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Abstract

=  Shortly after the formation of a Deposit Panel within the CRC Diesel Performance Group,
the EMA approached the Panel and requested initiation of an urgent effort to evaluate the
causes of a new internal injector deposit problem. The panel diverted attention to this
issue and formed three sub-panels:

— Data Analysis and Recommendation
— Bench/Rig/ Engine Investigation
—  Engine Investigation

= The Bench / Rig / Engine Investigation Panel identified two potential rigs for evaluation.
This program which required no CRC funding was conducted to determine if any of these
rigs would discriminate among known deposit forming and non deposit forming fuels.

= This report provides a detail description of both rigs and the results obtained in each case
using seven fuels in a statistically designed matrix. Being an initial scoping study,
parameters such as additives, biodiesel, and impurities were not included.



Obijective

= |dentify or develop a laboratory bench top or test rig for
evaluating fuel’s tendency to cause internal injector
deposits as well as additive’s effectiveness to avoid

such deposit formations.



Scope

= This initial phase was a limited scoping and screening
program using two in-house tests to determine if fuels
which are expected to cause internal injector deposits
can be differentiated from those that are not expected to
form such deposits.



Not Included in This Study

= Detail study of:
— Impurities
— Additives
— Biodiesel



Test Fuels
Each Fuel Was Tested Twice in Each Rig

e [Deserpton _______|Souce |Designation

EPA S15

EPA S15

CARB

EPA S15
Formulated

EPA S15
Formulated

Old Fuel

Reference 93

Real world fuel from a region that has not had
issues

Real world fuel from a region that has had
issues

Typical California diesel assumed to have no
issue

Deposit forming formulated

Not deposit forming formulated

Higher sulfur, from overseas

35 ppm sulfur, made to a recipe, deposit
forming

The EMA

The EMA

Chevron

Afton Chemical

Afton Chemical

Innospec

Innospec

EPANoDep

EPADep

CARB

RDep

RNoDep

HiSulf
R93
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Fuel Analysis

= Specific gravity or density
= Sulfur level

= Distillation

= Metals content by ICP

= Thermal stability

= Ash content

= NACE corrosion (TM0172)

An attempt was made to determine what types of additives,
If any, exist in each fuel.
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Volunteer Fuel Analysis Laboratories

= BP Naperville
= Chevron

= ExxonMobil Research and Engineering



Results



Sulfur Level

RNoDep

R93

HiSulf

Fuel

EPANoDep

EPADep

CARB

Color by
Lab Code
| K
3 H:
B3
Shape by
Lab Code
4% oy
2
+3
¢
*n
0 100 200 300 400 500 600 700 800

Sulfur (ppm)

Different method used by each lab — D7039, D5453, D2622-1.
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Distillation — Initial Boiling Point

RNoDep

R93

HiSulf

Fuel

EPANoDep

EPADep

CARB

Color by
Lab Code

"k
b 4 2
* 53

Shape by
) Lab Code
2
+3

330 340 350 380 370 380 390 400 410
D86 Initial Boiling Point (°F)
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Distillation — 50% Recovered

RNoDep

R93

HiSulf

Fuel

EPANoDep

EPADep

CARB

Color by
Lab Code

.. K
x . >
* 53

Shape by

) Lab Code

X % ¢
2

+3

x #

R &

v

485 490 495 500 505 510 515 520 525
D86 50% recovered (°F)
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Distillation — 90% Recovered

RNoDep

R93

HiSulf

Fuel

EPANoDep

EPADep

CARB

Color by
Lab Code
|
B2
s
Shape by
X Lab Code
b 4 + % %1
2
+3

585 590 595 600 605 610 615
D86 90% recovered (°F)
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Distillation — End Point

RNoDep

R93

HiSulf

Fuel

EPANoDep

EPADep

CARB

640
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D86 End Point (°F)
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Color by
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Shape by
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X %
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+3
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Ash Content

