for the sedan, as
expectediueto larger target coefficients

A baseline case was selected for use in evaluating the results from the28\#hject vehicle modeling
activity for different fuels at all CRsThe baseline case was defined as the average result for fuels #1 and
#10 at CR10.5for both the miesize £dan and small SUVThe average value for fuefd and #10 was

used since marketplace fuels tend to have sensitivities between those of fuels #1 artthiK).
improvements are assessed for each vehicle independé&atile 63 shows the results fdroth the mid

size sedan and small SUV expressed as percentage changes iroespeetivedbaseline case The

metrics are defined so that a positive numeric result is the desirable outcome.

750
CR10.5 m #1, 91.8 RON, 7.3 Sensitivity, 10.40% EtOH
lo1/102 m #10, 91.4 RON, 10.4 Sensitivity, 10.00% EtOQI
650 |z o7 #15, 96.5 RON, 11.6 Sensitivity, 30.37% EtOI
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91/92 0 en@“"‘oo\ 566 585
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Figure 6.26. COz emissions for the midsize sedan with CR1( pistons
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Figure 6.27. COz intensity for the Phase 3 fuels.

Table 6.2. Volumetric fuel economy, energy casumption, and CQ: emissions results for themid-size sedan angmall
SUV at CR105.

Vehicle model results for the mid-size sedan and small SUV for CR10.5

Fuel #1 Fuel #10 Fuel #15
Drive 92 RON, 7 S, E10| 91 RON, 10 S, E10] 97 RON, 12 S, E30
Cycle Sedan SWV | Sedan SUV | Sedan SWV
uDDS 3,765 3,838 ( 3,808 3884 | 3,729 3,799

Energy  Iuwrer | 2643 2918 | 2650 2929 | 2633 2,897
Consumption .
(BTUMe) |USOBCiy | 7494 7561 | 7582 7696 | 6943 7,100
US06 Hwy| 3,756 4200 | 3761 4232 | 3633 4,001
UDDS 204 289 | 207 201 | 277 271
Volumetric Fuel |HWFET 419 380 | 427 386 | 392 356
Economy (MPG) |US06 City | 14.8 14.7 14.9 14.7 14.9 14.5
USO6 Hwy| 295 264 | 301 267 | 284 258
UDDS 285 200 | 204 300 | 285 201
Tallpipe CO2 |\ \weer | 200 221 | 204 226 | 200 222
E(rg'/?nslg's UsoeCity | 566 571 | 585 594 | 531 543
USO6 Hwy| 284 317 | 2900 326 | 278 306
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Table 6.3. Improvementsin volumetric fuel economy, energy use, and C£emissionsrelative to baseline(average of E10
fuels #1 and #10j¥or fuels studied at CR10.5.

Changes with CR10.5 relative to baseline (avg. of fuels #1 and#10 at CR10.5)

Fuel #1 Fuel #10 Fuel #15
Drive 92 RON, 7 S, E10| 91 RON, 10 S, E10| 97 RON, 12 S, E30
Cycle Sedan SUWV | Sedan SWV | Sedan SUWV
uDDS 0.6% 0.6% | -06% -06% | 1.5% 1.6%

HWFET 0.1% 02% | -01% -02% | 0.5% 0.9%
USo6 City | 0.6% 09% | -06% -0.9% | 7.9% 6.9%
US06 Hwy| 0.1% 04% | -01% -04% | 3.4% 5.1%

Energy Use
Reduction

>q |UDDS -05% -04% | 0.5% 0.4% | -65%  -6.4%
T 2 S |HWFET | -09% -08% | 0.9% 08% | -7.5%  -7.1%
L 885 |usoeCity | -04% -0.1% | 04% 0.1% | 00% -11%
US06 Hwy| -1.0% -06% | 1.0% 0.6% | -48% -3.0%
o c  [UDDS 16% 1.6% | -16% -16% | 14%  14%
§ @8 |HWFET | 11% 12% | -11% -12% | 03%  07%
(2]
£33 |usosCity | 1.6%  19% | -1.6% -19% | 7.7%  6.8%
uw o

US06 Hwy| 1.1% 14% | -1.1% -14% | 3.2% 4.9%

6.3.5 Vehicle Model Results CR11.4

Figures 6.871 6.30 show thevolumetricfuel economy, energy consumption, and-@@issions for the
mid-size sedan using CRM and fuels #§mid RON, low S, B0), #7(high RON, low S, E1Q}#14(mid
RON, high S, E1Q)and #15mid RON, high S, E30)The two vehicle platforms exhibit similar trends,

as was observed for the CR10.5 resufigel #14 exhibits thbest bighes) volumetric fuel economypn

all cycles, with #6 showing theorst (owes) fuel economy. Fuels #6 and #15 differ in sensitivity. In
general, fuel #15 showsarginallyimproved fuel economy and similar or improved energy consumption
compared with #6. The G@missions fofuel #15 comparedtb fuel #6 are similar or marginally higher.
Fuels #7 and #14 are both E10 fuels and show impresfednetric fuel economgompared to the E30
fuels(5.2-7.9% better volumetric fuel economy for the E10 fuel #14 versus the E30 fuel #15, both fuels
havingnominally the same RON & octane sensitivitjuel #14 demonstrates improved energy
consumption compared toel #7. Thisresultis somewhat surprising, given thael #7 has a higher

RON rating tharfuel #14, althoughuel #14 has the higher sensitiviof the two fuels.However, fuel #7

has the lowest volumetric heating value of all of the fuels, owing to the large fraction of saturated
hydrocarbons in its makeup. This characteristic causes its volumetric fuel economy results to be low in
spite of is octane number advantageable 6.4 shows the results fwoth the sedan artle small SUV at
CR11.4.The trends for both vehicles are similar.

Table 65 shows the results for both the rsze sedan and small SUV relative toitlespectivebaseline

casea (the average of fuels #1 and #10 at CR10F)el #14 is the only fuel at CR11.4 that has better
volumetric fuel economy (1-8.8%) over all drive cycles than the baseli@asolines having properties

similar to fuel #14 are available in the martaday. For comparisornthefuel economiesor fuel #15,

which has the same nominal RON and sensitivity, but higher ethanol content than fuel #14 has poorer fuel
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economies than the baseline on all drive cy@es6.6% lowe). Fuel #6, also an E30 fudlas the
poorest fuel economies on all drive cycles {b.2% lower than baseline).
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Figure 6.28. Fuel economy results for the miesize sedan using CRIL4and fuels #6, #7, #14, and #15.
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Figure 6.29. Energy consumption results for the midsize sedan using CRIL4 and fuels #6, #7, #14, and #15.
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Table 6.4. Volumetric fuel economy, energy consumption, and C&emissionsresults for the mid-size sedan anégmall
SUV at CR11.4.

Vehicle model results for the mid-size sedan and small SUV for CR11.4

Fuel #6 Fuel #7 Fuel #14 Fuel #15
Drive 96 RON, 8 S, E30| 100 RON, 8 S, E10] 97 RON, 11 S, E10] 97 RON, 12 S, E30
Cycle Sedan SUWV Sedan SUWV Sedan SUWV Sedan SWV
UDDS 3720 3787 | 3728 3789 | 3745 3813 | 3717 3,782
Coij:gst’ion HWFEr 2,605 2863 | 2,610 2,860 | 2621 2,882 | 2609 2,859
(BTUMle) |USOBCity | 7.254 7322 | 7225 7,259 | 7309 7,381 | 7086 7230

USO6 Hwy| 3,644 4,060 | 3634 4042 | 3664 4,092 | 3616 3,988
UDDS 27.4 26.9 29.1 28.6 30.0 29.5 27.7 27.3
Volumetric Fuel |HWFET 39.1 356 | 415 379 | 429 390 395 36.1
Economy (MPG) |USO06 City | 14.1 13.9 15.0 14.9 15.4 15.2 14.6 14.3
US06 Hwy | 28.0 25.1 29.8 26.8 30.7 275 285 25.9

UDDS 278 283 | 276 280 | 287 202 | 284 289
Tallpipe CO2 |\ \yrer | 104 214 | 193 211 | 200 221 | 200 219
Eg'/fns;:g;'s USO6City | 542 547 | 534 537 | 560 566 | 542 553
Uso Hwy| 272 303 | 260 200 | 281 314 | 277 305

Table 6.5. Improvements involumetric fuel economy, CQ emissions, and energy use relative to baselif@verage of fuel
#1 and #10 at CR10.50or the mid-size sedan and small SUV.

