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ABSTRACT

CRC conducted a test program whose objectives were to use ASTM D 6421, Standard Test
Method for Evaluating Automotive Spark-Ignition Engine Fuel for Electronic Port Fuel
Injector Fouling by Bench Procedure, to determine the extent of fuel injector fouling in one
region of the U.S. and the adequacy of current deposit control additive dosages to prevent
injector fouling. Retail gasoline samples were collected in Florida and properties were
measured by standard laboratory tests while injector fouling tendency was evaluated by
ASTM D 6421. A subset of these fuels was also evaluated for fouling tendency using
injectors obtained from two original equipment manufacturers (OEMs). The effects of
deposit control additives and ethanol were investigated using the standard ASTM D 6421
injectors and OEM injectors. Several fuels were obtained that had been run by ASTM D
5598, Standard Test Method for Evaluating Unleaded Automotive Spark-Ignition Engine
Fuel for Electronic Port Fuel Injection Fouling, and these were also evaluated by D 6421.



I INTRODUCTION

Port fuel injector (PFI) deposits were first reported in the mid-1980°s, shortly after the mass
introduction of PFI fuel systems. Intense effort by the auto, oil, and additive industries cured
the problem within a relatively short period of time. In years following, other engine
cleanliness issues such as intake valve and combustion chamber deposits became the main
areas of interest and concern. With the advent of polymeric detergents, a conventional
wisdom arose that if intake valve deposits could be controlled, port fuel injector deposits
would automatically be controlled as well.

Anecdotal reports of PFI field problems had been heard for many years, and the first
evidence of field problems was presented by an auto manufacturer at the ASTM
Subcommittee D2.A meeting in June 2002!, Subsequently, another auto manufacturer
summarized his findings concerning injector field problems at the CRC Deposit Group
meeting in October 20022 In both instances, the problems were reported to be localized and
brand specific. The problem was deemed important enough that at the meeting in October
2002, the CRC Deposit Group formed a PFI Panel to investigate regional problems. The PFI
Panel held a conference call in March 2003 and outlined a program whose objectives were
subsequently defined as: determine the extent of fuel injector fouling in one region of the
U.S. and the adequacy of current deposit contro! additive dosages to prevent injector fouling.

Several areas of the U.S. had experienced injector fouling at times, but Florida was identified
by auto manufacturers as a region of persistently high injector fouling rates. Florida is
unique in that its gasoline is supplied almost exclusively by marine transport. The west coast
of Florida is supplied primarily from US Gulf Coast refineries while its east coast is supplied
from the Gulf Coast and from offshore refineries located in the Caribbean, South America,
and across the Atlantic Ocean.

The Panel had concerns whether a one-time sampling of retail gasoline would provide fuel
with a tendency to foul. Therefore, the Panel decided to use the PFI bench test, ASTM D
6421, as a quicker and much less expensive means of measuring fouling tendency instead of
the vehicle injector fouling test, ASTM D 5598. The bench test uses an artificial fuel system
in which the fuel injectors are placed in a heater block to simulate the hot-soak portion of the
vehicle test. Each test uses screened injectors that are prone to foul. The bench test had been
shown to be a predictor of PFI fouling and correlated to the vehicle test’.

1L CONCLUSIONS

The general objectives of the program were met. The extent of fuel injector fouling in
Florida and the adequacy of current deposit control additive dosages to prevent injector
fouling should be viewed in relation to performance in ASTM D 6421 only. Performance of
any of the sampled fuels or submitted deposit control additives was not determined in
vehicles as a part of this program. The following conclusions were drawn from an analysis
of the data from the program:



Retail fuel samples collected in Florida met ASTM D 4814 1i
properties tested.

Samples showed a wide range in fouling tendency as measured by ASTM D 6421.
Injector fouling was expressed as the percent difference in flow loss between a
clean injector and the same injector after the test penod. Average fouling for a
sample was calculated over the four injectors used in testing the sample. After 44
cycles, samples had average fouling that ranged from -0.5 to 26.7%. Six out of
twenty samples showed average fouling above 10%, and two samples were above
20%. An analysis of the maximum fouling level among the four injectors from
each test showed values that ranged from 1.4 to 49.6%. Nine out of twenty
samples showed maximum fouling above 10%, and six samples had a maximum
above 20%. The relationship between injector fouling and fuel properties,
including deposit control additive content as measured by unwashed gum, was
weak as all correlation coefficients were below 0.5.

Six OEM injector sets were provided for testing. OEMI provided one set of new
injectors and two sets of field injectors, all of which were two-hole director plate-
type. OEM2 provided one new set each of a pintle-type and an eight-hole director
plate-type; also, OEM2 provided one set of pintle-type field injectors. When
tested by ASTM D 6421 using reference fouling fuel, OEM-supplied injectors
showed varying results with average fouling ranging from nil to over 34%. The
level of fouling depended on the type of injector. OEM pintle-type injectors
_similar in design to those specified in D 6421 showed the highest level of fouling.
Also, injectors that reportedly had fouled in the field did not show fouling
tendency in the bench rig.

