CRC Report No. 664

DURABILITY OF FUEL
PUMPS AND FUEL LEVEL
SENDERS IN NEAT AND
AGGRESSIVE E15

CRC Contract No. AVFL-15a

January 2013

COORDINATING RESEARCH COUNCIL, INC.
3650 MANSELL ROAD"SUITE 140-ALPHARETTA, GA 30022



The Coordinating Research Council, Inc. (CRC) is a non-profit
corporation supported by the petroleum and automotive equipment
industries. CRC operates through the committees made up of technical
experts from industry and government who voluntarily participate. The
four main areas of research within CRC are: air pollution (atmospheric
and engineering studies); aviation fuels, lubricants, and equipment
performance, heavy-duty vehicle fuels, lubricants, and equipment
performance (e.g., diesel trucks); and light-duty vehicle fuels, lubricants,
and equipment performance (e.g., passenger cars). CRC’s function is to
provide the mechanism for joint research conducted by the two industries
that will help in determining the optimum combination of petroleum
products and automotive equipment. CRC’s work is limited to research
that is mutually beneficial to the two industries involved, and all
information is available to the public.

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



TABLE OF CONTENTS

(I ES 100 0 1= o [P STT i
[T 0] T U= SRS i
(IS 0] o 0] Y/ o SRS ii
e ] - Tot USSR TP PSR PRPRTSRPTR iv
EXECULIVE SUMMAIY ...ttt sttt s et e e st e s s be et e ebe e st e e st e e beesbeeneesbeenbeeneenneeneas 1
R = F- Tod 1o | (o 10 o 1SS USPTSPS 4
Il TeChNICal APPIOACK ... bbbt 4
T ] TP PP PP PRPT PR 5}
D. VENICIE IMIOGRIS ... e bbbttt bbbt benne s 6
o T £SO PSTR SRS 6
I, RESUITS AN DISCUSSION .....vevieiieiieiiiesie ettt siee et sre et eteaseesse e teeseesneebeaneeaneesreennennes 11
Q. FUBT PUMP SOBK TESES ....viiueeitieieitie ettt ettt ettt e et st et e et e s e s beeaeaneenbeenteeneesneenneenne e 11
D. PUMP TEAIAOWN TESES ...ttt sttt bbb bbbttt bbb b 18
C. FUEl PUMP ENCUIANCE TESES ...ttt bbbt 22
o T 1=] BT oo (o] TS £ OSSOSO USRI PRI 25
AV @0 o [od 1] o] o PSSR 31
R =] (T =] [0TSR 32
Appendices
AL Test Personnel and AULNOTS ..o 33
A2. Fuel pump S08K tESt PrOCEAUIES ........eiuiiiieiieieee ittt 34
A3. FUEl PUMP SOAK GALA.......ccuiiiiiiieiiecic ettt te et e s te e b e s aeesaeensesreesreeneeas 36
A4. Fuel pump S0aK teardOWN JaLa..........ccceiiiiiiiie e 66
A5. Fuel pump endurance teSt PrOCEAUIE..........c.uiiiierirteitc et 121
AB. Fuel pump enduranCe data............ccceiiiiiiiiiie et 123
AT. Fuel pump endurance teardoWn GaALA............coeieririeiiriiieeeie e 147
AB8. FUEI SENUET tESE PrOCEUUIE. ... .c.eieetiiteeti ettt bbbttt nb bbb 187
F N U et =T oo (=T o = L USSR 189
A10. Sender card PhotOgrapRy.........ooiiiiiii e 197
N Y o To TV S ST PPR 200
A12. Certificates of Analysis fOr teSt fUBIS ........ccviiii i 201



LIST OF TABLES

Table E.1. CRC Project No. AVFL-15a Phase 1 TeSt MAtriX ........cccecvverueiiieiieie e 2
Table E.2. CRC Project No. AVFL-15a Phase 2 TeSt IMAIIIX. ......ccveieiieieiiiiieniesieeeeeee s 2
LI Lo L = B 0o = o S SS S SSPRN 6
Table 2: Aggressive Ethanol DefinItiON..........c.oocoiiiiiiieiice e 7
Table 3: ACCEPIANCE JALA E15 .. .viivieieiiiiieeie ettt e e e te s e s raenteaneesneeee s 8
Table 4: ACCEPLANCE JALA E15a. . veieeieiiiiiieiiiie ettt sttt st re et seesre et sneesne e e 9
Table 5: Acceptance data Eg FIOW teSt TUBI ..........ooivviieeeece e 10
Table 6: Acceptance data Eg S0aK teSt TUBI ........ceiiiiiiiiieiee e 11
Table 7: Results of short term soak tests for pump “N” ......cccocviiiieiiiiereee e 19
Table 8: Standard deviation and average of impeller thiCKNess............cccooiiiiiiiiic s 20
Table 9: SUMMArY Of SENUEE FESUILS........c.eiieeee et 30

LIST OF FIGURES

Figure 1: Diagram Of @ fUET PUMIP.....c.eiii e re s 13
Figure 2: Survival of pumps iN E1sa QN0 E15: eovviiiiiiiiieiecie et nne e 13
Figure 3: Average flow 10ss fOr pump type “M”. ..c.ociiiiiiiiie i e 14
Figure 4: Average flow 10ss for pump type “N”. ...ociiioiiiiiecesie e 15
Figure 5: Average flow 10ss for pump type “L. ......cooieiiiiiiiiiiseieiee s 15
Figures 6a and 6b: Changes in type “N” pump flow in Eq5.....ccooviiiiiiiiiinicee e 17
Figures 7a and 7b: Changes in type “N” pump flow in Eg @nd E10....cceoviireiiiiniiiiicicceceeee 17
Figure 8: Standard deviation in impeller thickness as a percentage of average thickness..................... 21
Figure 9. Pump type “N” impeller from teardOWN. ..........ocoiiiiiiiiiece s 22
Figure 10: Survival of pumps in the enduranCe teSt...........coveiveiiiiiie e 23
Figure 11. Flow rate for operational pumps in the endurance test. ..........cocvviirininieieiee e 23
Figure 12. RIDDON 0ESIGN SENUET.......c.eiiiiiitiitieieiee bbb 26
Figure 13. BUTON CONTACE SENUEN ......c.eeiveeie ettt ettt ettt s ra e steenesneesba et 26
Figure 14. A Sender CIFCUIT DOAIT. ........ccueiiiiiiiiiiieiee e bbb 26
Figure 15. An acceptable sender SIgNal...........cooiiiiiii s 27
Figure 16. An unacceptable “dirty” sender SiZNal ...........ccccoiriiiiiiieiie s 27
Figure 17. Representative data from SENder tESING. ........ccoviiiiiiiiieieie e 28
Figure 18. Partly defective response from @ SENUEN. .........ccooiiiiiiiiieiee s 29
FIQUIEe AL, FUEI SOAK TESE Mg ...euveiieeiiiieie ettt e et s e et e e sta e e beesaaeabeesnneereens 35
Figure A2. Fuel pump endUranCe tESE FIgS .......uoviieieiieierierie ettt 122



LIST OF ACRONYMS

ASTM............... ASTM International, formerly known as American Society for Testing and Materials
AVFL ... CRC Advanced Vehicle / Fuel / Lubricants Committee

CRC....cccovvr. Coordinating Research Council, Inc.