Changes with CR11.4 relative to baseline (awg. of fuels #1 and#10 at CR10.5)

Fuel #6 Fuel #7 Fuel #14 Fuel #15
Drive 96 RON, 8 S, E30| 100 RON, 8 S, E10| 97 RON, 11 S, E10| 97 RON, 12 S, E30
Cycle Sedan SUWV | Sedan SUV | Sedan SUV | Sedan Suv
uUDDS 1.8% 1.9% 1.5% 1.9% 1.1% 1.2% 1.8% 2.0%

HWFET 1.6% 2.1% 1.4% 2.2% 1.0% 1.4% 1.4% 2.2%
USO06 City | 3.8% 4.0% 4.2% 4.8% 3.0% 3.2% 6.0% 5.2%
US06 Hwy | 3.1% 3.7% 3.3% 4.1% 2.5% 2.9% 3.8% 5.4%

Energy Use
Reduction

E o |UDDS 1A%  -71.2% | -1.7% -14% | 1.6% 17% | -6.2% -6.0%
g =) % HWFET -715%  -7.0% | -1.9% -11% | 1.4% 1.9% | -6.6% -5.8%
L u?j E’ USO6 City | -5.4% -52% | 1.0% 1.7% 3.6% 3.8% | -21% -2.9%

US06 Hwy | -6.1% -5.5% | 0.0% 0.9% 3.0% 35% | -4.3% -2.7%

2 s ubDS 4.0% 4.1% 4.7% 5.0% 0.8% 0.9% 1.7% 1.9%
o) -% ‘§ HWFET 3.8% 4.3% 4.5% 5.3% 0.6% 1.1% 1.3% 2.0%

2]

O £ g |usoeCity | 5.9% 6.2% 7.2% 7.9% 2.7% 2.9% 5.8% 5.1%

w o

US06 Hwy | 5.2% 5.8% 6.4% 7.2% 2.2% 2.6% 3.6% 5.2%
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As highlighted previously, the UDDS and HWFET @&g&lesult in engine operation in the MBT region

for most of the conditions in the cycle. At these condititmsjmprovement in energy consumption

should follow the improvement noted in fuel MEP for the increased compression ratio relative to baseline.
However, some operation these cycledoes occur in the knodkmited region. Within the knoek

limited region, changes in energy use will relate to the degree of CA50 retard needed to avoid knock with
a particular fuel and compression ratio combinatedative to the performance of the baseline fuel and
compression ratio. Since the fuels studied at CR11.4 were selected based on their ability to produce
combustion phasing that is similar to or better than the baseline case, additional improvemengyin en

use might be expected. Examination of the energy use improvements for both-#izensiedan and

small SUV shows that the improvements for the UDDS and HWFET are on the ord2¥wof These
improvements appear directionally correct and reasomalm@gnitudegiven the average improvement

in fuel MEP of 10% for the increased compression ratio in this comparison. Improvements in energy use
for the city and highway portions of the US06 cycleraoze dependent on the combustion phasing
differences asociated with knock avoidance for each fuel. For these cycles, greater improvements are
noted than for the UDDS and HWFET.

6.3.6 Corporate Average Fuel Economy

In reporting the results of this study, it is important to highlight the fact that corporatgeavael

economy (CAFE) values and volumetric fuel economy values are not the same. The fuel economy values
that are used to demonstrate that manufacturers comply with CAFE standards are calculated as if the test
fuel had the same volumetric energy cohtncertification gasoline that was in use in 1975, when the
standards werfirst promulgated®3%4° The R factor is a measure of the marginal difference in the

volumetric energy content of the fuel that results in a marginal difference in volumetric fuel economy.
Thecurrentvalue of the R factor of 0.6 was established in the late 1980s based omufavelicles that

used carburetorsEPA and the automotive manufacturers are working to develop an acceptable means of
establishing CAFE fuel economy values with certification fuels that contain ethanol. Whiletalilsof

current angotentialfuture CAFE fuel economy calculations are beyond the scope of the current study,

the fact that CAFE calculations include a means of adjusting for the voluimedtiog valuef the test

fuel is important. For exaple, calculating the ratio of the CAFE fuel eoaty value to the volumetric

fuel economy value for the 30% ethanol fuel #15 with an R factor of 0.6 gives a result of 1.058. Thus, if
the volumetric fuel economy for this fuel is at least 94.5% of the fuel economy of an dtiearfolel

with volumetric keating value equivalent to the 1975 certification ftleé CAFE fuel economy for fuel

#15 will be equal to or greater than that of the EO fuel. This example demonstrageethedses where

the volumetric fuel economy declines marginally for a tedtdaetaininga low heatingvalue blending

stream (such as ethandahe CAFE fuel economy value can actually increase.

6.4 COMPARISON WITH PREVIOUSLY PUBLISHED DATA

The results from this study show that decreases in energy consuanudi@@® emissions othe UDDS,
HWFET, and USO06 cycles are possibigh higheroctane fuels when compression ratio is increased to
take advantage of improved knock behaviawlumetric energy content of the fuel remainsias a
important factor in whether decreases in energy aopsan translate to increases in vehicle volumetric

%A Average Fuel Economy Standards,o Title 49 U.S. Code,

®Sluder, C., West, B., Butler, A., Mitcham, A., et al .,
Calculations Using Ethand| ended Fuels over Two Test Cycles, 0 SAE I n
“Hochhauser, A., Benson, J., Burns, V., Gorse, R. et al
TAut o/ Oil Air Quality | mprovement93®3sledr ch Program, 0 S/
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fuel economyon given drive cycle. A recent review of gevious studies have shown that efficiency gains
for increasing from 10.5 to 11.5 compression ratio range from approximately 1.5% to just dVeT 260.
ideal Otto Cycle establishea apperlimit on this improvement at just over 2.5%. The gains observed in
engine efficiency in the MBT region the AVFL20study averaged 1%. Similarly, the UDDS and
HWFET vehicle energy consumption improvementdtiets evaluated at CR11.4 fell between 1% and
2%. The improvements noted on the US06 cycle where kiintted operation was more prevalent were
larger, as expectedhus, the observed improvements in this study compare reasonably well with those
of othe studies.Previous studies have also shown 8&87 RON fuels typically enable compression
ratios of 12 or highef® The compression ratio used in this study with 97 RON fuels was 11.4. Itis
possible that additional benefits are possiblQrO7 RON fuels that were not adequately captuvid

the CR11.4pistonsusedin this study Finally, this study focused on improving efficiency by increasing
compression ratio and varying combustion phasing without changing other engine parametess, such a
bore diameter, stroke lengtialve timing, fuel injection pressure, fuel injection phasing, and so on.

“Leone, TG, Anderson, JE, Davis, RS, lgbal, A, Reese,

F

Compression Ratio, Fuel Octane Rating, and Ethanol ContentonlSgarki t i on Engine Effici enc)

Tech. 49(18), 2015.
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7. CONCLUSIONS

Based on the screening study:

Knock behavior and the ability to increase CR were primarily affected by RON.

Higher sensitivity (RONminus MON) also showed some knock benefit, especially for10&
102 RON fuels at the highest loads.

At equal RONthere were naignificant effectof differences in fuel ethanol content (between 10
vol% and 30 vol%pn knock behavior.

The ~9697 RON fiels at CR11.4 generally gave similar knock behavior to the baselin@2-91
RON fuels at the baseline CR10.5. This indicates th&38 enabled +0.9 CR, i.e. 5SFON

per CR.

The ~101102 RON fuels with high sensitivity at CR13.2 generally gave similaclkbehavior
to the baseline. This indicates that -RON enabled +2.7 CR, i.e. 3RON per CR (however
these results were not achieved with lowensitivity fuels).

At similar RON (9697) but lower sensitivity(7-8), fuel EEE (EO) offezdknock resistane
similar tofuel #15 (E30) atCR10.5, but more similar to fuel #5 (E10) at CR13.2.

Based on the vehiclenodeling results:

Comparing Compression Ratio 11.4 with the CR10.5 Baseline Condition (AverBgelsf#l and #10)

(0]

On the UDDS and HWFET cyclescreasingcompression ratiofrom CR10.5 to CR11.4

provided vehicle energy consumption improvements (decreases) bet@e forboththe

mid-size sedarand small SUMWepending upon the fuel used. Volumetric fe@nomychanges
ranged from a 7.5% datnent to a 1.9% improvement in volumetric fuel economy. Fuel #6 (96
RON, 7.5 sensitivity, E30) provided the poorest fuel economy result, with fuel #14 (96.6 RON,
11.1 sensitivity, E10) providintne highestolumetric fuel economy improvements, relatiee

the baseline. No ethanol levels between 10% and 30% were studied, so no data exists to directly
indicate whether intermediate values of ethanol content might have achieved fuel economy parity
with the baseline case. Tailpipe £€€nissions reductionanged from 0.%6.3%, with the largest
improvements (reductions) achieved for fuels #6 (96.0 RON, 7.5 sensitivity, E30) and #7 (100.1
RON, 7.6 sensitivity, E10).

On the higher load US06 cyclecreasingcompression ratiofrom CR10.5 to CR11.4enabled
decraasedn vehicle energy consumption of 2600% depending upon the fuel uselbwever,

these improvements were not sufficient to enable the two E30 fuels (#6 and #15,-B6tROBI

and with varying sensitivity) to achieve volumetric fuel economy paritly thi€ baseline case.