Three OEM injector sets, representing a two-hole director plate-type, an eight-
hole director plate-type, and a pintle-type, were evaluated with a subset of Florida
fuels and showed fouling results similar to standard test injectors. Two low
fouling fuels showed minimal or no fouling after 44 or 88 cycles. Two high
fouling fuels showed higher levels of fouling especially after 88 cycles. One
injector set, the six-hole director plate-type, was more resistant to fouling than the
other two, especially after 88 cycles.

Four deposit control additives evaluated at 40, 60, and 100 pounds per thousand
barrels (ptb) in reference fouling fuel by ASTM D 6421 exhibited a wide range of
performance after 44 cycles. Additive A showed decreased fouling from about 31
to 2% as concentration increased from 40 to 100 ptb. Additive B showed a
constant level of about 20% fouling at all concentrations, and even showed an
increase in fouling when concentration was increased to 140 ptb. Additive C
showed about 21% fouling at 40 ptb and none at 60 ptb. Additive D showed no
fouling at 40 ptb and was not tested at higher concentrations. However, Additive
D did show about 25% fouling when the concentration was decreased to 20 ptb.



¢ The presence of 10 volume percent fuel-grade ethanol in reference fouling fuel
resulted in lower fouling levels than without ethanol when tested using standard
D 6421 injectors. Average fouling decreased from about 53% to 25%. Reference
fouling fuel containing Additive A was also tested with and without 10 volume
percent ethanol and showed a similar pattern. For example, at 40 ptb, average
fouling was about 34% without ethanol compared to about 12% with ethanol.

e Three deposit control additives evaluated using five OEM injector sets showed a
wide range of performance. Additives A and C at 40 ptb kept fouling below 10%
in all injector sets after 44 cycles and in all but one injector set after 88 cycles.
Additive B showed mixed results. It could not control fouling to less than 10% at
100 ptb for two injector sets after 44 cycles and three injector sets after 88 cycles.

¢ A final phase of the program compared fouling results between ASTM D 6421
bench rig and D 5598 vehicle test. Previous work published by SAE indicated
that if each injector in the vehicle test had no more than 5% fouling, average
fouling in the bench rig would be no more than 10%. SwRI obtained samples of
six fuels (hot originally associated with the program) that had been tested by
D 5598. These samples were then tested by D 6421. The two test methods
showed poor correlation, with the bench test being more severe. Four of the six
fuels had greater than 10% average fouling in the bench rig while all but onc fuel
had less than 5% fouling in any injector in the vehicle test.

III. TEST PROGRAM

A. Fuel Sampling

The P¥I Panel developed a pilot program to survey the fouling tendency of commercial
Florida gasoline. Sampling from both coasts of Florida was believed to offer the best chance
of obtaining gasoline from varied sources, including offshore refineries. The process of
selecting sampling sites was intended to maximize the probability of choosing high volume
retail stations and stations supplied by their respective branded terminals. Thus, the presence
of many retail gasoline stations within a locale assumed that fuel sales volume was high at
those stations. Also, for brands with a corresponding supply terminal, retail sites in
reasonable proximity to the respective terminal were selected to make the probability of
direct supply as high as possible.

Gasoline supply terminal locations were first identified in the Tampa and Miami areas.
Terminals for the Tampa area were concernitrated in the city; thus, fuel sampling was done
within the city proper. Terminals for the Miami area, however, were located in Port
Everglades, a port facility about 30 miles north of Miami. Fuel sampling was done in Fort
Lauderdale, which is adjacent to Port Everglades.

Service stations of major and minor brands were identified from web-based business
directories. Sampling sites were selected in each city using the following process: (1) street



names containing at least three stations of any gasoline brand were identified; (2} from this
list of street names, brand A was selected from one street, brand B from another street, etc;

(3) for those brands not able to be sorted as described above, sites were selected either at
random or from available sites.

In each city, a total of ten retail sites (brands) were selected. In July 2003, Southwest
Research Institute (SWRI) collected ten gallons of regular grade gasoline from dispensers at
each site and sent them to their laboratories in San Antonio, TX. Samples were coded
without identifying brands.

B. Initial Fuel Testing

Laboratory analysis of the Florida gasoline samples was done primarily to determine
oxidation stability and relative level of deposit control additive. Compositional analysis was
also done to potentially point to suspect individual or groups of compounds likely to cause
injector fouling or fuel instability. All samples were subjected to the following analyses at
SwRI: distillation (ASTM D 86), solvent washed and unwashed gum (ASTM D 381),
induction period (ASTM D 525), total sulfur (ASTM D 2622), peroxide number (ASTM D
3703), manganese content (ASTM D 3831), and copper content (atomic absorption). A
portion of each sample was sent to ChevronTexaco in Richmond, CA, for detailed
hydrocarbon analysis by gas chromatography.

Afier laboratory testing was coniple‘sed, all samples were tested in the PFI bench rig
according to ASTM D 6421 using the standard pintle style injectors specified by the test

method. After all samples had been tested once, five samples were chosen for replicate
testing.

C. PFI Tests with OEM Injectors

A second phase of testing was conducted to determine the fouling tendency of current
original equipment manufacturer (OEM) injectors. Two OEMs provided both new injectors
and several from the field that were reportedly fouled. Testing was done according to D
6421 with the exception that OEM injectors were substituted for the standard pintle injectors.