EPA ..o U. S. Environmental Protection Agency

in-1b ..o Inch-pounds

OBDII............... On-Board Diagnostics, two

OEM....cccvie Original equipment manufacturer

RFS2....ccoovviene. EPA Renewable Fuel Standard 2

TSG.ooiiiie Testing Services Group

UM e Micrometer

\Y, (O Mega Ohm



Preface

The Advanced Vehicle/Fuel/Lubricants Committee of the Coordinating Research Council, Inc.
retained the services of The Testing Services Group, LLC (TSG, Lapeer, MI) to conduct a series of
experiments that evaluated the compatibility and durability of fuel pumps and fuel level senders in
mid-level ethanol blends under CRC Project No. AVFL-15a. This project was an extension of contract
work conducted under CRC Project No. AVFL-15. The TSG contract for AVFL-15a was active from
April 2011 to October 2012. Gage Products Co. of Ferndale, MI provided test fuels for the study.
This report presents analyses of the AVFL-15a data collected by TSG. Documentation of testing
protocols and results were provided by TSG staff, and the data analysis report presented here was

prepared by the AVFL-15a Project Panel members listed in Appendix Al.



Executive Summary

This report describes an extension of an earlier scoping study that investigated how gasoline
containing 20 percent ethanol by volume (E2o) might affect wetted automotive fuel system components
such as pumps, dampers, level senders, and injectors. The scoping project (CRC Project No. AVFL-
15) was used to identify areas where further testing should be performed. This study (CRC Project No.
AVFL-15a) was designed to add depth to those initial findings, and explore potential impacts of
gasoline containing 15 percent ethanol by volume (Ejs). Both projects were conducted under the
direction of the Advanced Vehicle/Fuel/Lubricants (AVFL) Committee of the Coordinating Research
Council (CRC).

The primary test fuels for this study were E;5 and an aggressive blend of Eis (Eisa). Eisa Was
formulated referencing the SAE specification J1681 to represent the worst case blends of gasoline and
15 volume percent ethanol that might be found in the field. Ejpand Ey test fuels were also incorporated
into this study in a second phase as reference points to assess the relative performance of the E;s and
E1s, test blends. Automobile manufacturers were contacted at the start of the scoping study in order to
develop a candidate list of vehicles for testing. Based on manufacturer suggestions, 15 designs from
different manufacturers spanning the 1996 to 2009 model years were selected. It is estimated that the
design selections from the original scoping study represented at least 37 million vehicles with
components and systems similar in construction and materials. Based on the scoping study, several
fuel pumps and fuel level senders were selected for testing in the current work. The subset of parts used
in the current work represents approximately 29 million 2001-2007 vehicles.

Table E.1 describes the test matrix and general content of the AVFL-15a Phase 1 study.
Following completion of Phase 1, additional testing was conducted to provide context for the initial
fuel pump results and to broaden the fuel types and fuel pump designs evaluated. The test matrix for
Phase 2 is shown in Table E.2. Teardown analysis was done on the fuel pumps from both phases of
the program.

The protocols for testing fuel pumps and senders - fuel pump endurance aging, soak durability,
and tear down analyses; fuel level sender resistance and full sweep aging - followed the procedures
used in the original scoping study. The testing procedures were based on existing SAE and USCAR

protocols which are used in the automotive industry to predict new product life.



Table E.1. CRC Project No. AVFL-15a Phase 1 Test Matrix
Test Protocol | No. of Designs Tested | Test Articles per Design | Fuel Types
Fuel Pump Testing
Endurance Aging 2 6 E15 & Eisa
Soak Durability 2 6 Ei15& Eisa
Fuel Level Senders
Fuel Resistance 3 6 E15 & Eisq
Full Sweep 3 6 Ei15& Eisa

Table E.2. CRC Project No. AVFL-15a Phase 2 Test Matrix

Test Protocol No. of Designs Tested Test Articles per Design Fuel Types
Fuel Pump Testing
Endurance Aging 1 6 Eo
Soak Durability 3 6 Eo E10 & Eisa

Two different test protocols were used to evaluate fuel pump performance. The soak durability
testing evaluated the fuel pump’s response to test fuels while in a static condition for 12 weeks
interrupted only by eight, brief, flow tests. The endurance aging program investigated potential fuel
pump failure mechanisms resulting from continuous operation. These pumps were aged for 3,000
hours of continuous operation at temperatures varying between 40° C and 60° C, interrupted only by
three, brief, flow tests. 3,000 hours represents ~90,000 miles at a mean of 30 miles per engine hour; 30
miles per engine hour is an approximate conversion that comprehends engine time at idle, driving at
lower city speeds and at higher highway speeds (see also reference E1).

Fuel level senders were tested using two different protocols: a fuel resistance aging protocol
and a full sweep aging protocol. The fuel resistance aging involved cycling the powered level senders
in test fuel at one to two seconds per cycle for 250,000 cycles, followed by soaking unpowered for one
week. This process was repeated until one million cycles and four weeks of soak had been
accumulated. The full sweep aging protocol involved cycling the powered level senders in test fuel at
a rate of one cycle per second for five million cycles.

Results from this study showed that the pump soak test could discriminate the interaction of
fuel pumps with test fuel. Some pump design - fuel combinations had no deviations in performance

while other pump design-fuel combinations led to pump failures. One fuel pump model, currently in



use in the field, seized in almost every replicate of the pump soak test when either neat or aggressive
E1s was used as test fuel, but pumps of this model did not fail on any replicate of the same test when
either Eq or Ejp was used as test fuel. There are pump designs (currently in use in the field) that did not
seize in the fuel pump soak test, but did exhibit statistically significant flow loss when tested with neat
or aggressive Ejs. While statistically significant, none of those pumps had sufficient flow loss that
vehicle performance would degrade in ways customers would be likely to observe, nor was the flow
shift statistically significantly different from the flow shift observed on E, fuel.

The pump endurance test could sort fuel pumps by their interaction with test fuel; some pump
design-fuel combinations had no deviations in performance while other pump design-fuel
combinations led to pump failure. One fuel pump model, currently in use in the field, seized in almost
every replicate of the pump endurance test when either neat or aggressive Ejswas used as test fuel, but
did not fail on any replicate of the same test when E, was used as test fuel. Another design of pump,
currently in use in the field, was not impacted by mid-blend ethanol in the endurance test. Exposure to
Eis or aggressive E;s caused dimensional changes in all impellers. Depending on pump model, the
standard deviation of thickness was approximately 2 to 27 times greater in Ejs than in E, at the end of
the soak test.

The tests showed issues with the performance of the fuel level senders when tested with the E;s
and Eis, blends. Both the E;s, and Ejs blends had three instances of significant signal defects. The
significant signal defects experienced (consumer observable resistance spikes) could potentially cause
interference with proper OBDII function. While not consistent and not found in all samples tested, the
results indicate some effect of the E;s and E;s, blends on sender operation.

This study in conjunction with the prior scoping study has found that some fuel systems in
modern vehicles survive testing in mid-blend ethanol fuels, while others will experience complete
failures that would prevent operation. The fuel pumps and level senders that failed or exhibited other
effects during testing on Eis and E;s, are used on a substantial number of the 29 million 2001 — 2007

model year vehicles represented by the components evaluated in this report.



I. Background

The possibility of increasing the ethanol concentration in motor gasoline has been suggested as
a way to meet Renewable Fuel Standard 2 (RFS2) requirements. Various philosophical and technical
grounds for support or opposition to this change have been offered, and an increasing amount of data is
emerging on the impact of higher ethanol content in gasoline. While the studies published to date
provide some perspective on the positive and negative impacts of Eo (where the subscript designates
the percent by volume ethanol blended with unleaded gasoline) and Ejs, there has been little
independent reproduction of published results, and gaps in the published literature remain as well [1-
5].