Color by
Lab Code
H
RNoDep * x E
[ E]
Shape by
: Lab Code
R93 * x %1
* 2
+3
HiSulf * >
©
3J
L
EPANoDep W ®
EPADep * 52
CARB * b 4
<0.001 <0.005 0.001 0.002
Ash

Two labs reported ash (D482), one reported sulfated ash (D874).
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NACE Corrosion — TM0172

RNoDep

R93

HiSulf

Fuel

EPANoDep

EPADep

CARB

B++

x

B+
NACECorrosion

Color by
Lab Code
|

B2

[ E]
Shape by
Lab Code
xK1
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+3
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Density

Color by
Lab Code
| K
RNoDep ’ >
B3
Shape by
X Lab Code
R93 R ”*
* 2
+3
HiSulf x W
o
3
(1
EPANoDep x
EPADep *
cars  +%

0.836 0.837 0.838 0.839 0.84 0.841 0.842 0843 0844 0845
Density

One lab reported specific gravity (D1298), one lab reported API gravity (D4052),
and one lab reported density and API gravity (D4052). All were converted to density.
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Thermal Stability

RNoDep

R93

HiSulf

Fuel

EPANoDep

EPADep

CARB

90

91 92 93 94 95 96 97 98
D6468 Thermal Stability, % Reflectance

99

Color by
Lab Code

K
B2
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Shape by
Lab Code
x1
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Metal Content by ICP

Color by
Lab Code
| _
RNoDep x > 4 —+
[ E]
Shape by
, Lab Code
R93 * X % 1
* 2
43
HiSulf * »®
]
3
[T
EPANoDep W 4
EPADep * 2
CARB * x
<0.104 <0.45 <047 <0.5 <0.52 <0.53

CALCIUM

Metals were by ICP. One lab used EN 14538 (IP 547), one lab used D5185,
and one lab used proprietary ICP. All were below detection limits.
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Metal Content by ICP

RNoDep

R93

HiSulf

Fuel

EPANoDep

EPADep

CARB

Color by
Lab Code
. )
* X E
[ E]
Shape by
, Lab Code
* > 4 vy
2
+3
* %
* X
oo
* X
<0.015 0.018 0.081 <0.5 <45 <47 <52 <53
Na

Metals were by ICP. One lab used EN 14538 (IP 547), one lab used D5185,
and one lab used proprietary ICP. All were near or below detection limits.
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Caterpillar's Deposit Bench Test

= Conceived by Caterpillar Inc. circa 2006.
— Patent pending

= Simple and versatile setup that allows controlled
amounts of fuel and air to be combined at an elevated

temperature and pressure over an experimental
substrate.

* Intended to replicate conditions that lead to deposit
formation in engines, and to form representative
deposits in a short period of time.

= Used to test both fuels and oils.
= Considered a research tool.



Use of the Deposit Bench Test at Caterpillar

Test condition can be varied. See “Test Procedure”

Example 1: Confirmed impact of fuel system cleaner — simulated field observations.

Deposit (gr)

0.014 -

0.012

0.01

0.008

0.006

0.004

0.002

springs from

Deposit-causing addition

\_'/'\

X

i

bench test

Fuel Fuel + Deposit
Forming Additive

\ /Q Cleaner Impact

<

r

e

Fuel + Deposit Fuel + Deposit

Forming

Forming

Additive + Low Additive, Then

Dose Cleaner

Low Dose
Cleaner

Fuel + Deposit
Forming Additive,
Then High Dose

Cleaner
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Use of the Deposit Bench Test at Caterpillar

Example 2: Studied impact of fuel additives on fuel deposit propensity.
— Open Forum, SAE Congress, Detroit, MI, April 15, 2010

Weight of Deposits (g)

0.045

004 - B170DeqC

Mo Additive  Detergent Detergent & Detergent & Detergent &  Stabilizer Lubricity
Lubricity Lubricity Corrasion Addtv B
Addtv A Addiv B Inhibitar
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Test Procedure

= Typical operating conditions of the deposit bench test:

Pressure: 1000 psig
Temperature: 180 — 250°C
Air/fuel ratio: 5 — 10 by volume
Test fuel required: 300 mL
Test duration: 5 hrs

Deposits collected on the substrate (springs and
rod) are considered representative of “sticky”
internal injector deposits, or those that form on a
metal surface in an engine.