Before testing started, photos of the injector tips were taken under a magnification sufficient
to see surface detail (about 100x). All injectors were then cleaned according to the procedure
in D 6421. The bench rig required minimal modification to accommodate the OEM
injectors, specifically addition of a bushing at the tip end to ensure snug metal-to-metal
contact between injector and heating block. The reference fouling fuel was a volumetric
blend of 75% Phillips 65 percentile gasoline and 25% Koch unleaded regular gasoline,
which was previously found by SwRI to provide consistent fouling results. The reference
fuel was checked for fouling tendency by running a test with standard pintle injectors prior to
running the OEM injectors. Photos of injectors were also taken at the end of test. However, a
considerably lower magnification level was used than at the start of test, and no analyses of
the photos of the injector tips were done.



OEMI obtained two-hole director plate-type injectors in Florida from four vehicles equipped
with V-6 engines that had experienced symptoms of fouling as determined by injector
balance tests performed at dealerships. This test procedure calls for firing each injector
individually by means of a scan tool. The decrease in pressure for each injector is measured
as it fires, and a low change in pressure relative to the average indicates restricted fuel flow.

From the four sets of six injectors, two sets of four injectors were selected for testing, each
set containing one injector that had shown a low pressure drop in the injector balance test and
three normal injectors. In addition, one set of four new injectors was also tested.

OEM?2 provided three sets of injectors, all from four-cylinder passenger car engines. Two of
the sets consisted of new injectors obtained from OEM2’s local parts warehouse and
forwarded directly to SWRI. These injector sets were of two different designs, one a piatle-
type and the other an eight-hole director plate-type. The third set consisted of used pintle-
type injectors returned by a dealership service department. The vehicle’s engine
management computer had indicated an injector-related problem. The injectors were
removed from the engine and confirmed to be plugged by visual inspection.

OEM field injectors were also evaluated using four Florida fuels that were selected to
represent a 2 x 2 matrix of high and low fouling and unwashed gum levels:

e 504626 (low fouling, low unwashed gum)

s 505623 (high fouling, low unwashed guin)

e 504629 (low fouling, high unwashed gum)

* 504625 (high fouling, high unwashed gum)
D. Additive Testing

Members of the PFI Panel submitted four deposit control additives to SwRI for testing in the
bench rig. The additive samples were coded by SwRI such that the identities were not
known even to the submitters. The four additives were labeled as A, B, C, and D; panel
members were not made aware of which chemistties they reptesented.

Each additive was blended into reference fouling fuel starting at a concentration of 40 pounds
per thousand barrels (ptb) and evaluated according to D 6421. If greater than 10% fouling
was obtained, the concentration was increased to 60 ptb. If fouling was still greater than
10%, the concentration was increased to 100 ptb.

Subsequently, the following were also tested: (1) Additive A at 40 and 60 ptb in reference
fouling fuel containing 10% ethanol; (b) Additive B at 140 ptb in reference fouling fuel; (c)
Additive D at 20 ptb in reference fouling fuel; (d) Additives A, B, and C at 40-100 ptb in
reference fouling fuel with OEM injectors to compare fouling levels between these and
standard test injectors. All additives in (d) started at 40 ptb and progressed to higher
concentrations if fouling was greater than 10%. The actual concentrations evaluated were as
follows. Additive A: 40 and 60 ptb; Additive B: 40, 60, and 100 ptb; Additive C: 40 ptb.
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E. Correlation Tesgting with ASTM D 5508

The PFI Panel asked SWRI to solicit fuel samples from their customers who recently had
vehicle PFI tests done according to ASTM D 5598 vehicle test. Six samples were obtained,
tested according to D 6421, and results from the two test methods were compared. None of
the samples were originally associated with the test program. Fuel origin, fuel composition
{other than ethanol content), nor additive type or concentration were provided for the
samples. '

IV. RESULTS AND DISCUSSION

A. Initial Fuel Testing

All fuels met the stability specifications set by ASTM D 4814. Solvent washed gum was
consistently 0.5 mg/100 ml or less, while induction period ranged from 363 minutes to no
break point after 1440 minutes. Peroxide was not detected in any of the samples. Copper, a
known fuel oxidation promoter, was detected at only very low levels ranging from 0.007 to
0.039 mg/kg. Manganese content was measured primarily to identify imported gasoline
containing the organometallic octane enhancer, MMT, but was not detected in the samples.

Deposit control additive content was measured indirectly by unwashed gum with higher
values inferring higher levels of deposit control additive in the fuel. Unwashed gum values
ranged from 8 to 27 mg/100 ml, but samples clustered into two distinct groups: those below
12 mg/100 m! and those above 22 mg/100 ml. Fourteen samples had values of 12 mg/100 ml

or less and six samples had values of 22 mg/100 m! or greater. Complete laboratory test
results are shown in Tables 1a and 1b.