No ethanol levels between 10% and 3@%e studied, so no data existdirectly indicate

whether intermediate values of ethanol content might have achieved fuel economy parity with the
baseline case. Fuels #14 and #7 had bettdnghiduel economies over both portions of the

USO06 cycle compared to the baselifraiels #6, #7, and #15 showed significant tailpipe CO
emissions reductions, ranging from-3.8%, with fuel #7 showing the largest reductions.

Compression Ratio 10.5

(0]

Increasing sensitivityfrom 7.3 (fuel #1) to 10.4 (fuel #10) at nominally fixRON (91-92) and
ethanol contenfl0%) caused vehicle energy consumpt{&TU/mile) to increase on all cycles.
Increases were in the range e1.8%, and did not result in de@ses in volumetric fuel economy
(miles / gallonbecause fuel #1 had a marginally lower voluméigating value Tailpipe CQ
emissions trends followed energy consumption trends.
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(0]

Increasing RONfrom 91.4 (fuel #10) to 96.5 (fuel#15) by increasing ethaoatent from 10%
to 30%at nominally fixed sensitivity (:12) caused vehicle energy consumption to decrbgse
0.610 8.4%, depending on the drive cycle and vehiclhe largestlecreasé€8.4%) was sufficient
to allow the E30 fuel to achieve volumetfiel economy parity with the E10 fufer the city
portion of the US06 cycltor the sedan, but not for the SUDnN all other drive cycles the
volumetric fuel economy of the E30 fuel was Evby 5.7 td8.3% for the sedan antl2 t07.9%
for the SUV. Tailpipe CQ emissions trends followed energy consumption trends.

Compression Ratio 11.4

(0]

All fuels mappedat CR11.4 produced similar energy consumption resulteeobDDS and
HWFET drive cycles Since both of these cycles are dominated by operation in the MBT region,
it is possiblethat CR11.4 did not provide enough knock propensity in the khimited regionto
enable effects to be differentiated as a function of fuel RON and senditivibese two cycles.
Increasing ethanol contentrom 10% (fuel #4) to 30% (fuel#15) at nominally fixed sensitivity
(11-12) and RON(96-97) caused vehicle energy consumption to decrease3dg with the
largest change occurring time US06 cycle. This imprewnent was not large enough to offset
thelower volumetric energy contenf the E30 fuetelative to the E10 blen@dnd thus the
volumetric fuel economy for fuel #15 was lower thanftal #14 (5.5-7.9% lower). CO,
emissions fordiel #15werel.4-3.0% loverthan for fuel #14 on the US06 cycten the UDDS
and HWFET cycles, the vehicle energy consumpfiborfiuel #15 wa$.4 to 0.8%dower than fuel
#14while volumetric fuel economy wasbout 8%dower and tailpipe C@emissions were about
1% lower

Increasing sensitivityfrom 7.5 (fuel #6) to 11.6 (fuel #18} nominally fixed ethanol content
(30%)and RON(96-97) caused vehicle energy consumptiomprove @decling in all but one
case by0.1-2.3%, with the greatest improvement on the city portibthe USO6cycle.

Volumetric fuel economy wak.0 to 36% higher (betterfor fuel #15, partiallydue tothe higher
volumetric energy content of fuel #1%ailpipe CQ emissions for fuel #15 were equal to or
greater than those for fuel #&@n the UDDSand HWFET cycles, the vehicle energy
consumption of the two fuels were comparable, although the volumetric fuel economy of the
higher sensitivity fuel waabout 1%better highel). On those cycles, the tailpipe €&missions
of the higher sensitivity fuakereabout2 to 3% higher.

Increasing RONfrom 96.0 (fuel #6E30 to 100.1 (fuel #7E10 at nominally fixed sensitivity
(6-7) and lower ethanol contergsulted in less than 1%mprovemenin vehicle energy
consumption on the city and highway portions of the US06 cy@teboth portions of the US06
cycle, wlumetric fuel economy for fuel #7 was highsrabout 7%This difference was caused
in partby to the higher volumetric energy contesf fuel #7. Tailpipe C@emissions weré.5-
1.8% lower for fuel #7depending on the drive cycle and vehidaused in part by its lower GO
intensity. On the UDDS and HWFET cycles, the vehicle energy consumption was comparable
for the two fuels, whileéhe volumetric fuel economy wabout 6%better for fuel #7and tailpipe
CO, emissions were about 1% better

Of the four fuels tested at CR11.4, fuel #26.6RON, 11.1 sensitivity E10) had the highest
(best) volumetric fuel economy while the two E36I8u(#6 and #1,%oth 9697 RON and with
varying sensitivity had the lowestppores} fuel economy on all drive cycles. The differences
between fuel #14 and fuel #6 were consistealigut 9%for all drive cycles and vehicles.

Of the four fuels tested £R11.4, fuel #15 (96.5 RON, 11.6 sensitivity, E30) had the lowest
(best) vehicle energy consumption on all cycles, with one exception where fuel #6 (RON 96,
sensitivity 7.5, E30) was marginally lower (by 0.2%uel #14 had the highegidores} energy
consumption results for all cycles and for both vehjddg90.5 to 3.1% compared with fuel #15
Of the four fuels tested at CR11.4, fuel #0@.1 RON,7.6 sensitivity, E10 had the lowest (best)
CO; emissionswith fuel #14(96.6 RON, 11.1 sensitivity, B} resulting in the highespfores}
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tailpipe CQ emissions for all cycles and both vehicl&&he differences between these two fuels
ranged from4.1 to 5.4%.

Compression Ratio 13.2

0 No vehicle models were produced for CR13.2 because of the endime &aid subsequent
challenge in terms of data comparability with data at CR10.5 and CR11.4. Thus, no volumetric
fuel economy, vehicle energy consumption, or tailpipe @@issionsomparisos were
established at CR13.2
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GAGE PRODUCTS COQ.

821 WANDA AVENUE
AGE FER":"‘:"E' W e Gage Products Company
(2 5a1-3624 Certificate of Analysis / QC Results
Pago: 1
o oioarta ot 407 P Customer: C00100 / CRC, Inc.

Sales Order #: 55123 Customer PO #:769 Shipped Qty : 54

Packaged Product:

41771-55F
CRC AVFL-20 Fuel #1

Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 80 DEG.F  ASTM DaD52 REFGRT a.7287
DENSITYAT165DEG.C  ASTM D4DS2 Tke/L " ReroRT v
RESEARCH GCTANE NUMBER  ASTM D2698 RO o 91.0 - 92.0 9.0

MOTOR OCTANE NUMBER ASTM D2700 HoR REFORT B 96,5
OCTANE RATING GAGE-CALCULATED Rt/ 2 REFORT 8.8

OCTANE SENSITIVITY GAGE-CALCULATED PE R 6.0 - 8.0 s
ETHANOL CONTENT ASTM DAR1S voL. & 9.50 - 10.50 o
RVP @ 100 DEG. F T ASTMDS191 T ear tkem - REFORT - 8.22(56.681
DISTILLATION, IBF ASTM D88 ) CEG F DR €1 WEPORT 107.0036.9
DISTILLATION, 8% ASTMDSE DEG F_LDRG €1 REFORT 126.4(51. 3}
DISTILLATION, 10% ASTM D86 TEG F LDEG €] RRFORT 133,4156.3)
DISTILLATION, 20% ASTM D88 DEG F (DEG C) " reroat 143, 6162.01
DISTILLATION, 30% " AsTM DES “mec r (beG ) ~ REFORT ) 150.9(66.1)
DISTILLATION, 40% " AsTMDSS ""bEc ¥ (bEG CI T Taeronr 162.7(72.61
DISTILLATION, 50% ASTM D36 DEG F (DEG CI T . 220,91104,%)
DISTILLATION, 60% TASTM D86 T hee £ oqoes ©) o REPORT o 240.8(171.00 |
Dia'riLl..h‘IIDH.‘-"'I'}-V.-_ ASTM DBG ) DEG F {DEG C) REFORT 271.30132.9
DISTILLATION, 80% ASTM DB o DRG F IDEG €1 REPORT 206,8(147,1)
DISTILLATION, 50% ASTMDES DEG F 1DEG ) “REFORT 129.00165.01
DISTILLATION, 55% ASTM D86 DEG F (DEG €] - RETCAT 1M6.71175.9 |
DISTILLATION, DRY POINT ‘ASTM D86 " be6 ¢ tueG @ mEpoRT h 178.00197.21
RECOVERY ASTM D86 T - REFOHT 5
RESIDUE ASTM D86 voL. . REPORT

oss  AsTMDes - voL.A REVORT

AROMATIC CONTENT ASTHM D1318 R VoL ) REPORT )

OLEFIN CONTENT ASTM D1318 voL.1 BEFORT

SATURATE CONTENT ASTM D1318 VoL.A

Lot# 7270700

Approved By:

Made 09/12/14

Bobnd [ihiitr

In sealed unopensd containers this product is good until 03/05/15




GAGE PRODUCTS CO.
B21 WANDA AVENUE
GE FERNDALE, Ml 48220

{248) 541-3824

Page: 1
Date: 10/24/14 at 2:08 PM

Gage Products Company

Certificate of Analysis / QC Results

Customer: C00100 f CRC, Inc.,

Sales Order # : 55519 Customer PO #: 769 Shipped Qty : 54

Packaged Product:

41772-55F
CRC AVFL-20 Fuel #2

Lot # 7324000

Approved By:

bt Pkt

Made 10/01/14

In sealed unopened containers this product is good until 09/19/15

Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 60 DEG. F  ASTM D4052 REEORT 0.7386
DENSITY AT 16.6 DEG. C ASTM 4052 K L REPORY 0,738
RESEARCH OCTANE NUMEER ~ ASTM D2699 1.0 - 92.0 91.4

'MOTOR OCTANE NUMBER ASTH D2700 REPORT 85.0
OCTANE RATING GAGE.CALGULATED REBGRT TR

OCTANE SENSITIVITY GAGE-CALCULATED 60
ETHANOL CONTENT  ASTM D485 EETRT

RVP @ 100 DEG. F ASTM D519% FSI (KPR} BEFORT £.54058.841
DISTILLATION, 187 ASTH DES T T merFwmeso seeoRt 103.3(39.6)
DISTILLATION, 5% ASTMDES T meG F (DEG ©) REFORT L21.8049.9)
DISTLLATION, 0% AsTMDss DEG P IDEG C) " REFORT 129.6(54.2)
NSI‘I.,LA“W,M ASTM D86 DEG F [DEG ©) REPORT 148, 7 (G0 .4
DISTILLATION, 30% ASTM D86 DEG F UG C) REFORT 143,2 (65,1}
DISTILLATION, 40% ASTM DBG EG £ DG C) REFORT 156,0068,5)
DISTILLATION, 50% ASTM DB LEG F (DEG C) REBORT WLy
DISTILLATION, 60% ASTM DE% TG P {DEG O T hEeoaT T T s s e
i:-ISIl.LhTK)N.-'.I;l'}L_“_m B ‘-rﬁi_ﬁg_-_.-- I - ‘BHE _E_ipﬁh Fl . -_lli:-Pi:l"F-T‘_ o T .;;b.'i ;‘6‘[[29.'” o
TR TR A
DISTILLATION, 90% ASTM D8§ DEG T {DEG C} REFORT 29.90165.5)
| DISTILLATION, 95% ASTM DBS DEG T {DEG T} REFORT 47,5180, 8
DISTILLATION, DRY POINT  ASTMDES  DEG ¥ (oeG €1 REFORT T 3324185, 1)
‘REcOVERY  AstMoes  won weromr ¥
RESIDUE ASTMDES REFORT w.a

Loss ASTM D86 FEFORT 1.4 o
AROMATIC CONTENT ASTM D318 KEFORT T T e
OLEFINCONTENT ASTM Di318 - —' REFORT %]
SATURATE CONTENT ASTM DS " RERORT 0.8




GAGE PRODUCTS CO.

821 WANDA AVENUE
AG'E FERNDALE, MI 48220 Gage Products Company
(248) 5413824 Certificate of Analysis / QC Results

Page: 1

Dato: 10724114 a1 2:08 PM Customer: C00100 / CRC, Inc.

Sales Order # : 55519 Customer PO #: 769 Shipped Qty : 54

Packaged Product:  41773-55F
CRC AVFL-20 Fuel #3

Property Test Method uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 pre 0.1423
DENSITY AT 165 DEG. C ASTM DAD52 RG/L sesoRr 0742
RESEARCH OCTANE NUMBER  ASTM D2689 Hon o 9.4
MOTOR OGTANE NUMBER ASTM D2700 wH T
OCTANE RATING GAGE-CALCULATED PRITE: T 9.0
OCTANE SENSITRTY GAGE-CALCULATED BM I 6.0 - 8.0 )
ETHANGL CONTENT ASIMDaBs  wvoL.s 19,50 - 20,50 70,90
RVP @ 100DEG.F  ASTM D&181 PSI (KPR BEFGAT £.14156.08)
DISTILLATION, I8P ASTH D6 T mEr e RESORT TR
DISTILLATION, 5%  AsTMDES LEG F (DEG C) REPGHT
DISTILLATION, 10% ASTMDES EG £ {DEG C) REFCRT BRI
DISTILLATION, 20%  ASTMDES TEG F DEG € REPOAT B 143.4061.9)
DISTILLATION, 30% ASTM DES PEG F {DEG C) REFDAT 152.2066.8)
CISTILLATION, 40% ASTM DBS BEG F (DEG € REROAT Tise.eiin.ey |
DISTILLATION, 50% ASTM DES . F (oEG €1 meeomt 164.8073.8) |
ASTM D5 2 ‘ REFORT 187.2(86.2)
) " mpeomr 291.0(132.8)
(DEG T ReroRT 07,5 (1503
IEG T (006 C T
DISTILLATION, 95% ASTM DES DEG F (DEG €) REFORT
DISTILLATION, DRY POINT ASTMDES  DEG F (DEG C) REFORT
RECOVERY  ASTMDES VoL 4 REFCRT
RESIDUE ~ ASTMDBS VoL b REFORT -
LOSS ASTM D85 VoL.A T TwEFORT s
AROMATIC CONTENT ASTM D1319 voL.s  REPCRT T e
OLEFIN CONTENT ASTM D319 vol.y T RERORT T W
SATURATE CONTENT ASTMDi3®  wvon.s meRORT 1.4
T Lot# 7324400 Made 10/01/14

In sealed unopened containers this product is good until 09/18/15

Approved By: %M fdjﬁ»’f"




GAGE PRODLUCTS CO.

Page: 1
Data: 10/03/14 at 1:07 PM

Gage Products Company
Certificate of Analysis / QC Results

Customer: C00100 / CRC, Inc.

Sales Order #: 65123 Customer PO #:769 Shipped Qty : 54

Lot# 7211100

Approved By:

" Made 09/23/14
In sealed unopened containers this product is good until 09/05/15

Pbod it

Packaged Product:  41774-55F

CRC AVFL-20 Fuel K4
Property Test Method Uom Specification Value
SPECIFIC GRAVITY @ 60 DEG. F ASTM D4052 REPORT 0,457
DENSITY AT 15.5 DEG. C ASTM D4052 B KG/L REFORT KT
RESEARCH OCTANE NUMBER  ASTM D298 aon - 9.0 - 92,0 1.7
MOTOR OCTANE NUMBER ASTM D2700 wON REFORT ) 44,7
OCTANE RATING GAGE-CALCULATED RoN/2 ) REPORT o an.z
OGTANE SENSITIVITY GAGE-CALCULATED [T ) 6.0 - 8.0 T8
ETHAMNOL CONTENT ASTM D4816 : voL.y "29.50 - 30.50 10,21
RVP @ 109 DEG, F ASTM D5191 BS1 (KPR) REFORT 7.1151.05)
DISTILLATION, 188 ASTM D86 "TDEG F (DEG ©) REFORT B ETTEITIGE
| DISTILLATION, 5% ASTM DBE B DEG F |DEG C) REFORT T 128.5¢53.61
DISTILLATION, 10% " ASTMDEE DEG F IDEG C) REPCRT ) 136.2057.91
DISTILLATION, 20% ASTM DA DEG P (DEG €] T heront 148.8164.51
DISTILLATION, 30% ASTM Da6 DEG T (DEG ©) o REPORT 158.4470.21
DISTEI.A'I'IGN.M .p.smnit DEG F [DEG €] REPORT B 164.5{73. 6}
DISTILLATION, 50% ASTM DS DEG F (DRG € REFORT TR CN
DISTILLATION, 0% T ASTMODES DEG £ (DEG €] REFORT TRt 9T
DISTILLATION, 70% " ASTM DBE ) DEG F LDEG €} REFORT R
DISTILLATION, 80% T AsTMODES - UEG F {0E6 €] RoreRT 311.54158,3)
DISTILLATION, 90%  ASTMDES UEG F (026G €) REPOAT Je1.a0171. 9
DISTILLATION, 95% ASTM D88 DEG P IDEG C) T heroar 356.70180.410
DISTILLATION, DRY POINT  ASTM D86 TEG F (0BG C) T T94.91190,5)
RECOVERY o ASTMDSS VoL % RELGRT T
RESIDVE ASTMDES VOL.® BEFGRT 1.0
loss ASTM D36 vaL.s BEPORT ' N
AROMATIC CONTENT ASTM D1218 VOL.% REFORT
OLEFIN CONTENT ASTM D1319 VLA REPORT
SATURATE GONTENT ASTM D1319 VoL.% REFORT




GAGE PRODUCTS 0.
821 WANDA AVENUE

FERNDALE, MI 48220 Gage Products Company
(248) 541-3824 Certificate of Analysis / QC Results