= Parameters measured:

Mass of deposit collected on test substrate
Mass of deposit collected on 40 um and 7 pm filters
* Deposits dried in vacuum oven at ~125°C for 16 hrs before weighing
In some cases analytical analysis of deposits, filters and tested fuels was conducted

- FTIR, TPO, SEM, EDS, etc. : : : :
Filter deposits are considered representative of

test fluid oxidation.

= Cleaning between tests:

The setup is rinsed by circulating solvents
* Presently pentane then acetone
» Historically heptane

If necessary the entire system can be dismantled and cleaned with a brush and acetone
» All Swagelok fittings and tubing can be replaced at low cost



Deposit Bench Apparatus

= Fuel Air === Fyel/Air Mixture

Location of Substrate (see inset) Inside Reactor
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Test Procedure

= A 300 mL test fuel sump can be heated and stirred as necessary.

= Fuel [Pk passes through a 10 ym suction filter and is pumped
and metered to 1000 psig at 5 mL/min.

= The fuel is then heated to 180°C as it travels to the reactor.

* Pressurized air at 1000 psig (blue) at 180°C and 25 mL/min. joins
the fuel line, tube-in-tube, before entering the reactor.

= Inside the reactor the deposit substrate (yellow) consists of two
steel springs supported on a steel rod. This substrate is weighed
before and after testing to measure deposit accumulation. (Heat
tape and insulation have been removed from the reactor for clarity.)

= The oxidized air/fuel mixture (orange) passes out of the reactor
through 40 um and 7um filters, and finally through the back-
pressure regulator. Fuel returns to the sump at atmospheric
pressure and is recirculated.



CRC Test Plan

Test Fuels

Old Fuel (HS) | EPA S$15 EPA S15 EPA S15 EPA S15 CARB | Reference 93
(Deposit (Not Deposit (Real World (Real World (35 ppm S,
Forming) Forming) No Issues) With Issues) Deposit Forming)

P1102-2413-A R11001612 R11001595 Detroit John Deere D8233 P1011-7749-A
with NaOH

P1102-2413-B R11001612 R11001595-B Detroit2 D8236 P1011-7749-B
without NaOH

= Fuels were tested in three stages.
— Each stage of testing conducted by a different team.

— May be variation in test operation:
» Cleaning and setup procedures
« Air flow rates

= |t was observed that a fuel could “flash” during testing. If this occurred,
large amounts of deposits resulted.
— This may have happened without notice by the operator during early testing.
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Caterpillar Rig

Data Presentation and Comments

Note: Due to timing and internal organization, fuels were tested in three stages, each by a different
team.



Deposit Results — Substrate Deposits

Many, but not all, of the results were repeatable.

Team 1 - Substrate Deposits
0.3

0.25

o
(N

Deposit Mass (g)
o
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0.1
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Deposit Results — Substrate Deposits

Adding NaOH did not cause deposits in all fuels.
Team 2 & 3 - Substrate Deposits

0.03
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Notes:

*The John Deere fuel test was shut down prior to completion due to excessive deposits clogging the system.
**The Cat Reference-3 test occurred after known system contamination. The difference between this measurement and the other

Cat Reference measurements is likely due to insufficient system decontamination. 35



Deposit Results — Filter Deposits

Obvious differences from the substrate deposits.