Detailed hydrocarbon analysis provided organic compound class distribution, a carbon
number distribution, total volume percent conjugated diolefins, and volume percent of five
specific compounds indicative of pyrolysis gasoline. Olefins ranged from 8.4 to 15.7 volume
percent and aromatics ranged from 27.8 to 35.6 volume percent. Thirteen samples contained
oxygenate levels less than 1 volume percent, and seven samples contained between 1 to 5
volume percent oxygenate with the highest level being 4.7 volume percent. Five samples
contained pyrolysis gasoline, defined as containing more than 0.1 volume percent
dihydrodicyclopentadiene. Complete DHA results are found in Tables 2a and 2b.

For the Florida samples, average fouling in the PFI bench rig ranged from —0.5 to 26.7. Six
out of the twenty samples showed fouling above 10%, three from Ft. Lauderdale and three
from Tampa. Two samples had average fouling greater than 20%.

Maximum fouling values were also analyzed. While six samples had average fouling greater
than 10%, nine samples had maximum individual injector fouling greater than 10%. In
general, however, maximum fouling values mirrored average values. Average and maximum
fouling values after 44 cycles are shown in Figures 1 and 2, respectwely Complete PFI test
results are shown in Tables 3a and 3b.
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The fact that six samples showed fouling greater than 10% raised questions about the PFI
bench rig results. To address concerns about test precision, replicate tests were run on five
samples representative of varying levels of unwashed gum, induction period, and fouling
levels chosen from both sampling areas. Samples 504621 and 504633 had low unwashed
gum, average fouling levels of 10.9 and 13.3%, and induction periods of 993 and greater than
1440 minutes, respectively. Samples 504622 and 504635 had low unwashed gum, average
fouling levels of 2.0 and 2.1%, and induction periods of 363 and greater than 1440 minutes,
respectively. Sample 504625 had high unwashed gum, an average fouling level of 26.7%,
and an induction period of 838 minutes.

Replicate average fouling results for three samples were considerably higher than the original
values. Sample 504621 saw a doubling in fouling (10.9 to 21.2%), while samples 504622
and 504635 each saw about a six-fold increase (2.0 to 12.4% and 2.1 to 13.1%, respectively).
Sample504625 saw essentially no change (26.7 to 26.5%) while sample 504633 saw a small
decrease in fouling (13.3 to 10.9%). Results for replicate test are shown in Figure 1 and
Tables 3a and 3b.

The time interval between replicates varied from approximately 4 to 12 weeks, and for four
samples, the interval was 8 weeks or longer. The fuels were kept in cold storage during this
time; however, none were evaluated prior to running the replicate to see if stability properties
had changed during storage.

The reasons for the increase in fouling could not be explained by unwashed gum and
induction period. For instance, samples 504633 and 504635 both had low unwashed gum
and no break point. The samples were stored for roughly 12 and 11 wecks, respectively,
before the replicate was run. Yet 504633 showed a small decrease in fouling whlle 504635
saw a modest increase. :

The statistics function within Microsoft Excel® was used to correlate fuel properties to
fouling tendency. The properties used in the correlation analysis were: unwashed gum
(mg/100 ml), induction period (minutes), total sulfur (mg/kg), olefins (volume percent),
conjugated diolefins (volume percent), pyrolysis gasoline content (volume percent),
temperature at 50% percent evaporated (T50 reported as °F), and Driveability Index.
Induction periods greater than 1440 minutes were listed as 1440 minutes. In this analysis
pyrolysis gasoline content was the sum of styrene, indene, dicyclopentadiene,
dihydrodicyclopentadiene, and tetrahydrodicyclopentadiene,

The correlation coefficient between injector fouling and all fuel properties were less than

+0.5; the highest correlations occurred for unwashed gum (0.39) and TS50 (-0.44). A
complete list of coefficients is found in Table 4.

B. PFI Tests with OEM Injectors

Injectors from OEMI1 were all of the same design with a flat, circular director plate at the tip
containing two centered holes through which fuel flows and is atomized into a spray pattern
suitable for mixing with air. Injector fouling occurs when one or both holes become
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occluded with oxidized fuel, resulting in restricted fuel flow, The new get of injectors was

labeled “OEMI1-N” and the field injector sets were labeled “OEM1-U1 and “OEM1-U2".

All tests were run using reference fuel to 44 cycles. Prior to running OEM injectors, a test
was done with standard pintle injectors and reference fouling fuel. Average fouling was
32.1%, and individual injectors ranged from. 23.8 to 39.7% fouled, providing confidence that
the bench rig was operating properly.

With OEM1-N, average fouling was 7.1%, ranging from 2.0 to 13.3%. Average fouling with
OEM1-U1 was 7.2% with a range from —0.9 to 28.8%. With OEM1-U2, average fouling was
16.9%, ranging from 1.2 to 53.7%. In sets OEM1-Ul and —U2, injector number 4 was the
one that had fouled in the field according to the injector balance test. However, in the bench
rig, both injectors showed only low levels of fouling.

SwRI also ran OEM1-U2 out to 66, 88, and 110 cycles. Average percent fouling was
relatively constant up to 88 cycles, and then it increased sharply after 110 cycles. Also,
injector number 2 showed the highest level of fouling after all measurement periods with the
exception of after 88 cycles when injector 1 showed the highest level of fouling.