The durability of wetted fuel system parts was probed in the Coordinating Research Council
(CRC) Report Number 662 [1]. The screening study documented in that report covered a spectrum of
fuel system components exposed to Eyo; individual components were tested in addition to full fuel
systems. That work concludes that E,o fuels do negatively impact a subset of fuel-wetted parts, while
other fuel-wetted parts showed no effect in screening. However, all the conclusions in [1] are based on
single or in some cases duplicate tests of a particular component/fuel interaction. A failure in a single
test raises concern that vehicles in the field will at some point begin to experience similar failures. As a
rule of thumb, original equipment manufacturers (OEMSs) expect part failures to occur at less than one
per thousand vehicles, so a part failure in a single test is highly worrisome. Nonetheless it is possible
that such a failure is a random event that results from the chance influence of an uncontrolled variable
in the experiment. Furthermore, a single point test cannot give a quantitative indication of the expected
frequency of occurrence, only that the data suggests (but does not prove) that the observed event is
fairly likely.
I1. Technical Approach

In this report we investigate the interaction between E;s and components that exhibited some
degree of sensitivity to Exq in reference 1. All tests were conducted at TSG, a well-known, independent
test lab in the Detroit suburbs. Specifically, we seek to identify the effect of E;5 fuel relative to the
effect of gasoline with no ethanol (Ep), and to define the difference with greater confidence. While
there had been discussion of a waiver for Ey, ultimately the US Environmental Protection Agency
(EPA) set a maximum ethanol concentration of 15% in its waiver ruling [6]. We chose to focus the
present study on components identified in [1] as potentially sensitive to mid-blends; this strategy

reduced the number of types and makes of components to test and thus allowed more replicates of each
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component to be evaluated. In addition, some components that did not exhibit a response to fuel
composition in [1] were also tested in replicate to more completely determine if they might be sensitive
to mid-blend ethanol fuel but to a lesser extent.

In this program, six replicates of each component were tested in E;s and another six replicates
were tested in Ejs, (an aggressive version of Ejs, defined below). Taking a 95% probability as
acceptable, if none of the 12 parts fail in the testing, the true failure rate of that type of part could still
be just over 4.2 per 1000. In truth, since the aggressive blend is designed to further enhance the failure
rate, the actual failure rate due to E;s alone would be even lower, but as we cannot quantify that
amount in this work, the safest statement would be that if the rate is lower than 4.3 per 1000 then there
is at least a 95% probability no failures will be observed in twelve tests. If both 15% ethanol and the
impurities in the Ejs, blend are required together to cause a failure, but no failure is observed in those
six tests, then the expected true failure rate would be less than 8.5 per 1000. Neither the 8.5 failures per
1000, nor the 4.2 failures per 1000 would be acceptable in the auto industry, but at least this level of
replicate testing should give better confidence that wholesale failure will not go undetected.

On the other hand, if a response to the independent variable is observed in multiple replicate
tests, it indicates that indeed the event is likely to occur in the field at a very significant rate. At a true
failure rate of 93 per 1000, there is a one in ten chance of observing multiple failures in six trials, and
obviously at higher true failure rates the odds of observing multiple failures increase. If every part in
six replicate tests failed, then there is a 95% probability that the true failure rate is above 99%.
Whatever the number of failures, if more than one failure is observed out of the six replicate tests, we
can say that the particular test fuel causes failure rates in the tested component that would be highly
unacceptable in the auto industry.

a. Tests

Based on the results in [1], four different tests were chosen for more extensive study, the fuel
pump soak test, the fuel pump endurance test, the fuel sender card full sweep, and the fuel sender card
soak tests. Table 1 lists the full testing program undertaken in this project. Within each of these four
tests, the candidate parts evaluated were limited to those that showed some indication of sensitivity in
[1]. However, in some cases an additional part was tested to determine if it was sensitive to ethanol
content. Because of this narrow focus, the results of these tests cannot be extrapolated to represent the
entire light-duty vehicle on-road fleet. Rather this research is meant to determine with greater precision

whether some high-sales-volume vehicle-models are at risk of part failure if Ejs is used as fuel. To
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facilitate comparison to the tests in [1], the same part naming convention is used. For example, fuel
pump ‘M’ in this research designates the same year and model of pump reported in [1] as pump ‘M’. In
all tests new, unused parts were used.

b. Vehicle Models

The parts are all derived from well-known vehicles with significant light-duty vehicle on-road

fleet penetration of more than 29 million vehicles; this compares to 37 million vehicles represented in
the initial program [1]. Some of the parts are shared with other vehicle models. The following models
are represented in one or more tests reported here. Alphabetically they are: 2007 Nissan Altima, 2001
Chevrolet Cavalier, 2004 Ford Focus, 2003 Nissan Maxima, and the 2004 Ford Ranger.
Table 1. Test program.

Test Models | # of tests # of tests | # of tests | # of tests
tested | using Eo using Eyg | using Eis | using Ejsa
Fuel pum L 6 0 0 6
soak [t)est P M 6 0 6 6
N 6 6 6 6
Fuel pump A 6 0 6 6
endurance test | L 0 0 6 6
C 0 0 6 6
rSeesri]thLce test L : 0 6 6
N 0 0 6 6
C 0 0 6 6
i O R LR R
P N 0 0 6 6
c. Fuels

Four fuels were used in component testing: E;s — an ethanol mid-blend with unleaded gasoline,
Eisa - an aggressive ethanol mid-blend derived from the Ejs, E;o — a standard ethanol blend with
unleaded gasoline, and Eg - an unleaded gasoline. All fuels were produced by Gage Products in single
batches and shipped in drums to an indoor storage facility at Bay Logistics. Fuel drums were collected
and brought to TSG in advance of testing and stored there in a shed until used. The Ejo fuel was
generated by blending two parts E;s with one part Eo. The blended E;o was then stored in sealed drums
until needed.

The aggressive ethanol was produced using the same protocols and specifications as reference
1 (AVFL-15), i.e. ASTM 4806 and SAE J1681. It is a worst-case test fuel based on impurities

observed in field samples of ethanol blends. Aggressive fuel increases the chances of finding impacts
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with a small sample size while using recognized, appropriate fuel chemistry. This approach is similar
to that taken in some of the studies cited in the Growth Energy E15 waiver request, and in reference 1.
The resulting aggressive ethanol contained approximately 10 ppmmass chloride ions, 4 ppmpass Sulfate
ions, and 1% water. Table 2 summarizes the blend definition of aggressive ethanol. For a more in-
depth discussion, see [1], SAE J1681 and ASTM D4806-08a. Fuel acceptance data for the test fuels
follow in Tables 3-6 (blender certificates of analysis are included in Appendix A12). The program was
run in two phases; fuel was bought for each segment separately.

Table 2. Aggressive ethanol definition.

Component Units Mass per gallon of ethanol

Deionized Water Grams Based on existing water
content of ethanol

Hydrochloric Acid | Grams 0.031
Sulfuric Acid Grams 0.012
Glacial Acetic Acid | Grams 0.230




Table 3. Acceptance data E;s test fuel.