Team 1 - Filter Deposits

0

o
-
N

e
=N

0.08
0.06
0.04 1
0.02 A1

Deposit Mas




Deposit Results — Filter Deposits

Teams 2 & 3 - Filter Deposits
0.03

0.025

0.02

0.015

Deposit Mass (g)

0.01

0.005

Notes:

*The John Deere fuel test was shut down prior to completion due to excessive deposits clogging the system.
**The Cat Reference-3 test occurred after known system contamination. The difference between this measurement and the other
Cat Reference measurements is likely due to insufficient system decontamination.
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Caterpillar Observations and Conclusions

= Substrate deposit mass and filter deposit mass are the primary metrics of fuel
deposit propensity.
= The system is sensitive to changes in the operation details.

— Demonstrated difficulty in data repeatability.
* Some data was repeatable, but not all.

= The system history can impact data.

— Tests run after known system contamination seemed to have unusually high amounts of
deposits.

= |n many cases the amount of deposits generated was small enough to
challenge the detection limit of the balance used.

— Test conditions should be optimized to produce more measurable results and more
differentiation.

= The test rig may better represent some types of deposits than others.
— Oxidation-driven deposits are the prime target of the rig.

5-hour test time may not be optimum for all fuels.
— Different fuels may experience a different amount of degradation in 5 hours.

CAT, CATERPILLAR, their respective logos, “Caterpillar Yellow,” the “Power Edge” trade dress as well as corporate and product
identity used herein, are trademarks of Caterpillar and may not be used without permission.
©2012 Caterpillar All Rights Reserved



Caterpillar Rig

More Formal Data Analysis
Note: Due to timing and internal organization, fuels were tested in three stages, each by a different

team.



Fuel

All Data — Trellised by Team

Color by
RNoDep Fuel
Rdep Bl CARB
R93 N [ CaiRef
HiSulf * W [T CatRefNaOH
EPANoDepNaOH . [|[EPADep
EPANoDep w [l EPANoDep
EPADep [ EPANoDepN
CatRefNaQOH P Hisulf
CatRef k1 * w R93
CARB T | = = = | Rdep
RNoDep
Shape by
RN;E:g AirFlow
R93 ¢ g;s
HiSulf & 257
EPANoDepNaOH s +50'
EPANoDep & &
EPADep Test terminated due to excessive depositst >
CatRefNaOH
CatRef 2 3
CARB L 2R AR 2
RNoDep
Rdep
R93
HiSulf
EPANoDepNaOH ] A
EPANoDep 40
EPADep ]
CatRefNaOH 4
CatRef + 4
CARB
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 02 0.22 0.24

Substrate Deposit Mass (Q)
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Fuel

Teams 2 and 3 — Trellised by Team

Color by
Fuel
Rdep B CARB
B CatRef
R93 » [ CatRefNaOH
i ' itg > EPAD
EPANoDepNaOH Test terminated due to excessive deposits ” %EPANigep
[ EPANoDepN
EPANoDep Q Q e
EPADep Rdep
Shape by
CatRefNaOH AirFlow
®25
CatRef ¢ $25?

CARB ‘ ’ ‘ ‘ ’ 450

Rdep
R93
EPANoDepNaOH .
EPANoDep + O
EPADep 1
CatRefNaOH <

CatRef + +

CARB

0 0.002 0004 0006 0008  0.01 0.012 0014 0016 0018 002 0022 0024 0.026
Substrate Deposit Mass (Q)
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Fuel

All Data — Trellised by Team

RNoDep

Rdep

R93

HiSulf
EPANoDepNaOH
EPANoDep
EPADep
CatRefNaQH
CatRef

CARB

RNoDep

Rdep

R93

HiSulf
EPANoDepNaOH
EPANoDep
EPADep
CatRefNaOH
CatRef

CARB

RNoDep

Rdep

R93

HiSulf
EPANoDepNaOH
EPANoDep
EPADep
CatRefNaOH
CatRef

CARB

A 4
<o
L

*»

L
[

v

<l

*»

Y

+

Color by

Fuel

WcARB

B CatRef
w [[]CatRefNaOH
| |EPADep
[WIEPANoDep
[ EPANoDepN
[ Hisulf
[R93

[IRdep
RNoDep

Shape by

AirFlow

w7

025

& 257
w450

\
*
*
Yol
) 0 SO SR & 8 & & &8 * *
Test terminated due to excessive depositst

*

0.02 0.04 0.08 0.08 0.1 0.12 0.14 0.16

Filter Deposit Mass (g)