1
Page Customer: C00100 / CRC, Inc.

Date: 10/24/14 ot 2:08 PM

Sales Order # : 65519 Customer PO #:769 Shipped Qty : 54

Packaged Product; 11775-50F
CRC AVFL-20 Fuel #5

In sealed unopened containers this product is good until 09/19/15

Approved By: ﬁé-ﬁ*ffmm'

Property Test Method UomM Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4052 REFORT 0.1342
DENSITY AT 15,5 DEG. C ASTM D052 HGIL REFORT LT
RESEARCH OCTANE NUMBER  ASTM D2689 [T 9.0 - 9.0 36,4
MOTOR OCTANE NUMBER ASTM D2700 N 89.0
OCTANE RATING GAGE-CALGULATED B2 93,7
OCTANE SENSITIVITY GAGE-CALGULATED P I T
'ETHANGL CONTENT ASTM Da315 VaL.A .11
RVP @ 100DEG.F  ASTMDEIM EST (KPA) B.22(56.64) |
DISTILLATION, IBF T ASTM DES LEG F {DEG C} 100.3(37.9)
[DISTILLATION, 5%  ASTMDBS  DEG F e o 127.1(52.8}
 DISTILLATION, 10% ASTM DBS P Dse 0 136.0157.8)
 DISTILLATION, 20% ASTM D8S P DEG CF REFORT 148, 1(64.5)
DISTILLATION, 30%  ASTMDES IOEG ) REFORT 155.4 (68,61
DISTILLATION, 40% ASTM DAS * {DEG C) HEFOHT 186, 5 {05, 8}
DISTILLATION, 50% ASTM D86 (0BG ©) REPORT Z2T.I008.71
DISTILLATION, 0% ASTM D6 P {0EG €] N TR, 614,20
DISTILLATION, T0% T ASTM D8 T T wm v wes o0 meeoRT TISE.10124.5)
DISTILLATION, 80% ASTM Do6 T mes FooE ©) | REFORT TzEw. 143,20
DISTILLATION, 80%  ASTMD®S  ©E6 F (0EG 01 REFORT " 330,89 o
DISTILLATION, 8% ASTMDSS IEG F (DEG C) FEFORT T menmlm
DISTILLATION, DRY POINT ~ ASTM DS9S ' T Twemorr 312.21189.0)
|RECOVERY ASTM D8E REFURT 9.5
ASTM D35 ) REFORT 1.0

 AsTMDEE VOL. % REFORT 1.5 N
AROMATIC CONTENT ASTM D4319 VoL, T mERORT  mam
OLEFIN CONTENT ASTM D139 VoL, % " REFORT T e
SATURATE CONTENT ASTM D139 VoL % T hEroRy #1.0
" Lot# 7324800 Made 10/10/14 B '




GAGE

PROOUCTS CO.

821 WANDA AVENUE

FERNDALE, MI 46220
AGEMMM

Page: 1
Date: 10/03/14 at 1:07 PM

Gage Products Company
Certificate of Analysis / QC Results
Customer: C00100 / CRC, Inc.

Sales Order # : 55123 Customer PO #: 769 Shipped Qty : 54

Lot# 7271500

Approved By!

Made 10/02/14

bl Jiditr

In sealed unopened containers this product is good until 09/05/1%

Packaged Product:  41776-55F
CRC AVFL-20 Fuel #6

Property Test Method uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D405z REFCRT 0.7486
DEMNSITY AT 155 DEG.C ASTM DA0S52 BG/L REPORT 0.738
RESEARCH OCTANE NUMBER  ASTM D2699 RO 96.0 - 97.0 BT
MOTOR OCTANE NUMBER ASTM D2700 HOH REPORT 6.4
OCTANE RATING GAGE-CALCULATED Rebii 2 REFORT 9.4
OCTANE SENSITIVITY GAGE.CALCULATED RH 6.0 - 8.0 e
ETHAMNOL CONTENT  ASTMDd815 VoL % 29,50 - 30,50 30,03
RVP @ 100 DEG.F ASTH D594 PSI IKEPAI HEFORT 7.58052.000
DﬂﬂLLﬁ:Fl_Ur;l.'IB-i’- ASTM DA DEG F IDEG C€) REPORT lez.zam.m
DISTILLATION, 5% ASTM D36 DEG £ (LEG €1 REFORT 133.3156. 31
DISTILLATION, 10% ASTM D86 DEG £ (BES C) HEPORT 143.3(61.8)
DISTILLATION, 20% T ASTM DB DEG F (DEG C) REEORT 154.8(68.2)
DISTILLATION, 30% ASTR DB DEG F (D26 Cf REFORT 160.7(71.5)
| DISTILLATION, 40% ASTM DEE oEG F (086 € REFORT L6112
DISTILLATION, 80% ASTM D86 EC F (DG Cf REPORT 165.8174.2]
DISTILLATION, 60% ASTH DBE DEG F {DEG C) REPORT 167, 1175, 1)

ISTILLATION, 70% ASTM DB EG F (DEG C) REFORT 1901 (87,8
DISTILLATION, 0% T AsTmDas VEG F (DEG €) " herort 261.31198.5)
DISTILLATION, 50% T ASTMODES B DEG F (BEG C) REPORT 335.01166.3)
DISTILLATION, 95%  ASTM DES DEG F (DEG C) REPOLT 349.7T{176.5)
DISTILLATION, DRY POINT ASTM D6 DEG F {DEG C) RELORT 368.41186.9)
RECOVERY ASTMDBE VOL.% HEFORT KR
RESIDVE ASTM DEG VoL % REFORT o |
088 ASTM D86 vOL. % REFORT 1.
AROMATIC CONTENT ASTM D1319 VOL. A REPORT .1
OLEFIN CONTENT ASTH D1349 VoL, v REFCHT 2.1
SATURATE CONTENT T AsTMDI3Y VoL % HEFGAT 6.4




Page:
Date:

GAGE PRODUCTS C0.
821 WANDA AVENUE
AGE me":'E'“ 420 Gage Products Company
248) 541-3624 Certificate of Analysis / QC Results
1
J0Ia314 at 1:07 I Customer: C00100  CRC, Inc.

Sales Order#: 55123 Customer PO#:769 Shipped Qty : 54

Packaged Product: 41777-55F
CRC AVFL-20 Fuel #7

Property Test Method Uom Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D4D52 HEFORT 0.7142
DENSITY AT 156 DEG. € ASTM D052 BiE/L BEFORT 0.714
RESEARCH OCTANE NUMBER  ASTM D2899 RoN 100.0 - 102.0 wo.0
MOTOR OCTANE NUMBER ASTM D2700 MO REPORT B2
'OCTANE RATING GAGE-CALCULATED w2 REPORT 9.2
OCTANE SENSITIVITY GAGE-CALCULATED = 6.0 - 8.0 1.2
ETHANOL CONTENT ASTH D488 TvoL.s T 0.50 - 10.50 10.20
RVP @ 100 DEG. F ASTM D5194 PSI (KFA) - REPORT T.00058.29)
DISTILLATION, 18P ASTH D86 DEG F (EEG € REFGRT 110.3143.5)
DISTILLATION, 8% ASTM DBS DEG F {DEG €] REFORT TT12u.2081.01
DISTILLATION, 10% ASTM DBS DEG F|DEG C) " mEroRT 136.4(55.1)
ﬂ’s‘"l.u‘nm,]ﬂ". _ﬁ;'r“m ) LEG F (DEG C) REFORT 145.4 (63.0)
DISTILLATION, 30% " aAsTMOD8s ) DEG F {DEG C} REPORT 159.3070,7)
EIISTMATiDeri'}L o ASTM DaB DEG F {DEG €} REPORT 1389192 1)
| DISTILLATION, 50% ASTM D88 DEG F (056 C) WEFORT 218,441
DISTILLATION, 60% ASTM D88 DEG F (66 ) WEPGRT “222.81106.0)
DISTILLATION, 70% ASTM D88 - 56 F (656 C) REFOAT 22841108, 1)
DiE‘iii.!..MlﬂH,m ASTM D88 T G F [m:{'i_t.': nnrmﬁ . 2a0.1(115.6)
DISTILLATION, 50% ASTM D85 DEG F (DG Cb REPGAT T283.31139.6)
DISTILLATION, 56% ASTM D85 DEG F (DEG C) REFORT 338.21170.1)
DISTILLATION, DRY FOINT  ASTM D88 “DEG F (DEG C) REPCRT 188, 41192.0)
RECOVERY T asTMDes L. HEFORT s
RESIDUE ASTM D88 L% REPORT To.8
LOSS - o ASTM D85 VOL. A - REFORT W]
ARDMATIC CONTENT ASTM D1318 VOL. % BEFORT 1.3
OLEFIN CONTENT ASTM D138 VOL.A REFORT 0.5
SATURATE CONTENT ASTM D1319 WLy TRESORT 656