Property Test method UOM Specification Value
Specific Gravity @ 60°F ASTM D4052 Report Report 0.7662
RVP @ 100°F ASTM D5191 PSI Report 8.37
Ethanol ASTM D6730 Vol.% 14.70 - 15.30 14.83
Distillation, IBP ASTM D86 Deg F Report 103.6
Distillation, 5% ASTM D86 Deg F Report 123.4
Distillation, 10% ASTM D86 Deg F Report 132.1
Distillation, 20% ASTM D86 Deg F Report 144.0
Distillation, 30% ASTM D86 Deg F Report 153.1
Distillation, 40% ASTM D86 Deg F Report 159.6
Distillation, 50% ASTM D86 Deg F Report 169.0
Distillation, 60% ASTM D86 Deg F Report 233.1
Distillation, 70% ASTM D86 Deg F Report 251.6
Distillation, 80% ASTM D86 Deg F Report 275.2
Distillation, 90% ASTM D86 Deg F Report 322.0
Distillation, 95% ASTM D86 Deg F Report 353.5
Distillation, DP ASTM D86 Deg F Report 403.9
Recovery ASTM D86 Vol.% Report 97.7
Residue ASTM D86 Vol.% Report 1.0
Loss ASTM D86 Vol.% Report 1.3




Table 4. Acceptance data Es, test fuel.

Property Test method UuoM Specification Value
Water Content ASTM E1084 Vol. % 1, max. 0.145
Peroxide Content ASTM D3703 PPM Report 2.68
Acid Number ASTM D974 mg KOH/g Report 0.0017
RVP @ 100°F ASTM D5191 PSI Report 8.41
Total Sulfur ASTM D5463 PPM Report 14.41
Ethanol ASTM D6730 Vol. % 14.70-15.30 14.70
Inorganic Chloride Content | lon Chromatography PPM Report 1.63
Nitrate Content IC PPM Report 2.34
Total Sulfate Content lon Chromatography PPM Report 0.51
Specific Gravity @ 60°F ASTM D4052 Report Report 0.7658
Aromatics ASTM D6730 Vol. % Report 34.6
Olefins ASTM D6730 Vol. % Report 4.3
Saturates ASTM D6730 Vol. % Report 46.4
Benzene ASTM D6730 Vol. % Report 0.31
Toluene ASTM D6730 Vol. % Report 14.9
Distillation, IBP ASTM D86 Deg F Report 102.2
Distillation, 5% ASTM D86 Deg F Report 122.0
Distillation, 10% ASTM D86 Deg F Report 136.0
Distillation, 20% ASTM D86 Deg F Report 143.2
Distillation, 30% ASTM D86 Deg F Report 152.8
Distillation, 40% ASTM D86 Deg F Report 159.4
Distillation, 50% ASTM D86 Deg F Report 166.1
Distillation, 60% ASTM D86 Deg F Report 232.2
Distillation, 70% ASTM D86 Deg F Report 251.4
Distillation, 80% ASTM D86 Deg F Report 275.9
Distillation, 90% ASTM D86 Deg F Report 319.8
Distillation, 95% ASTM D86 Deg F Report 352.9
Distillation, DP ASTM D86 Deg F Report 399.6
Recovery ASTM D86 Vol.% Report 97.7
Residue ASTM D86 Vol.% Report 1.0
Loss ASTM D86 Vol.% Report 1.3




Table 5. Acceptance data E, used for flow test fuel.

Property Test method UuoM Specification Value
Research Octane Number ASTM D2699 RON Report 91.5
Motor Octane Number ASTM D2700 MON Report 82.1
Specific Gravity @ 60°F ASTM D4052 Report Report 0.7627
RVP @ 100°F ASTM D5191 PSI Report 7.43
Total Sulfur ASTM D5453 PPM 80, max. 16.4
Oxidation Stability ASTM D525 min. 240, min. >960
Aromatics ASTM D6730 Vol. % Report 41.2
Olefins ASTM D6730 Vol. % Report 5.2
Saturates ASTM D6730 Vol. % Report 52.7
Benzene ASTM D6730 Vol. % Report 0.3
Toluene ASTM D6730 Vol. % Report 18.8
Distillation, IBP ASTM D86 Deg F Report 98.8
Distillation, 5% ASTM D86 Deg F Report 126.0
Distillation, 10% ASTM D86 Deg F Report 139.8
Distillation, 20% ASTM D86 Deg F Report 163.6
Distillation, 30% ASTM D86 Deg F Report 187.2
Distillation, 40% ASTM D86 Deg F Report 209.3
Distillation, 50% ASTM D86 Deg F Report 228.2
Distillation, 60% ASTM D86 Deg F Report 244.0
Distillation, 70% ASTM D86 Deg F Report 261.7
Distillation, 80% ASTM D86 Deg F Report 286.3
Distillation, 90% ASTM D86 Deg F Report 329.9
Distillation, 95% ASTM D86 Deg F Report 360.7
Distillation, DP ASTM D86 Deg F Report 405.1
Recovery ASTM D86 Vol.% Report 97.5
Residue ASTM D86 Vol.% Report 1.2
Loss ASTM D86 Vol.% Report 1.3
Nitrogen ASTM D4629 PPM Report 14
Mercaptans ASTM D3227 PPM Report 3
Silver Corrosion ASTM D130 Corrosion 1, max. 0
Copper corrosion ASTM D130 Copper corr. 1, max. 1A
Existent gum (washed) ASTM D381 mg/100 ml 5, max. <0.5
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Table 6. Acceptance data E, used as soak test fuel.

Property Test method UoM Specification Value
Research Octane Number ASTM D2699 RON Report 93.8
Motor Octane Number ASTM D2700 MON Report 84.0
Specific Gravity @ 60°F ASTM D4052 Report 0.7603
RVP @ 100°F ASTM D5191 PSI Report 10.53
Total Sulfur ASTM D5453 PPM 80, max. 10.13
Oxidation Stability ASTM D525 min. 240, min. 1440
Aromatics ASTM D6730 Vol. % Report 41.4
Olefins ASTM D6730 Vol. % Report 5.0
Saturates ASTM D6730 Vol. % Report 52.8
Benzene ASTM D6730 Vol. % Report 0.326
Toluene ASTM D6730 Vol. % Report 12.80
Distillation, IBP ASTM D86 Deg F Report 85.8
Distillation, 5% ASTM D86 Deg F Report 111.5
Distillation, 10% ASTM D86 Deg F Report 127.4
Distillation, 20% ASTM D86 Deg F Report 158.2
Distillation, 30% ASTM D86 Deg F Report 190.4
Distillation, 40% ASTM D86 Deg F Report 219.3
Distillation, 50% ASTM D86 Deg F Report 242.3
Distillation, 60% ASTM D86 Deg F Report 262.5
Distillation, 70% ASTM D86 Deg F Report 283.5
Distillation, 80% ASTM D86 Deg F Report 308.1
Distillation, 90% ASTM D86 Deg F Report 329.3
Distillation, 95% ASTM D86 Deg F Report 343.6
Distillation, DP ASTM D86 Deg F Report 392.2
Recovery ASTM D86 Vol.% Report 97.1
Residue ASTM D86 Vol.% Report 1.0
Loss ASTM D86 Vol.% Report 1.9
Nitrogen ASTM D4629 PPM Report 8.4
Mercaptans ASTM D3227 PPM Report 3.0
Silver Corrosion ASTM D130 Corrosion 1, max. 0
Copper corrosion ASTM D130 Copper corr. 1, max. 1A
Existent gum (washed) ASTM D381 mg/100 ml 5, max. <0.5

I11.Results and Discussion
a. Fuel Pump Soak Tests
Fuel pump soak tests were conducted according to the procedure developed in the AVFL-15
program [1]. Briefly, the pump was flowed using unleaded gasoline (EO) to establish the baseline. It
was then filled with test fuel and placed in a sealed container at a fixed 60° C temperature. At weekly

intervals, the pump was removed and the test fuel in the container renewed. At this same time the fuel
11



flow rate was determined. The pump was then reloaded with test fuel and returned for further soaking.
After eight weeks, the pump then underwent an uninterrupted four week soak (with a change of fuel at
the midpoint) to complete the 12 week test. Details of the process are contained in Appendix A2 and in
Appendix C of [1].