Injectors from OEM2 were of two different designs. One design was a director plate-type
similar to that of the injectors submitted by OEMI, but the top contained eight holes in a
circular pattern. This set was labeled “OEM2-N2” and consisted of new injectors only.  The
remaining two injector sets from OEM?2 were of the pintle-type design, in which fuel flows
through a single orifice and around a concentric, protruding pintle. Injector fouling occurs in
this design when deposits form in the space between the pintle and orifice wall. These
injector sets were submitted in both new and used condition, and labeled “OEM2-N1” and
“OEM2-U1”, respectively.

With OEM2-N1, average fouling was 34.4%, ranging from 0.4 to 51.7%. Average fouling
with OEM2-N2 was —0.4 with a range from —1.5 to 0.9%. With OEM2-U1, average fouling
was 21.9%, ranging from 6.0 to 41.9%.

Average and maximum fouling levels are shown in Figure 3, and complete PFI test resuits
are shown in Table 5.

C. PFI Tests with OEM Injectors and Florida Fuels

Four Florida fuels (504623, 504625, 504626, and 504629) were evaluated using injector sets
OEM1-U2, OEM2-N1, and OEM2-N2. All tests were run on rig E. SwRI felt that extending
the test beyond 44 cycles to 88 cycles would improve the chance of a fuel to show fouling

tendency since the injectors were not pre-screened for fouling tendency as required by the
test method.

With OEM1-U2, OEM2-N1, and OEM2-N2, the two low fouling fuels (504626 and 504629)

both showed minimal or no fouling after 44 or 88 cycles. Fuel 504623 (high fouling, low
unwashed gum) showed 3.0%, 3.5%, and 0.9% fouling after 44 cycles and 8.3%, 13.3%, and
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1.3% fouling after 88 cycles in the three injector sets, respectively. Fuel 504625 (high
fouling, high unwashed gum) showed 7.9%, 14.9%, and 4.1% fouling after 44 cycles and
17.2%, 24.0%, and 8.2% fouling after 88 cycles in the three injecior sets, respectively..

Average fouling levels Aare shown in Figures 4a and 4b after 44 and 88 cycles, respectively,
and complete injector test results are shown in Tables 6a and 6b.

D. PFI Tests with Deposit Control Additives

Additives A, B, C, and D were evaluated in reference fouling fuel according to D 6421.
Additive A showed a classic response as concentration increased. Fouling was 31.4% at 40
ptb, 12.7% at 60 ptb, and 1.7% at 100 ptb. Additive B at 40 ptb showed 20.3% fouling, but
at higher concentrations, percent fouling remained essentially the same: at 60 ptb it was
19.0% and at 100 ptb it was 21.3%. Additive C at 40 ptb showed 20.9% fouling; at 60 ptb,
fouling dropped to —1.4%. Additive D showed 0% fouling at 40 ptb.

Additive A had been run on rig A while the other three additives had been run on rig E. The
question arose whether the performance of Additives B and D was true or whether test rig
variability could have been responsible for the unexpected results. To answer the question of
performance, Additive B was rerun at 140 ptb and Additive D was rerun at 20 ptb to see if
the fouling levels could be moved. To answer the question of rig variability, both additives
were tested at each concentration in rigs A and E.

Additive B at 140 ptb showed approximately double the fouling level of the lower
concentrations. Results were comparable in rigs A and E, 42.2 and 45.6%, reSpectively
Additive D showed a sharp increase in fouling at 20.ptb. Results were comparable in rlgs A
and E, 26.5 and 23.8%, respectively.

The results indicated the performance of the additives was true and the results were
comparable in either test rig. Additive B did not appear to be formulated for optimum fuel
injector performance in the bench rig while additive D appeared to be highly tuned to prevent
injector fouling, at least in the bench rig.

Average fouling levels after 44 cycles are shown in Figure 5, and complete injector test
results are shown in Table 7.

The effect of ethanol on the performance of additive A in the PFI bench rig was also
investigated. Reference fouling fuel was blended with 10 volume percent ethanol and dosed
at 40 and 60.ptb additive A. With no additive present, fouling was 25.1% (vs. 53.3% without
ethanol); at 40 ptb fouling was 12.2% (vs. 31.4% without ethanol); and at 60 ptb fouling was
2.3% (vs. 12.7% without ethanol).

Average fouling levels after 44 cycles are shown in Figure 6, and complete injector test
results are shown Table 8.
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E. PFT Tects With Denosit Control Additives and QOEM Iniectorgs

. A

Additives A, B, and C were evaluated using five OEM injector sets and reference fouling
fuel to compare their response to additive concentration relative to standard test injectors.
Each additive was blended into reference fouling fuel starting at a concentration of 40 ptb. If
fouling greater than 10% was obtained, the concentration was increased to 60 ptb. If fouling
was still greater than 10%, the concentration was increased to 100 ptb. Since OEM injectors
were not screened for fouling tendency as the standard test injectors were, total test cycles
were increased from 44 to 88.