0.18
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Fuel

Teams 2 and 3 — Trellised by Team

Color by
Fuel
Rdep BCARB
B CatRef
R93 <><> [ CatRefNaOH
| |EPADep
EPANoDepNaQH [ EPANGDep
[ EPANoDepN
EPANoDep Q O ., R93
EPADep Test terminated due to excessive depositst > Rdep
Shape by
CatRefNaOH AirFlow
@25
CatRef ‘ <> 257

* o * o 2 o

Rdep

R93
EPANoDepNaOH .
EPANoDep Q <
EPADep
CatRefNaOH

CatRef + | + +

CARB

0.002 0.004 0.008 0.008 0.01 0.012 0.014 0.018 0.018 0.02 0.022 0.024
Filter Deposit Mass (g)

43






Methodology

Injector rig conditions used for the program.

| Variable ] seting

Injectors 4 new Bosch CRIN1 injectors
per run

Filters 2 new Fleetguard FF167 filters
per run

Pre-rig clean Repeat rinses with MeOH, MEPP
(Methoxy Propoxy Propanol), and
test diesel

Run time 100 hours

Cycle Standard rig test cycle

Injector tip temperature 180°C

Fuel tank temperature 35°C

Fuel volume 32 litres

RPM flywheel 1200
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Analysis

The following tests were carried out to measure deposition rates:

Filter Insoluble Carbon Total carbon from both filters Performed in triplicate
by TPO (ug/cm2) on both filters from run
See next page for definition of TPO

Injector Back Leakage Change in performance from Performed in duplicate
new injector on each injector

Injector Pressure Drop Change in performance from 5 tests on each injector

new injector

Injector Injector Tip Deposit  Normalized, blank corrected Test performed on all 4
carbon deposit level by TPO injectors from run
Injector Injector Needle
Deposit
Injector Injector Push Rod

Deposit
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Temperature Programmed Oxidation (TPO)

= Sample is placed in a quartz sample Wy Ml T —_—
boat and inserted into a temperature- AFTER BURNER — -\ eE S LATION
controlled furnace where it is heated b snrnr
in a calibrated oxygen atmosphere. il |L———.~————T”
Oxygen feed rate = 0.75 liters per ' '
minute.

= Starting temperature = 270°C. For
testing the temperature was increased -
to 700°C at a rate of 100°C per minute.

= The CO, resulting from the oxidation of
the carbon is detected by calibrated IR
detectors. anaLyTICAL

FLOW CONTROL VACLIUM

= Total carbon result calculated from
amount of CO, — can either be P i,
expressed per unit area (if known) or
normalized to a surface area = 1.

e e et =i + COMBEUETION
TUBE

1]

T 1 T
BOATSTOR | PURGE
THERMOCOUPLE

ANACE CATALYST
T

IR GELL OVEN 50°C

[Fu

rl]FILTEH

HEATER 85°C

Figure 2. Schematic of TPO system.
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Data Presentation and Comments



Analysis — Insoluble Filter Deposits

= Both fuel tank filters removed and
dismantled.

= 5 x 1 cm vertical sections removed
for analysis from each filter.

= Each section placed in 60 mL
tri-solvent (60/20/20 toluene/
acetone/methanol) and placed in
an ultrasonic bath for 30 minutes.

= Solvent then filtered through
0.7-micron GF filter paper.

= Filter paper rinsed with 2 x 25 mL
washes of isooctane and dried at
100°C for 2 hours.

= Test performed in triplicate on both
filters.




CRC Testing — Filter Deposits

= Each GF filter paper run on RC612 TPO Average Total Carbon
analyzer. Deposit (ug/cm?)