Two pump designs from the AVFL-15 program were selected for further testing to better assess
the significance of the results observed in that screening study. The two pumps (“M” and “N”’) were
selected prior to completion of testing in the AVFL-15 program. Both pump designs are found on
vehicles that were made by major OEMs and sold widely in the United States. Because the test
procedure had already been validated in the AVFL-15 program, testing began on the E;s and
aggressive Ejs, fuels. Only if these fuels produced significant results would the reference test in Eq or
E10 be conducted to determine if the result was fuel related. One pump design (“N”) did indeed show
failures and was subsequently tested in both Eq and Ejo. The other pump design had no failures but
manifested a change in flow and was subsequently tested in Eq to determine if the result was both fuel-
related and statistically different from fuel without ethanol.

At the time of the Eq or Ejo verification tests for pumps “N” and “M”, it was decided to test a
third pump design to broaden the program. This pump design was coded as “L” in the AVFL-15
program; it was tested on E;s, E1s4 and Eq simultaneously in the interest of timing.

Six pumps were tested for each combination of fuel and hardware. Each pump was soaked in
its own sealed container. At the end of testing, the pumps were torn down (disassembled), and torque
was measured on those for which the pump shaft failed to rotate. The basic parts of a fuel pump are
shown for reference in Figure 1. The complete soak test results are provided in Appendix A3.

The most basic measurement of soak test performance is survival of the pump. Pump designs
“M” and “L” all survived in both E1s, and Ejs, while Design “N” generally failed by Week 5 in either
fuel type (see Figure 2). The shafts on the failed pumps no longer rotated, and resistance measurements
showed them to be in an open circuit condition (above scale on the MQ range). In contrast, pumps of
Designs “L”, “M” and “N” that were tested in Eq experienced no failures, and the pumps of Design
“N” that were tested in Ejg also all survived the soak test. These results appear to contrast with those of
[1] and [4]. However different fuels were used, and in [4] a shorter test was used with different models.
In this work, it is clear that some models of pump are more sensitive than others, and so it is not
unusual that the shorter test in [4] found no failures. It is also clear that not all test articles of sensitive

models fail, which may explain why the single Design “N” pump tested in [1] did not fail.
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Figure 1. Cutaway diagram of a fuel pump: The fuel pump internal parts are shown in this figure. The
commutator permits power to reach the windings and spin the pump shaft. The impeller, mounted on the shaft,
moves fuel into the fuel line.
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Figure 2. Survival of pumps in E;s, and Eis. Pump designs “L” and “M” all survived the full 12 weeks of soak
testing. Pump Design “N” experienced failures starting in week 1, with all but one pump failing by Week 5.
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For those pumps that survive, the next measure of performance is maintaining adequate flow
rate over the duration of the test. The flow rate for all pumps was impacted by E;s, and, in some cases,
appears to have been impacted by E;js as well, though to a lesser extent.

Figures 3-5 show the change in average flow rate for each design of pump over the test duration. With
one exception, the data shown in each of these graphs represent averages over six pumps. In the case of
the Design “N” pumps (Figure 4), the E15 and E;js, data at each time point represent the average of a
progressively smaller cohort of survivors, reflecting the increase in pump failures from week to week
(shown previously in Figure 2). For every fuel tested, some degradation appears to occur by the end of
the test. However, the rate of degradation is statistically different from zero in only some of the tests.
In establishing statistical significance, we use a fairly conservative 95% confidence criterion due to the
number of test items. Degradation of flow in pumps tested with Ejs or Ejsa IS not statistically

significantly different from that observed with pumps soaked in E, fuel.
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Figure 3. Average flow loss for pump Design “M?”. Regardless of fuel, steady degradation in flow was
observed over time, with E;s, causing the greatest loss.
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Figure 4. Average flow loss for pump Design “N”. This pump design exhibited a decline in flow for all fuels.

Tests with Eo show a relatively linear response after Week 1. Tests with E; show continued degradation in flow
but noisy data, tests with E;s exhibit decreased flow through Week 6 where all pumps failed, and tests with E;s,
also show decreasing flow, though past Week 5, only a single pump is represented by the points.
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Figure 5. Average flow loss for pump Design “L”. Flow loss is about the same for each fuel, though the E;s,
data has higher variance.
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The flow degradation rate is statistically significant at 1.28 L/ (hr-week) (99% level) for Design
“L” pumps in the Eg tests. The Eis, tests appear to have similar response: a degradation rate of 0.97 is
observed, but due to high variance, this is statistically significant only at the 90% level, which is below
our conservative threshold value. Design “M” pumps exhibit a statistically significant (99% level) flow
loss of 1.15L/ (hr-week) with E;s, fuel. In the E;s tests, the flow degradation rate of 0.54L/ (hr-week)
is lower, but still significant (95% level). The flow degradation rate for the E, tests with pump Design
“M” appears similar, but was not statistically different from zero at the 95% level due to variability in
the data.

To understand the meaning of these flow shifts, it is critical to place them in proper context.
During the break-in phase of a brand new fuel pump, in many cases it will exhibit a flow decline of up
to 30%. [1]. The pumps in this program were subjected to testing after experiencing only a short break-
in period. Therefore, degradation in flow rate is expected as a natural part of the pump’s early
response to operation. In the AVFL-15 program, a 30% flow loss was used as the threshold for
determining that the degradation was detrimental from an engineering perspective. None of the pumps
that completed soak testing in the current study had an average flow loss greater than 30%.

It should be noted that this analysis measures only change in physical flow; it does not account
for energy content or vapor formation. It is well understood that E;s fuel has both a lower volumetric
energy content, and, at low temperatures, a lower vapor pressure than a typical, hydrocarbon-only
gasoline. These factors can increase the impact of reduced flow on vehicle performance. Pump
failures, on the other hand, are not a matter of degree, but are clearly unacceptable to consumers.
Mid-blend fuels caused failures in Design “N” pumps while Eq and Ejo did not. Looking at the data for
individual pumps (Figures 6a and b), it is clear that some pumps soaked in mid-blend fuel suffered
large week to week changes in flow rate prior to failure (from over 10% to more than 99%). It is
possible that this behavior reflects increased rotation resistance due to fuel exposure. Figures 7a and 7b
show that while there were no failures in E1o, nonetheless the variation is much higher than in E;. This
could be due to increased rotational resistance that is subsequently relieved by wear. There is no reason
to believe the behavior in the Ejp tests is an artifact; similar variation is not seen in E, tests performed
simultaneously. However, there was no direct measurement of the resistance to rotation in the test
protocol until teardown, so the torque required to turn the pump is unknown at these reduced flow

points.
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Figures 6a and 6b. Changes in Design “N” pump flow in E;s. Figure 6a (left) shows that at least four Design
“N” pumps had flow shifts of over 10% in the week or weeks prior to failure in the soak test. Figure 6b (right) is
the same data presented to show only the very low flow regime. It can be seen that five of the 12 pumps tested
had extreme low flow one week prior to complete cessation of flow.
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Figures 7a and 7b. Changes in Design “N” pump flow in E, and E;,. Figure 7a (left) shows that in E,
Design “N” pumps exhibit limited variability over a general flow decrease in the soak test. Figure 7b (right)
shows significant flow losses followed by recovery for several pumps soaked in Eo. In some cases, this
happened multiple times.