(i) Additive A

Four out of five mjector sets showed either no fouling or very low levels at 40 ptb.
OEMI1-N showed no fouling after 44 or 88 cycles; OEM1-U2 showed no fouling after
44 cycles and 0.8% fouling after 88 cycles; OEM2-N1 showed fouling levels of 1.1%
after 44 cycles and 1.8% after 88 cycles; OEM2-Ul showed no fouling after 44
cycles and 2.5% fouling after 88 cycles.

Only OEM1-U1 showed any appreciable fouling. At 40 ptb, fouling was 1.1% after
44 cycles and 12.5% after 88 cycles. When the concentration was increased to 60
ptb, fouling was 1.2% after 44 cycles and 5.6% after 88 cycles.

Average fouling levels after 44 and 88 cyéles are shown in Figures 7a and 7h,
respectively, and complete injector test results are shown Table 9.

(i) Additive B

At 40 ptb, OEM1-N showed 1.0% fouling after 44 cycles and 2.8% fouling after 88
cycles.

At 40 ptb, OEM1-U1 showed 7.1% fouling after 44 cycles and 22.9% after 88 cycles.
When the concentration was increased to 60 ptb, fouling was 14.1% after 44 cycles

and 9.1% after 88 cycles. At 100 ptb, fouling was 1.1% after 44 cycles and 14.1 %
after 88 cycles.

OEM1-U2 showed no fouling after 44 or 88 cycles at 40 ptb.

OEM2-N1 showed 29.8% fouling after 44 cycles and 37.7% fouling after &8 cycles.
At 60 ptb, OEM2-N1 showed 21.9% fouling after 44 cycles and 33.1% fouling after
88 cycles. When the concentration was increased to 100 ptb, fouling was 14.0% after
44 cycles and 37.1% after 88 cycles.

At 40 ptb, OEM2-U1 showed 16.8% fouling after 44 cycles and 39.2% fouling after
88 cycles. At 60 ptb, fouling was 19.4% after 44 cycles and 28.4% after 88 cycles.
When the concentration was increased to 100 ptb, fouling was 19.0% after 44 cycles
and 29.1% after 88 cycles.
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Average fouling levels after 44 and 88 cycles are shown in Figures 8a and 8b,
respectively, and complete injector test results are shown Table 10.

_ (iii) Additive C

All injector sets showed low levels of fouling at 40 ptb. OEMI-N showed 3.1%
fouling after 44 cycles and 6.2% fouling after 88 cycles. OEMI1-U1 showed 0.1%
fouling after 44 cycles and no fouling after 88 cycles, while OEM1-U2 showed 0.7
and 1.1% fouling after 44 and 88 cycles, respectively. OEM2-N1 showed 0.1%
fouling after 44 cycles and 1.5% fouling after 88 cycles, while OEM2-U1 showed 1.7
and 4.7% fouling after 44 and 88 cycles, respectively.

Average fouling levels after 44 and 88 cycles are shown in Figures 9a and 9b,
respectively, and complete injector test results are shown Table 11.

F. Comparison of Bench Rig and Vehicle Fouling Results

An earlier study reported that a pass in the vehicle test, defined as no one injector having
more than 5% fouling, would be predicted if average fouling after 44 cycles in the bench rig
was no more than 10%. This same study also reported a higher fouling severity in the bench
rig relative to the vehicle test’, The current results confirmed higher fouling levels in the
bench rig. However, ASTM D 6421 (bench rig) afier 44 cycles and D 5598 (vchicle test)
after 10,000 miles showed no correlation either for average or maximum fouled injector
results. Also, a simple pass-fail outcome could not be predicted.

All six fuel samples showed higher fouling result in the bench rig after both 22 and 44 cycles
relative to the vehicle test after 10,000 miles. Samples CRC-03 and CRC-04 showed the
greatest disparity in results. Fouling in the bench rig was about 40% for both samples while
in the vehicle, the highest fouled injector for CRC-03 was 4.24% and for CRC-04 was
-0.16%. SwRI indicated that originally CRC-01 and CRC-04 had been blended with 10
volume percent fuel-grade ethanol by them; CRC-02 and CRC-03 had arrived at SwRI
already containing 10 volume percent ethanol; and CRC-05 and CRC-06 had no ethanol.
However, with only six samples, it was not clear whether the presence of ethanol affected the
correlation. Results from the two test methods are shown graphically in Figure 10 and
complete injector results are shown in Table 12.

Additive chemistry and test conditions may have affected the correlation between the two
test methods. Based on the variability in performance in the bench rig, Additives A, B, C,
and D most likely represented different chemistries and/or formulations. Also, the two
methods had quite different injector soak temperatures. D 6421 used a temperature of 160°C
+ 5°C for the injector heating block while D 5598 required injector 3 to have a maximum
skin temperature of greater than 90°C for more than 95% of the soak cycles. It is possible
that an additive formulated for testing in D 5598 is not thermally stable at the soak
temperature encountered in D 6421. Thus, an additive could pass D 5598 and perform
poorly in D 6421.
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Figure 8b: Average Fouling Results for Additive B and OEM Injectors After 88 Cycles
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APPENDIX A

MEMBERSHIP OF THE CRC DEPOSIT GROUP

PORT FUEL INJECTOR PANEL
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A-1