Lot# 7271900 Mada 09/12/14 o

In sealed unopened containers this product is good until 09/05/15

Approved By: .2‘;1-‘:-*-!" ﬁ:&;ﬁ




GAGE PRODUCTS GO,
821 WANDA AVENUE
GE FERMDALE, M| 48220

(048 544.8604 Gage Products Company

Certificate of Analysis / QC Results

Customer: C00100/ CRC, Inc.
Sales Order # : 65519 Customer PO #:769 Shipped Qty : 64

Page: 1
Date:  10/24/14 at 2:08 PM

Packaged Produect: 41721-55F
CRC AVFL-20 Fuel £#7.5

Property Test Method uom Specification Value
SPECIFIC m‘ﬂwaﬂﬂm F  ASTM D4052 REFORT o, TLEA
DENSITY AT 15.5 DEG. C "'_'.Ei-i.\nm ™ ==
'RESEARCH OCTANE NUMBER T e o - 10z.0 T

'MOTOR OCTA KUMBER o Yo T ot Tt
OCTANE RATING GAGE-CALCULATED  mews2  weeosr 956

| ocTANE SENSITIVITY m.cau:uursn —— T 6.0 - 8.5 TTws
ETHANOL CONTENT  AsTMOssis  wvons 14.50 - 15.50 T T
mgiwnzu F T Asmnmu ' Fer PR} nrmm T £.33157.39

DISTILLATION, IBP ) bsr. £ {0EG ©)

| DISTILLATION, 5% G P (oEs ©) " REFORT
I‘.lﬁl'll..LAl‘lml,ﬂ%. o ASTHM DOS s v tl:ll-_'L: L‘JH ) . REFORT ]
DISTILLATION, 20%  ASTM D88 IEG £ (DEG £ BEFORT T s0.01E5. 81
usnﬁulriiiﬂ,:m " astmpss VEG F (DEG £ T o 15681693}
Dlsrl.mmn.m " ASTMDBG ¥ (DEG C1 T TResort  aenaacinsr
I)Ié"‘ll_l,ﬁﬂoﬂ. m o ASTHM IJH - FOiDEG © REPORT T T T ez s esey
DISTILLATION, 60%  ASTM D86 . T 210050101020
miﬁfhﬁ:ﬁi—_ﬁmﬁiﬁ'nﬁ- T ke v mEn o1 T kEvoAT 225.3(107.41
DISTILLATION, 80%  ASTMDES "7 bEG F (DEG O REFOAT 236.4(113.6)
DISTILLATION, 80%  ASTMDBE DEG F {DEG €} REFORT 290.4(143.6)

LLATION,88%  AstMD8s bEG £ {DEG ©) mEFORT  3ar.cfies.er
DISTILLATION, DRY F T astmoes | EG E qmeG e ) REFORT 376.00191.1)
ety i i e e
RESIDUE © asTmMDIs REFORT 1.1
Loss o ASTM OB REFORT 1.2
AROMATIC CONTEN r ) ASTMDIMS RETORT T
QLEF'HGMT“T N o mm Dhi‘l R _Hl:PU"-']' T _6 ,_l}_ T
SATURATE CONTENT  ASTMD1319 REFORT I

Lot# 1327600 Made 10/24/14

In sealed unopened containers this product is good until 09/13/15%

Approved By: g—dmf f&w




GAGE PRODUCTS CO.

821 WANDA AVENUE
GE FEHW:LE’ Wl %220 Gage Products Company
248) 541-3024 Certificate of Analysis / QC Results

Page: 1

Deto: 10/28/14 a2 2:08 PM Customer: C00100/ CRC, Inc.

Sales Order # : 55519 Customer PO #:769 Shipped Qty : 54

Packaged Product:  41778-50F
CRC AVFL-20 Fuel #8

Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM 04052 REPORT 0.1270
| DENSITY AT 15,5 DEG. C ASTM D052 ¥ szeomt 0.726
RESEARCH OCTAME NUMBER  ASTM D268 RO 99.0 - 102.0 s

MOTOR OCTANE NUMBER  ASTM D700 rom REPORT 9.2

CCTANE RATING GAGE-CALCULATED ReM/Z REFORT 554

OCTANE SENSITIVITY GAGE-CALCULATED P 6.0 - 9.0 .4

ETHANOL CONTENT ASTM D4B15 VDL & 19,50 - 20.50 z0.11
RVP g 100 DEG. F ASTM D5181 PEL (KPA) REPORT NN

DISTILLATION, 1P ASTM D88 UEG § (DG C) BERORT  s.zl46.21
‘IS ASTM D88 BEG F (DEG €) BEFORT | 139.1(5%.5)
(DFG ¢ T T  heroRt ) 140.5065.3) |
: " REFORT 0. |
ASTM -n‘“ DEG F rnrjl.'%-{tl T REFORT I W
DISTILLATION, 0%  ASTMDES  DEs F (EG €1 REFORT 163.0072 8}
-Dls-'!'li.l..l\'ll-:}ﬂ.!mﬁ- ASTH DE6 DEG F I'D'éé éf----- T .-“.-l-ﬁ?l’mif 164.5073.6)
| DISTILLATION, 60% ASTM DEE ' UEG F IDEG C) REFORT 221.8(105.,
|DISTILLATION, 70%  ASTMoDB& TOEG FIDEG ©) REFORT 330,2(110.1)
| DISTILLATION, 80%  ASTMDBS DEG F |DEG ©) REFORT 289.8(119.9)
DISTILLATION, 50% " ASTM DEE T T kG F e Q) REFORT 0.5 (1603
DISTILLATION, 85% ASTM DG DEG F(IEG C) REFCRT amLs(ii0.d)
| DISTILLATION, DRY POINT ASTM D55 DEG F {DEG ©) T mesear T sensneng |
(RECOVERY ASTM DBs von.. 3 T T weomr T T TTee
MﬂD'LE o .-".__-__;.Bﬁu_ln__.--“-.-.-m"-.“”“-- .'-T,;...-.“”. . . . REPOAT . S 0.1
LOSS  ASTMDES ' Vo, % pepoaT %]
AROMATIC CONTENT ASTM D1319 VOL. % ) ~kEroaT K]
(OLEFINCONTENT ASTMDIMS T vy T REFORT 0.0
'SATURATE CONTENT ‘ASTMDiM®  voL.s T wevoRr Tz
Lot# 7325200 Made 10/01/14 o

In sealed unopened containers this product is qood until 09/18/15

Approved By:_ Jelnd ATt

A-10




GAGE PRODUCTS CO.
621 WANDA AVENUE
AGE FERNDALE, MI 48220

(248) 541-3824

Page: 1
Date: 10/03/14 at 1:07 PM

Gage Products Company

Certificate of Analysis / QC Results

Customer: C00100 / CRC, Inc.
Sales Order#: 55123 Customer PO#:769 Shipped Qty : 54

Packaged Product:  41780-35F

CRC AVFL-20 Fuel #10
Property Test Method uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 REEORT 0.759)
DENSITY AT 155 DEG. C ASTM D4052 KG/ 1L REFORT 0,758
RESEARCH OCTANE NUMBER  ASTM D2693 s 1.0 - 82,0 T
MOTOR OCTANE NUMBER ASTM D2708 MO REFORT 80,7
OCTANE RATING GAGE-CALCULATED e - HEPORT 45,9
OCTANE SENSITVITY GAGE-CALCULATED Rt 10,0 - 12,0 0.4
ETHANOL CONTENT ASTM D4B1S voL.y 9.50 - 10,50 10.00
RVP @ 100 DEG. F ASTM D5191 ¥S1 (KPR REPORT 7.59152.30}
DISTILLATION, I8P ASTM D86 eGP (DEE C) REPOAT ERETTRYITRT
Dlsfl.ul'l‘lﬂll,m - ASTHM DEE B DEG F (DEG C) REPOAT 127.5(153.1)
DISTILLATION, 10% ASTM D86 DEG F (LG C) : BEFORT 1. 115611
'DISTILLATION, 20% ASTM D86 DEG F {DEG €) REFORT lar.8061.0)
DISTILLATION, 30% ASTM DS DEG F (DEG C) REPORT 147.81064.3)
DISTILLATION, 40% " ASTM DBE “Tbec P DEG ©) RErORT EETTRTITR]
DISTILLATION, 50% "~ asTmoDEs TThEG F (pEs ©) REPONT 2072090, 3)
DISTILLATION, 60% ASTM DBE EG F [DEG C) - REPORT 262.31127.9)
DISTILLATION, 70% ASTM D88 DEG F (DEG C) o FEPORT 287.41141.9)
DISTILLATION, 80% ASTM D86 LEG ¥ (DEG C) REPORT 302.80150.41
DISTILLATION, 90% ASTM D6 DEG £ (DEG C) HEFORT 325.31162,9]
DISTILLATION, 85% ASTMOBS UEG E (BEG €} HEPORT 346.81174.9)
DISTILLATION, DRY POINT ASTM DBg UEG F (DES C) REFORT 175.11190.6)
RECOVERY ASTM DBE oL & " herort 98.0
RESIDUE ASTM DEG woLe “RepoaT 1.0
LOSS " ASTM DEE Yol v REFORT - 1.0
AROMATIC CONTENT  ASTMD1313 VoL, % REFORT 20.7
OLEFINCONTENT  ASTM DS L3 BEFORT 5.5
SATURATE CONTENT  ASTMDIMS VoL, A HEPORT TR