This flow loss pattern in Ejs is consistent with mid-blends causing swelling sufficient to cause

the pump to stop rotating, at which point the windings would overheat. It is possible but unproven that

the variability in E;o flow is due to rotational restriction that does not reach the point of seizing the

pump. This condition might be alleviated by wear of the swollen part yielding good flow again.
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To better understand the observed failures in the planned tests, three smaller scale tests were
performed with additional fuels on pumps of Design “N”; the data are provided in Table 7. In each of
these additional tests, the pumps were soaked in test fuel for four weeks with no interruption. In the
first tests, four pumps were soaked in Ejs and four more were soaked in Eis, fuel, but, prior to flow
testing, the freedom of rotation of the fuel pump impeller was tested manually. The first pumps to be
flow tested rapidly overheated, confounding the source of the high torque measured; accordingly the
rest of the pumps were not flow tested so the torque represents only the resistance to rotation due to the
exposure to test fuel. In the second set of tests, six pumps were soaked in Ejs,, and the impeller
rotation torque was measured with a torque screwdriver adapted to fit the pump shaft. In a third set of
tests, eight pumps of Design “N” were soaked in the same Eo used in the AVFL-15 program.

In each case, most or all of the pumps failed. In the tests where torque measurements were
made prior to flow testing, the torque rose from values too low to be measured prior to test (<0.44
inch-pounds), to an average of 2.4 in-Ib in Eys tests and >12 in-lb in Ejs, tests. This is a minimum five-
fold increase in resistance to impeller rotation, and the increase probably is much greater since the
initial value is too small to be accurately measured. When tested for flow, these pumps immediately
seized and began to overheat. The resistance to rotation occurred prior to pump activation; it is critical
to understand the heat evolved by the stalled pump did not cause the loss of free rotation, since the
technician made the torque measurements and only then proceeded to flow testing. In Ezo, the pumps
were also all bound and not able to flow fuel. Clearly higher ethanol blends can cause changes in the
Design “N” pumps that lead to either hindered or no rotation of the impeller.

b. Pump Teardown Tests

A final set of data comes from the teardowns. The teardown procedure measures the impeller
thickness as an indicator of swell or shrinkage. The diameter is subject to wear which could impact
measuring any trends, but there should be less wear in the thickness dimension, making it a better
measure of dimensional change. The data are included in Appendix A4. The average and standard
deviation of impeller thickness measurements were obtained, and the standard deviation was then
divided by the standard deviation of the E, tests to provide a measure of the relative variability
attributable to the presence of ethanol in the test fuel.
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Table 7. Results of short term soak tests for Pump “N”.

Rotation torque Pre-soak torque Soak time
Test # Fuel (inch-pounds) (inch-pounds) Flow rate (LPH) (weeks)
1M445-86 Eis Seized N/A 0 4
1M445-87 Eis Seized N/A not flow tested 4
1M445-88 Eis Seized N/A not flow tested 4
1M445-89 Eis Seized N/A not flow tested 4
1M445-91 Eisa Seized N/A 0 4
1M445-92 Eisa Seized N/A not flow tested 4
1M445-93 Eisa Seized N/A not flow tested 4
1M445-94 Eisa Seized N/A not flow tested 4
1M445-75 Eis 2.6 <0.44 not flow tested 4
1M445-76 Eis 1.7 <0.44 not flow tested 4
1M445-77 Eis 2.9 <0.44 not flow tested 4
1M445-79 Eisa >12 <0.44 not flow tested 4
1M445-81 Eisa >12 <0.44 not flow tested 4
1M445-84 Eisa >12 <0.44 not flow tested 4
1M445-101 Ezoa Seized N/A not flow tested 4
1M445-102 E2oa Seized N/A not flow tested 4
1M445-103 E20a Seized N/A not flow tested 4
1M445-104 E20a Yainch N/A not flow tested 4
movement
1M445-105 E2oa Seized N/A not flow tested 4
1M445-106 E2oa Seized N/A not flow tested 4
1M445-107 E2oa Seized N/A not flow tested 4
1M445-108 E2oa Seized N/A not flow tested 4

Complete data set, no data in appendix

Table 8 and Figure 8 show that impeller thickness variation is low in Ep, but significant
variation occurs in gasoline containing ethanol and especially Eis. There is no clear impact of
aggressive ethanol vs. non-aggressive ethanol on dimensional stability. In Figure 8 it is clear that very

little dimensional variability occurs in any pump design when tested in Eq. This observation holds for
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both the soak and the endurance tests. Table 8 numerically displays the Figure 8 data: column 7
provides the ratio of standard deviation for Ej or E;5s to standard deviation for Eo. In every case, the
variability in the mid-blend ethanol tests is at least 1.9 times as high as is observed in the Eq tests. As
shown in Figure 8, the single Eq test set lies just above the range of results for Eg, and at the bottom
end of the range of results for E1s. Overall there is a trend of increasing variation in impeller thickness
with increasing ethanol concentration in gasoline.

The greater variation in dimensions offers a possible explanation of the failures in pump Design
“N” and in pump Design “A” under the endurance protocol, as we will soon see. There is no reason to
believe the variation in impeller diameter would be any less than the thickness; indeed a greater
absolute change is likely since the impeller is much wider than its thickness. Assuming a similar
degree of variation, some, but not all impellers would increase in diameter and contact the housing. If
the degree of swell was sufficient, the resulting friction would prevent rotation and the pump would
rapidly overheat, as was observed. The clearance in these pumps is under 30 um. The standard
deviation of impeller thickness in Design “N” pumps tested using mid-blends was 17.7um (0.64%) and

in Design “A” pumps was 58um (2.1%), while for the pumps tested in Eo, it was 5 to 7um. Clearly,

Table 8. Standard deviation and average of impeller thickness.

Normalized
Volume % Average SD variability Ratio SD to
Vehicle test ethanol aggressive (mm) (mm) (SD/average) | Eptest SD
A endurance 0 - 2.817 0.0069 0.0024 -
A endurance 15 N 2.809 0.0678 0.0241 9.85
A endurance 15 Y 2.785 0.0483 0.0173 7.08
L endurance 15 N 3.809 0.0174 0.0046 -
L endurance 15 Y 3.839 0.0520 0.0135 --
N soak 0 - 2.752 0.0066 0.0024 -
N soak 10 N 2.770 0.0127 0.0046 1.90
N soak 15 N 2.786 0.0188 0.0068 2.84
N soak 15 Y 2.747 0.0166 0.0060 2.50
M soak 0 - 4.538 0.0037 0.0008 -
M soak 15 N 4.558 0.1022 0.0224 27.8
M soak 15 Y 4.570 0.008 0.0018 2.17
L soak 0 - 3.824 0.0091 0.0024 -
L soak 15 N 3.834 0.0333 0.0087 3.63
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Figure 8. Standard deviation in impeller thickness as a percentage of average thickness. Variation of
pumps tested in E, is small, less than 0.25% of average thickness for all pumps. In contrast, for E;o and E;s
variation is generally much greater, indicating significant dimensional change.

even if the diameter of the impeller expanded only as much as its thickness, many of the impellers
would expand to fill the housing, while if they expanded by 0.6 to 2 percent of the diameter most or all
would fail. This is consistent with the failure rate of these pumps and the observation that design “N”
pumps that had not yet been flow tested had high resistance to rotation after soaking in Ejs.