MEMBERSHIP OF THE CRC DEPOSIT GROUP PFI PANEL

Name Affiliation
N. L. Avery, Deposit Group chairman ExxonMobil
| A. Buczynsky, PFI Panel co-chairman General Motors
J. Jetter, PF1 Panel co-chairman Honda R&D Americas
M. Ahmadi | Chevron Oronite
I. Galante-Fox ] Delphi
L. M. Gibbs Chevron Products Company
J. T. Joseph BP Gil
A. Kulinowski Afton Chemical .
R. Peyla Chevron Oronite
J. Russo Shell Global Solutions
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APPENDIX B

CRC PORT FUEL INJECTOR PANEL PROGRAM
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Title:
Project:

Objective:

Deliverables:

2003 CRC PORT FUEL INJECTOR FOULING SURVEY
CM-136-03

Determine the extent of fuel injector fouling in one region of the US and the
adequacy of current deposit control additive dosages to prevent injector fouling.

(1) An assessment of port fuel injector fouling tendency of commercial gasoline
samples collected in one region of the US. (2) A correlation between injector fouling
tendency and fuel properties. (3) A comparison of the fouling tendency of standard
test injectors to current OEM injectors. (4} An assessment of the adequacy of a

Lowest Additive Concentration (LAC) of a deposit control additive in preventing
fouling in current OEM injectors.

Test Program Plan

Test
Apparatus:

Fuels:

Fuel Testing:

ASTM D 6421, the PFI bench test, will be used to determine the fouling tendency of
gasoline samples. This test is a quick and inexpensive means to measure fouling
tendency. The bench test has been cormrelated with the vehicle injector-fouling test,
ASTM D 5598, and has been shown to be a good prechctor of PFI fouling (SAE
1999-01-1548).

Florida was chosen as the region to collect commercial gasoline samples. Several
OEMs have determined Florida to be an area of very high injector fouling problems.
The state has a unique distribution system in that its gasoline is almost exclusively
supplied by marine transport. In addition the two Florida coasts receive gasoline
from different sources: the Gulf Coast (Tampa) is supplied by US Gulf Coast
refineries, whereas the southern Atlantic Coast (Miami) is supplied primarily by
offshore refineries in the Caribbean, South America, or across the Atlantic Ocean.

Commercial gasoline will be obtained from, 8-10 of the main marketers in both
Tampa and Miami, FL. Ten gallons of unleaded regular gasoline will be collected
from each service station. Research on the supply system will be done in advance to
ensure the fuel samples are sourced from as many different terminals as possible.

The following gasoline analysis will be done at Southwest Research Instifute:
Distillation by ASTM D 86

Unwashed and solvent washed gum content by ASTM D 381

Induction period by ASTM D 525

Total sulfur by ASTM D 2622

Peroxide number by ASTM D 3703

Manganese by ASTM D 3831

Diolefins by maleic anhydride test method

Copper by UOP-144

57



Detailed hydrocarbon analysis of the gasoline samples will be done by Chevron
Products Company.

Test Plan: The injector-fouling tendency of each commercial gasoline will be measured using
ASTM D 6421 at Southwest Research Institute. Injectors recommended by General
Motors and Honda will be substituted into the PFI bench rig, and their fouling
tendency will be measured using a known fouling fuel without deposit control
additive such as Port Fuel Injector Fouling Fuel or another fuel selected by SWRE. If
fouling is observed, the GM and Honda injectors will be tested using the same fuel
now containing a LAC dosage of a deposit control additive. Additive supplier or fuel
marketers will supply LAC additives as blind samples along with treat rates. SWRI
will pick one at random to use in testing.

Timing: Commercial fuels will be collected in July/August 2003. Testing will start shortly
thereafter.

Program Costs (Plan)

Fuel Sampling $3,000 (20 10-gallon samples @ $150/sample}

Fuel Analysis  $7,340 (20 samples at $367/sample)

PFI Test: $9,100 (20 fuels + 6 injector/additive tests @ $350/test)

TOTAL: $19,440

Andrew Buczynsky and Jeff Jetter, Co-Chairmen

CRC PFI Panel
April 2003
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CRC PORT FUEL INJECTOR PANET, PROGRAM
Title: 2003 CRC PORT FUEL INJECTOR FOULING SURVEY
Project: CM-136-03
Objective: Determine the extent of fuel injector fouling in one region of the US and the

adequacy of current deposit control additive dosages to prevent injector fouling.

Deliverables: (1) An assessment of port fuel injector fouling tendency of commercial gasoline
' samples collected in one region of the US. (2) A correlation between injector fouling
tendency and fuel properties. (3) A comparison of the fouling tendency of standard
test injectors to current OEM injectors. {4) An assessment of the adequacy of a
Lowest Additive Concentration (LAC) of a deposit control additive in preventing

fouling in current OEM injectors.

Results from Phase 1

Twenty commercial fuels have been collected in Miami and Tampa, FL. They were analyzed for
composition, oxidation stability, and additive content and tested for fouling tendency using the bench
rig at SWRI. A number demonstrated higher-than-expected fouling characteristics (6 of 20 fuels
showed >10% fouling). No correlation was found between injector fouling and any fuel properties,
inchuding additive content. Based on unwashed gum content, fouling fuels appeared to include those
with lower additive dosages as well as those with premium dosages. Replicate PFI bench tests on
five samples resulted in a large increase in fouling for three samples. The reason for the increase in

fouling is not known; however, the time lag between replicate tests was about 2 months, indicating
fuel stability may have been a factor.