".Lot# 7272300

Approved By:

Febk il

Mada 09/23/14

in sealed unopened containers this product is good until 08/05/15

A-11




GAGE PRODUCTS CO.
821 WANDA AVENUE
FERNDALE, MI 48220

48 54138 Gage Products Company

Certificate of Analysis /| QC Results

Page: 1
Customer: C00100/ CRC, Inc,

Date: 10/24/14 at 2:08 PM

Sales Order # : 556519 Customer PO #: 769 Shipped Qty : 54

Packaged Product; 41781-55F

CRC AVFL-20 Fuel #11

Property Test Method UoMm Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM Dé052 REPORT 07527
{DENSITY AT1EEDEG.C  ASTM DAD52 KU/ L REFORT (AT
RESEARCH DCTANE NUMBER  ASTM D2699 [T 91,0 - 52.0 T e
MOTOR OCTANE NUMBER ASTM D2700 won REFORT T 0.8
OCTANE RATING GAGE-CALCULATED Wz meeort 6.2

OCTANE SENSITIVITY GAGE-GALCULATED T < 1z T ie.e
ETHANOL CONTENT ASTM D815 14.50 - 15.50 .75

RVP @ W0DEG.F  ASTMD&isd  BST (RPAJ REPORT IR
DISTILLATION, IBF  ASTMDBS " oEG T (DEG T wpeonT 103.9(39,8}
i;is‘rl.l.ﬂ'“w,i‘- T iﬂ“m o o ]:l.'l;r _F-l-[_&-.h .':'.I-““__"_ REFORT 120.6049.2}
DISTILLATION, 10% ASTM DG T bEG £ OADEG ©F REFORT 12841536
DISTILLATION, 20% ' TDEG F(DEG ©) REFDRT Ti36.0057,81

| DISTILLATION, 30% ) T REFORT K
DISTILLATION, 40% TA0ES ©) HEEDRT 147.2(64.00
DISTILLATION, 50% " {DEG €) REPORT 152.9161.2)
DISTILLATION, 60% {DEG ©) o " REPORT 1671.0075.00
DISTIL T F oG O " mEeoRT T mzoeams |
DISTILLATION, 80% 6 T (DEG C1 o REFORT

DISTILLATION, 80% “IEG F (DEG ©) REFORT

DISTILLATION, 85% DEG F (DEG C) REFORT 363, 41184, 1)
DISTILLATION, DRY POINT TEG F IDEG ) T Rerony 186.9(187.71
|Rccovery el REPORT 9.9
RECSIDUE o T vont REFORT T
ltoss o VoL, % REFORT o 7.0
AROMATIC CONTENT ASTM D131D - 1.8

OLEFIN CONTENT N ASTMDI319 TREFORT 5.4
SATURATE CONTENT ASTMD131D REFORT o

Lot# 7325600 Made 10/11/14 o -
In sealed unopened containers this product is good until 09/19/15

Approved By: ;me

A-12



GAGE PRODUCTS CO.
B21 WANDA AVENUE
FERMDALE, M| 48220

48] 5419824 Gage Products Company

Certificate of Analysis / QC Results
Customer: C00100/ CRC, Inc.
Sales Order # : 55519 Customer PO #:769 Shipped Qty : 54

Page: 1
Date: 10/24/44 at 2:08 PM

Packaged Product:  41782-55F
CRC AVFL-20 Fuel #12

Property Test Method uom Specification Value
SPECIFIC URA“'I\‘GNOEQ. F ASTM D4D52 EEFORT 0. 71568
DEMNSITY AT 15,6 DEG. © ASTM D4052 WG/, I REFORT 0,156
RESEARCH OCTANE NUMBER  ASTM D2699 T hm aL.0 - 2.0 n.e
MOTOR OCTANE NUMBER ASTM D2700 o o o REFORY B2
OCTANE RATING GAGE-CALCULATED RM/Z o REFORT T
OCTANE SENSITVITY  GAGE.CALCULATED Twn 10.0 - 12.0 0.2 N
ETHAMOL CONTENT  ASTM D4815 VL. 4 19,50 - 20.50 - 19,58
RVP @ 100 DEG, F ASTM D191 FE1 (KPR} REFORT 7.30050.30)
DISTILLATION, I8P ASTM DEs G EOEG © REFORT TR
| DISTILLATION, 5% ASTM D86 G F (DEG ©) 7 BT I
DISTILLATION, 10% ASTM DEG UEG F DEG ©F REPORT LRI
DISTILLATION, 20% ASTM DEG G F0EG €) FEFORT T 4006020
BISTILLATION, 30% ASTM DES o DEG € T heeoRT 146,3163 )
DISTILLATION, 40% ASTM DB oRG € REFORT 151,766
DISTILLATION, 50% ASTMDBS G FooEG O REFORT 157,85 (65.8)
ﬁé“tluﬁm.ml S -‘I.gl'ulm o DEG F fB‘DG. ;:-ll- REPORT Jf;:f.“ (73.2)
DISTILLATION, 70%  ASTMDBS " bEG F {DEG €
DISTILLATION, 80% " ASTM DES T s ¥ o )
DISTILLATION, 50% ASTM D86 "~ 0EG F {DEG C)
DISTILLATION, 95% AsTMOBE UEG F (DEG C)
DISTILLATION, DRY POINT ~ ASTM DBS G FADEG ©1
RECOVERY ASTM D88 o VOL, 4 o
RESIDUE ASTM DBS T o
LosS ASTMDOS v
e . Mt s
d- . VOL.%
SATURATE CONTENT © ASTM D110 T voLa o

Lot# 7326000 " Made 10/14/14

1n sealed unopened containers this product is good until 09/19/15

Approved By: ;'339&'-{ J&;;W

A-13



GAGE PRODUCTS CO.
521 WANDA AVENUE

JAGE FERNDALE, W 48220

(248) 541-3824

Page: 1
Date: 10/03114 at 1:07 PM

Gage Products Company
Certificate of Analysis / QC Results

Customer: C00100 / CRC, Inc.

Sales Order #: 55123 Customer PO#:769 Shipped Qty : 54

Packaged Product:

41783-55F
CRC AVFL-20 Fuel #13

ASTM D138

Property Test Method Uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 REPORT 0.7543
DENSITY AT 18,5 DEG. C T AsTMOD4082 KoL REFORT 0.751
'RESEARCH OCTANE NUMBER  ASTM D239 mow 91.0 - 92.0 B 1.9
MOTOR GGTANE NUMBER ASTM DZ700 ot REPORT i
OCTANE RATING GAGE-CALCULATED Rt/ 2 REFORT 865
OGTANE SENSITIVITY GAGE-CALCULATED Rt o 10,0 - 12.0 10.7
ETHANOL CONTENT ASTM D4B1S Vol.v T 29,50 - 30,50 29.90
RVP @ 00DEG.F ASTM D191 31 (KPA) REPORT 7.34150.571
DISTILLATION, I8P ASTH DBS T bza F ines @ REPORT 118500661
DISTILLATION, 5% AsTMDEE DEG F (DEG C) REFORT 123.2156.21
DISTILLATION, ASTMDES MG F (0R6 € REPORT 140.7160.11
DISTILLATION, " ASTMDBE mee FoApEG ©) REFORT 148.3464.61
DISTILLATION, 30% ASTM D6 DEG T (DEG C) REFORT 153.5167.51
DISTILLATION, 40% ASTM D8B “oee ¢ 10EG € REFORT 158.24710.11 |
ISTILLA ASTH D8E “bec F 10£G ©) RRFORT 163.2072.9) |
DISTILLATION, 60% ASTM DBE I er——— FRRORT GELEIEE
DISTILLATION, 70% ASTM D8E ) DEG F (DEG C) REPORT 170.2(76.8)
DISTILLATION, 80% ASTH DB BEG E (DEG C) " Reront T207.94127,7)
DISTILLATION, 30% AsTMDES CEG F (DEG €1 REPORT 353.11178.1)
DISTILLATION, 86% ASTMDES DEG F IDRG €] - REVORT T.20000.01
DISTILLATION, DRY POINT  ASTM D8 DEG F (DRG ©) HEPORT w00.51704.71
et T e o e e
RESIDUE ASTH D8S . BEPORT 0. o
I_dﬂ-a o ASTM DOS - -‘;CIL. L1 HIT.IOI'J'“ "‘:'-.-s
'AROMATIC GONTENT ASTM 01318 oL REFORT 5.0
OLEFIN GONTENT AstmMOtS VoL A " reromt 21.8
SATURATE CONTENT T vaL. v " herost 2.1