Figure 9 shows one of the Design “N” impellers from soak testing. It has clearly lost some of
its vanes as a result of the jamming that also stopped flow. This confirms that the impellers could swell
to a size that caused the pump to jam, and, in this case, actually broke off portions of the impeller.

While the variation in impeller thickness increases in E;s blends, the cause of this variation is
not clear. Several causes are possible, but these experiments are not designed to evaluate them. Pinning
down the precise physical mechanism requires additional information; a partial list of such information
includes: the nature, thickness and variation in impeller surface finish, impeller chemistry including
homogeneity and any anisotropy, ethanol diffusion coefficient in the polymer and co-diffusion of

hydrocarbons in the presence of ethanol, and any polymer-level structural changes due to ethanol fuel.
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Figure 9. Pump design N impeller from teardown. This impeller shows obvious loss of vanes as a result of
the jamming that caused flow to halt.

c. Fuel Pump Endurance Tests

Based on performance evaluated partway through the AVFL-15 program, two designs of pump
were selected for more extensive endurance testing. These were pumps “L” and “A* in [1]. The test
was conducted in the same manner as in the AVFL-15 program, but with more replicates (i.e., six
copies per pump design). Briefly, the fuel pump was placed in a sealed container with the test fuel to
be used and operated according to a cycle of flow rates. The fuel was filtered and returned to the
container at a fixed temperature. After 800, 2000, 2700 and 3000 hours, the pumps were tested for
flow using unleaded fuel and then returned to test. Test fuel was changed periodically. Full details are
available in Appendix A5 and in [1].

Endurance aging tests were completed using Eis and Ejss, for both pump designs, and also
using Eq with the Design “A” pumps. Figure 10 shows the survival rate for each pump design and fuel.
In both mid-blend fuels, more than 80% of the Design “A” pumps failed prior to 3000 hours of
operation. Those pumps that survived experienced reduced flow rate, on average, as seen in Figure 11.
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Figure 10. Survival of pumps in the endurance test. Design “A” pumps generally failed prior to reaching
completion at 3000 hours in Eys and E;s, but they survived testing in E,.
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Figure 11. Flow rate for operational pumps in the endurance test. Design “A” pumps experienced declining
flow rates when tested on E;5 and E;s.. Flow stabilized at a time after 700 hours, and remained stable at ~40%
flow loss until 3000 hours. Tests in E, had substantial variability but on average experienced lower flow loss.
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Because there is continuing attrition up to 2700 hours, the number of pumps in each average changes
from point to point in Figure 11. The average flow loss of the two surviving pumps exceeds the 30%
threshold where customers might notice degraded performance (possible impacts are longer cold starts,
poor acceleration, or even stalling). The fuel pumps that failed endurance testing on Ejs and E;s, are
used on a substantial number of the 29 million vehicles represented by the components evaluated in

this report.
In contrast, no pumps failed testing with E, fuel, and the flow rate degraded to a lesser extent.

The flow data exhibit substantial variability, but final flow degradation was well below the threshold of
30% loss. The large differences in pump survival between Eq versus Ejs and Ejs, clearly indicate that
there is a mid-level ethanol blend impact on this pump design for this test.

Pumps of the “L” design were not affected by mid-blend ethanol fuels. Two pumps of Design
“L” had failed by the first test point: one in the Ejs test group and one in the E;s, test group. However,
these failures were from non-fuel-related causes (electrical malfunction early in the test period).
Accordingly, those pumps were replaced with pumps of the same design which were also tested over
the entire endurance cycle to give a full set of 12 pump tests (six each in E;s and Ejs,). The mid-blend
ethanol fuels did not cause failure in any of the “L” design pumps. The flow rates in these pumps did
not decrease meaningfully over time, so no E, tests were required. The data are provided in Appendix
A6. There is no clear impact of E15 and E;s, on this pump design. Pump “L” is the only pump design
tested with both the Soak and the Endurance protocols, and the results are self-consistent.

These results can be seen as in contrast to [3], though they are supported by [1]. The testing in
[3] was conducted somewhat differently and used a different set of parts for endurance testing. As with
the soak test, it is clear that some parts are more sensitive than others, so it is not inconsistent that no
failures in Ep tests were seen in [3], while repeatable failures were observed in this testing. The results
in [1], with “L” design pumps passing with little impact and one of the “A” design pumps failing, align
with the results in the current work. In the current work, the Design “A” pumps had higher commutator
wear in E;s testing (relative to the wear observed in parts tested in Eq or E1g). The commutator allows
electrical power to reach the rotating windings of the motor and excess wear will impact motor
performance. Wear was as great as 0.005mm for test article 1M445-69; similar trends were reported in
[1]. In the same test article that had high wear, resistances between some commutator segments were
three times higher than observed in Ey tests. High brush-commutator resistance was observed in [1] in

the Design “A” pumps.
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d. Fuel Sender Tests

This study also evaluated fuel sending units from three vehicle models (see Table 1). Two
vehicle models were the same as those discussed in the prior section (fuel pump soak and endurance
testing). Two different tests were conducted on the fuel senders, similar to those performed in the
AVFL-15 program. Six senders, of each of the three vehicles, were tested for fuel resistance by cycling
for 250,000 cycles (with the sender card powered in a similar fashion to its production application),
followed by a one-week unpowered soak. This was repeated three times for a total exposure of one
month soak and one million cycles of motion.

Six senders, of each of the three vehicles, were also tested for 5 million cycles using a “full
sweep protocol”. The senders were powered during the test using the production level sender circuit.
The test procedures for both the fuel resistance and full sweep protocols are included in Appendix A8.

The fuel level sender generates a voltage to indicate the amount of fuel remaining in the fuel
tank. This signal is used for several purposes. The basic purpose is to provide a voltage to the gauge
driver so that the vehicle operator is aware of the fuel remaining. The secondary purpose of the fuel
level sender is to provide the fuel level information to the diagnostic system on OBDII vehicles. Many
OBDII functions use the fuel level either as part of the enable criteria (which defines the vehicle
conditions, such as fuel level, that allow the OBDII diagnostic to run), or as a component of the leak
diagnostic calculation. The voltage supplied to the card varies among vehicle manufacturers and
ranges from 5 to 13.5 volts.

A typical fuel level sender consists of a float, constructed of a fuel resistant material, mounted
on a lever arm. The lever arm is constructed to allow a range of motion to measure the fuel level over
the entire range of the fuel volume. The lever arm is connected to a wiper assembly with a set of
contacts. The contacts are typically one of several different designs. Common designs for the
contacts are button or ribbon. The contacts slide on a conductive ink which is deposited on a printed
circuit board with a ceramic substrate. Both the contacts and ink may be made of various blends of
metals such as silver, platinum, palladium, and gold. The ink also may have glass beads for strength.
The formula for the ink as well as the contacts is chosen to be resistant to corrosion, wear, and attack
by fuel impurities (such as free sulfur).

A ribbon design system is shown in Figure 12, and a button contact is shown in Figure 13. A
typical circuit board is shown in Figure 14.
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Figure 12. Ribbon design sender.