Budget: $19,440
Spent: $18,910

Proposal for Phase 2

Objective: Compare the fouling tendency of current OEM injectors to standard Chrysler test
injectors using the PFI bench test. Assess the adequacy of current commnercial
deposit control additive concentrations to prevent fouling in standard Chrysler test
injectors. Compare performance in the bench rig to performance in the Chrysler PFI
vehicle test.

Deliverables: (1) A comparison of fouling in new and warranty-return injectors from GM and
Honda to Chrysler test injectors. Testing in the PFI bench rig will be done using
director plate (GM and Honda) and pintle style (Honda) injectors. Test fuel will be
PIFF and several Florida fuels. Test other OEM injectors if available. (2) An
assessment of detergent dosage impact on fouling in standard Chrysler test injectors
using several commercial deposit control additives. Testing will be done initially
with PIFF and then with one or more Florida fuels. (3) A comparison of fouling
observed in the Chrysler PFI vehicle test to results obtained in the PFI bench nig.
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Several fuels will be solicited from parties conducting testing at SWRI. The fuels
will be analyzed for composition, oxidation stability, additive content by unwashed
gum, and PFI fouling in the bench test,

Test plan: See Appendix [, I and I for specific details of the test plan.

Budget: $50,000

Andrew Buczynsky and Jeff Jetter, Co-Chairmen
CRC PFI Panel :
January 2004
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Objective:

Test procedure:

Budget:

Compare the fouling tendency of current OEM injectors to standard Chrysler test
injectors.

The procedure for testing warranty-retum injectors is as follows:

1)

2)
3)

4)
5)

If possible, obtain information (i.e., driving patterns, engine parameters, etc.)

about the vehicles from which the injectors were obtained.

Clean all injectors using the procedure found in Annex A4.3 of ASTM D 6421.

View injector tips under microscope magnification and photograph them. The

magnification should be high enough to show detail of the surface roughness.

Run all injectors in the PFI bench rig using PIFF.

Select four injectors of each style (i.e., GM director plate, Honda director plate,

Honda pintle} with the highest fouling level and rerun them in the bench rig using

one known Florida fouling fuel.

i. Before running a Florida fuel in the bench rig, obtain a new baseline fouling

value using standard Chrysler injectors. Also, determine the extent of fuel
aging by measuring oxidation stability (D 525) and gum (D 381).

The procedure for testing new injedtors is similar to the one above with the exception
that injector cleaning will not be done.

1y

2)
3)

4

View injector tips under microscope magnification and photograph them. The
magnification should be high enough to show detail of the surface roughness.
Run all injectors in the PFI bench rig using PIFF.

Select four injectors of each style (i.e., GM director plate, Honda director plate,
Honda pintle) with the highest fouling level and rerun them in the bench rig using
one known Florida fouling fuel.

i. Before running a Florida fuel in the bench rig, obtain a new baseline fouling
value using standard Chrysler injectors. Also, determine the extent of fuel
aging by measuring oxidation stability (D 525) and gum (D 381).

If injectors from other OEMs are available, test them in the same fashion as
described in steps 1-3.

Injector photos: $50 x 60 = $3,000

PFI bench test with PIFF: $350 x 12 = $4,200

Fuel aging evaluation fuel analysis set: $272 x 2 = $544
Total: $7,744 '

Additional PFI tests: $350 per sarple

61



Objective:

Test procedure:

Budget:

Appendix II

Assess the adequacy of current commercial deposit control additive concentrations to
prevent fouling in standard Chrysler test injectors.

Testing will be done using at least two commercial additives that represent different

chemistries. '

1) Run additive A at 40, 60, and 100 ptb (detergent active components) in PIFF in
the PFI bench rig. )

2) Run additive B at 40, 60, and 100 ptb (detergent active components) in PIFF in
the PFI bench rig.

3) If fouling greater than 10% is observed at a particular concentration, run four
selected GM and Honda injectors of each type (i.c., GM director plate, Honda
director plate and pintle style) using the same fuel.

i. Test other OEM injectors if available.

PFI bench test with standard injectors and PIFF: $350 x 6 = $2,100
Additional testing with OEM injectors: $350 per injector set
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Objective:

Test procedure:

Budget:

Appendix HI

Compare performance in the bench rig to performance in the Chrysler PFI vehicle
test.

SWRI will contact customers running the Chrysler PFI test and ask permission to
obtain five gallons of additized fuel for testing in the PFI bench rig and for laboratory
testing. Fuels that have both passed and failed the vehicle test will be solicited.
1) Run the fuel in the PFI bench rig.
2) Analyze the fuel for:
i. Distillation by D 86
il. Sulfur
iii. DHA .
iv. Oxidation stability by D 525
v. GumbyD 381
vi. Potential Gum by D 873, with 4 hour time

Fuel analysis: $877 per sample (assuming SWRI runs DHA)

PFI bench test: $350 per sample
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