Lot# 7272700

Approved By!:

Pl [ty

Made 02/23/14

In sealed unopened containers this product is good until 09/05/15

A-14




GAGE PRODUCTS CO.
621 WANDA AVENUE
FERNDALE, Mi 48220

{248 413804 Gage Products Company

Certificate of Analysis / QC Results
Customer: C00100/ CRG, Inc.
Sales Order # : 55123 Customer PO#:769 Shipped Qty : 54

Page: 1
Date: 10/03M14 at 1:07 PM

Packaged Product:  41784-55F
CRC AVFL=20 Fuel #14

Property Test Method uom Specification Value
SPECIFIC GRAVITY @60 DEG.F  ASTM D4052 REPORT 0.7549
DENSITY AT 18.5 DEG. © ASTM Da052 Koo, T REFORT 0,754
RESEARCH OCTAME NUMBER  ASTMD2888 ROH B 6.0 - 97.0 '
MOTOR OCTANE NUMBER ASTMDZTOD MON ) REFORT as.s
DCTANE RATING GAGE-CALCULATED Ra 2 REPORT 0.8
OGTANE SENSITIVITY GAGE-CALCULATED Rei . -z - 0.7
ETHAHOL CONTENT ASTMDABIE VoL, % 9,50 - 10.50 10,00
RVP @ 100 DEG. F ASTM DS191 PST IKPAI o AEPORT T.96154.841
DISTILLATION, 18P AsTMDIS DEG F (DEG C REFORT 100.1(37.8)
oomuaToue  Aswoas oG ¥ (o 0 weore A
DISTILLATION, 10% ASTM D6 DEG F (DEG C) REPORT 177.4
DISTILLATION, 20% ASTM D26 DFG F (DRG €) REPORT 135.2
DISTILLATION, 30% ASTM Das TEG F IDEG T} REPORT 1431161, 7}
DISTILLATION, 40% ASTM DBS " oEG ¥ (oes o REFORT 1502165, 1]
DISTILLATION, 60% ASTM DB6 " oRG F amES £ REPORT Tien.zi86.21
&S‘I’ILI.&HDH.WH ASTM Dag F IDEG C) REPORT FLEPET RN O]
DISTILLATION, 70% ASTM D36 F (0BG ©) REFORT h T11.10134.5)
DISTILLATION, 80%  ASTMDSS DEG F ADEG C} REPORT W00.3009.6)
DISTILLATION, 80%  ASTMDSS DEG F DEG C) REPGRT 333,70067,61 |
DISTILLATION, 85%  ASTMDE6 DEG F (DEG €) REPORT 156.60180,3F
DISTILLATION, DRY POINT ASTM D8 DEG F (DEG C) REFORT 364 . 3']6‘5‘ .T-' i‘_-__
RECOVERY ASTM D86 VoL, % S REPORT o w7
RESIDUE ASTM DBS voL.v REPORT o 1.1
Loss T ok REBORT 1.2
AROMATIC CONTENT VoL 4 REPORT 2000
OLEFIN CONTENT © AsTMDINE VoL 4 REPORT a0
SATURATE GONTENT  AsTMDI3MB VL. & " REPORT f1.8

Lot# 7273100 Made 09/25/14

In sealed unopened containers this product is good until 09/05/15

Foted fie

Approved By:

A-15



GAGE PRODUCTS CO.
621 WANDA AVENUE
AGE FERNDALE, NI 48220

(2485413824 Gage Products Company

Certificate of Analysis / QC Results
Customer: C00100 / CRC, Inc.
Sales Order # : 55519 Customer PO#: 769 Shipped Qty ; 54

Page: 1
Date: 1072414 at 2:08 PM

Packaged Product: 41785-55F

CRC AVFL=-20 Fuel #1565
Property Test Method uom Specification Value
SPECIFIC GRAVITY @ 60 DEG. £ ASTM D4052 SEPORT 0.7550
DENSITY AT 16.5 DEG. G ASTM Da0s2 KG/L SEFGRT 0,755
RESEARCH DCTANE NUMBER  ASTM D2689 o 96.0 - 51.0 Taes
MOTOR OCTANE NUMBER ASTM D2T00 1 REFORT Bl G
OCTANE RATING GAGE-CALCULATED H/Z REFORT woe
OCTANE SENSITIVITY GAGE-CALCULATED [ET T 1.5
'ETHANOL CONTENT ASTM D4615 veL.s  za.%0 - 30,50 9,98
|RVF @100 DEG.F REFORT - 7.3a152.30)
DISTILLATION, IBP T hevonr 104.51040.5)
(DISTILLATION, 5% REFORT 137505611
DISTILLATION, 10% REFORT 141.5160.8)
DISTILLATION, 20%  ASTM DB HEFCRT 151,0166.11
DISTILLATION, 30% ASTM D88 DEG F {DEG C} HEPOHT 7
DISTILLATION, 40% ASTM D8 DEG F|DEG ) RERORT 160.7(71.5]
DISTILLATION, 50% ASTH D86 BEG F (DG C) : 16.3(73.5)
mﬁl’l:.lﬁl’lnﬂ,sm ASTM D6 BEG F (DEG C} B 167.3471%.2)
DISTILLATION, 70% ASTM D#6 TDEG F (DEG €} - TR T
DISTILLATION, 80% BEG F {DEG C) - Ted.z(138.60 |
DISTLLATION, 80% 4 T bes FDEG ©) BT T
DISTILLATION, 85% ~ ASTMDBE " oEs F DES ©) I 370.5(168.1)
DISTILLATION, DRY POINT ~ ASTMDBS DEG F (DEG £ ) 386.04196. 71
RECOVERY  AsTMoss  vols 91,8
g e L - .
LOSS ASTM D85 Vo REFORT Ty
AROMATIC CONTENT ASTM 01313 VOL. REFORT N 1.2
OLEFIN CONTENT ASTM D1319 VoL % - BEFORT 18,5
SATURATE CONTENT ASTM D1319 VoL, N " mERORT TN

Lot# 7326400 Made 10/13/14
In sealed unopened containers this product is good until 09/19/15

Hedodd Jiitr

Approved By:

A-16



GAGE PRODUCTS CO.
B21 WANDA AVENUE

AG.EFMLE,W%

{248) 541-3824

Page: 1
Date: 10724114 at 2:08 PM

Gage Products Company

Certificate of Analysis / QC Results

Customer: C00100/ CRC, Inc.
Sales Order # : 55123 Customer PO#:769 Shipped Qty : 54

Packaged Product:

41786-55F
CRC AVFL-20 Fuel #16

DISTILLATION, T0%

BEG )

DISTILLATION, 80%

“(OEG ©)

Property Test Method UOoM Specification Value
SPECIFIC GRAVITY @ 60 DEG.F  ASTM D052 REEQRT 0. 1577
DENSITY AT 16.5 DEG. C ASTH D452 KG/L REFORT 0.757
RESEARCH OCTANE NUMBER  ASTM D2699 RO 1010 - 102.0 101.5
MOTOR OCTANE NUMBER ASTM D2T00 ] HEFORT Ba.5
OCTANE RATING GAGE-CALCULATED Py REEORT .5

| DCTANE SENSITIVITY GAGE-CALCULATED BH 0.0 - 12.0 1.0
ETHANOL CONTENT ASTH D415 TwoLw a0 - 10.50 4,82
RVP @ 100 DEG. F ASTM D5191 o BST [KER) REFORT T.58(52.23)
DISTILLATION, IBF ASTM DES DEG F (DEG C) eePoRT 102,139,2)
DISTILLATION, 5% ~ ASTMDBS  DEs ¥ (DEG €] REPDRT 128.6153.7)
DISTILLATION, f0% ASTM DBS DEG ©(DEG €1 werPORY 13640800 |
DISTILLATION, 20% ASTM DBS o T e v omec © REPORT o 147.0163.9)
DISTILLATION, 30% ASTM DES DEG F(DEG ) HEPORT 155, 0168,31
DISTILLATION, 40%, ASTM DEs MG FO(DEG C) REFORT 5, 4{05, 2}
msﬁfn_mm 0% ASTM Dis IEG F O(DEG ©) REFORY 228.1{108.9)
DISTILLATION, 66% -

662 {130
22008010

TIL69.4]

TILLATION, $0% ASTM D186 (DEG C)

DISTILLATION, 95% ASTM D85 (0BG ©) (L.
DISTILLATION, DRY POINT ~ ASTM D& FEG € ) BEETNTICT R T
'RECOVERY  ASTM DS - [ 7.5

RESIDUE ASTM D8E N T h k.l

LOSS ASTM D86 1.0
AROMATIC CONTENT ASTM D1319 VoL 5.6 N
OLEFIN CONTENT ASTM D1318 von.. 3 T T
SATURATE CONTENT  ASTM D1319 vy T 4.4

Lot g' 1273500

Approved By:

Jolod Jibaer

Made 10/21/14

In sealed unopened containers this product is good until 09/05/15

A-17
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