Figure 14. A sender circuit board.

The level indication and OBDII systems must have a “clean” signal without spikes or open

circuits in the resistance level. Each vehicle manufacturer determines the level of “cleanliness” needed
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for the signal, depending on the software and hardware filtering. Typically, the fuel level instrument
panel gauge is sufficiently damped, so the limiting factor for signal noise is the OBDII system
requirements.

Many vehicle manufacturers use a visual indication of the signal output to determine the
pass/fail criterion after a fuel level sensor test. An example of a “clean”, acceptable signal and a signal

defect (“dirty”, unacceptable signal) are shown in Figures 15 and 16.

4
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Figure 15. An acceptable sender signal.

Figure 16. An unacceptable “dirty” sender signal.

Other methods to determine the suitability of a level sensor signal are quantitative. Depending
on the filtering of the receiving electronics, a certain number of defects from the ideal signal are
allowed. For reference, an example of a quantitative pass-fail criterion is included in Appendix D to
[1]. As the number and frequency of the excursions allowed are proprietary and highly dependent on
the individual manufacturer’s system, the visual indication and analysis of the output signal will be
used to discuss the results of the tests in this project.

Figure 17 is an example of a fuel level sender sweep test with no defects and is indicative of the
method used to report the results. The upper row shows the resistance of the sender circuit as it is
swept from empty to full for at least four cycles. The second, third, and fourth rows are steady state
tests with the level sender held fixed at full, mid-level, and empty, respectively. The first column
indicates results for the initial condition, prior to fuel exposure. The second column shows the results
after 2.5 million cycles and the third column shows results after 5 million cycles at the end of test.

Data points were taken every 0.25 milliseconds.
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Figure 17. Representative data from sender testing. Four rows of data show a sweep and three important
steady states (full, intermediate, and empty).

The sweep curves are smooth, with no indication of spikes in the segment of the curves which
are used to indicate the fuel level. The steady state plots only show a “dither” of a few ohms over the
test period and are not indicative of any circuit problems.

An example of a fuel level sender sweep test which shows some signal defects (i.e.,
unacceptably large deviations or spikes in the sender signal) is shown in Figure 18. High resistance
spikes are evident in the pre-test sweep, and are also present in the test at 2.5 million cycles, but at a
reduced level. At the end of the test, the signal is clear of any defects. None of the steady state
measurements in the test program showed any areas of concern.

The performance of each sender was evaluated using the following criteria:

e Noise at empty (high resistance), which drove the output to higher resistance beyond the normal
range, (i.e., to “less than empty” or “more than empty”) was not considered a problem in the
discussion of the test results, despite the signal not being considered “clean”.

e Resistance noise (“spikes”) in the normal readout range of the sender was investigated as a
concern that could possibly interfere with OBDII system performance.

e Resistance noise (“spikes”) at full (low resistance) which could result in lower fuel indication
was also of concern.
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Figure 18. Partly defective response from a sender. Note the spikes in the sweep data in the top row.

The results of the fuel level sender tests (Table 9) are briefly summarized in the following.
Some tests are noted below Table 9 which show either defects that would not impact customers or
OBD systems, or which resolved prior to the end of testing.

Sender “L”: This sender had no signal defects on any of the tests (both fuel resistance and
sender sweep) with Ejs fuel. In the Ejs, tests, two samples of the six had mid-fuel level spikes at the
end of the fuel resistance tests, and one sample had fuel level spikes at the high level segment of the
range after the fuel level sender sweep test. These might be observable by consumers (erratic or
incorrect fill level) and might interfere with OBDII operation.

Sender “C”: Two of the six samples of the Design “C” sender, when tested on the fuel
resistance protocol, showed spikes in the mid-fuel level range on E;s fuel. These might be observable
by consumers and might interfere with OBDII operation. There were no signal defects found in the
fuel level sender sweep portion of the test with E;s fuel. No issues were found with the E;s, fuel with

either protocol.
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Sender “N”: One of the six ”N” senders tested on Ejs fuel had mid-fuel level range signal
spikes when tested on the fuel resistance protocol. These might be observable by consumers and might
interfere with OBDII operation. No issues were found on any of the senders in the fuel level sender
sweep test protocol with Ejs fuel. In the fuel resistance test with E;s, fuel, no issues were found. Two
of the six samples, when tested with Ejs, fuel in the fuel level sender sweep test, had slight signal noise
at full. It is not expected that this level of noise is an issue with vehicle operation.

The plots for each of the samples with signal defects are shown in Appendix A9. Sample
photos are also included in Appendix Al0.

Table 9. Summary of sender results.

Fuel Level Sender
Summary of Results

Test Mode End of Test Results End of Test Results
E15 El5a

Sender “L” Fuel Resistance No Issues Mid range spikes
2 samples (20,24)
Full Sweep No Issues High range spikes 1 sample (31)

Sender “C" Fuel Resistance Mid range spikes No Issues
2 samples (38,39)

Full Sweep No Issues No Issues
Sender "N Fuel Resistance Mid range spikes No Issues
1 sample (89)
Full Sweep No Issues Slight noise at full

2 samples (103,108)

Notes: Sender “L”, 2 samples (34, 36) with spikes at empty (drives gauge more to
empty) at the intermediate 2.5 million cycle point with E15a
Sender “C”, 1 sample (50) with spikes at full (drives gauge to empty) at the
intermediate 2.5 million cycle pointon E15
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1VV. Conclusions

1)

2)

3)

4)

5)

6)

7)

8)

9)

The pump soak test could discriminate the interaction of fuel pumps with test fuel; some pump
design-fuel combinations had no deviations in performance, while other pump design-fuel
combinations led to pump failure.

One fuel pump model, currently in use in the field, seized in almost every replicate of the pump
soak test when either neat or aggressive E;s was used as test fuel, but pumps of this model did not
fail on any replicate of the same test when either Eq or E;o was used as test fuel.

There are pumps currently in use in the field that did not seize in the fuel pump soak test, but did
exhibit statistically significant flow loss when tested with neat or aggressive E;s. However, none of
those pumps had flow loss that would unambiguously impact vehicle performance, nor was the
flow shift statistically significantly different from the flow shift observed on E fuel.

The pump endurance test could sort fuel pumps by their interaction with test fuel, some pump
design-fuel combinations had no deviations in performance while other pump design-fuel
combinations led to pump failure.

One fuel pump model, currently in use in the field, seized in almost every replicate of the pump
endurance test when either neat or aggressive E;s was used as test fuel, but did not fail on any
replicate of the same test when Eq was used as test fuel.

Another design of pump, currently in use in the field, was not impacted by mid-blend ethanol in the
endurance test.

Exposure to Ej5 or aggressive Ejs caused dimensional changes in impellers. Depending on pump
model, the standard deviation of thickness was 2 to 27 times greater in E;5 than in Eg at the end of
the soak test.

The tests showed issues with the performance of the fuel level senders when tested with the E;5 and
E1sa blends.

Both the E;s, and E5 blends had three instances of significant signal defects.

10) The significant signal defects experienced (consumer observable resistance spikes) could

potentially cause interference with proper OBDII function

11) While not consistent and not found in all samples tested, the results indicate some effect of the E;s

and E1s, blends on sender operation.

The fuel pumps and level senders that failed or exhibited other effects during testing on E;s and
Eisa are used on a substantial number of the 29 million 2001 — 2007 model year vehicles
represented by the components evaluated in this report.
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