=  Sample was run under ramp method from 1 RNoDep 108.37
270°C to 700°C. ) RD 88,37
e .
= Total carbon calculated per unit area of P
original fuel tank filter paper (10 cm?). 3 EPANoDep 166.50
= Results quoted as average total carbon for 4 EPADep 103.60
both filters. 5 R93 80.13
6 HiSulf 66.50
Observations 7 CARB 7343
=  Hi Sulf, R93 and CARB gave lowest results. 8 CARB 73.80
= Increased filter deposits observed in _
Runs 3 and 14 following NaOH-treated runs . AUt S
of 2 and 13 — suggesting cleaning process 10 R93 65.50
not removing all NaOH_, as se_cond run with 1 EPADep 83.50
same fuel gave appreciably different results.
= \ery good repeatability achieved with the 12 SFANEIRY L2
exception of runs that followed NaOH 13 RDep 67.53
addition (3 and 14). 14 RNoDep 73.77
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Injector Testing

= Each injector removed from rig and
mounted in DIT31 Injector Tester.

= Each injector measured
pre- and post-test for: _ =

— Back leakage ERE
— Pressure drop

= Result quoted is difference
between pre- and post-test.
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CRC Testing — Back Leakage

= Test performed in duplicate on each of Average Change
all 4 injectors. (Pre- to Post-Test)/Seconds

= Results quoted are the average change

for all injectors from each run. L RNoDep 63

= Injector is pressurised to 1100 bar. 2 RDep -5.08

= Air supply is switched off and the pressure 3 EPANoDep 1.85
allowed to return to ambient.

= Back leakage is quoted as the time taken 4 EPADep 250
to fall from 600 to 200 bar. 5 R93 4.01

= 'I_'he_faster th_e _time, the gregter the 6 HiSulf 318
likelihood of injector seal failure.

=  The higher the negative value the greater 7 CARB -6.59
the loss of performance. 8 CARB -0.99

) 9 HiSulf -4.08

Observations

= High degree of variability between batches = R A
of same fuel. 11 EPADep -1.54

= Difficult to quantify significant changes in 12 EPANoDep 248
performance.

=  Not recommended as a performance 13 RDep -4.55
measurement. 14 RNoDep 0.98
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CRC Testing — Pressure Drop

= Test performed 5 times on each of all 4 Average Change
injectors. (Pre- to Post-Test)/Bar

= Results quoted are the average change for 1 RNoDep 0.15
all injectors from each run.

= Injector is pressurised to 1100 bar. 2 D e

= Air supply is switched off and the pressure 3 EPANoDep 4.55
allowed to retu.rn. to am.ble.nt. 4 EPADep 2 45

= At 750 bar the injector is fired for 8 ms.

=  The pressure drop during firing is measured > s Sl
in bar. 6 HiSulf 4.70

=  Asignificant fall in pressure drop from start to

7 CARB 1.45

finish is indicative of deposit buildup.

= An significant increase in pressure drop could 8 CARB -2.13
be indicative of injector'sticking’. 9 HiSulf 3.87

Conclusions (to date) 10 R93 10.30

= High degree of variability between batches of 1 EPADep 205
same fuel.

= Difficult to quantify significant changes in 12 SR ety S
performance. 13 RDep 0.95

= Not recommended as a performance 14 RNoDep 7 35

measurement.
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Injector Dismantling

All 4 injectors from each run dismantled.
3 parts retained for analysis.

— Tip

— Needle

— Pushrod

Parts rinsed in toluene then acetone then dried in oven
for 2 hours.

TPO analysis performed on all 4 injectors from each run —
final result is average of 4 tests.

Final deposit level calculated by measuring carbon levels
and subtracting blank injector result.

Tip and needle analysis too variable — did not differentiate
between fuels.
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CRC Testing — Injector Tip

= Each tip sectioned using diamond saw to Average Total Carbon
allow testing of tip section exposed in rig. Deposit (pg/cm?)

=  Sample run on RC612 TPO analyzer from 1 RNoDep -5.98
270°C to 700°C.
] ) 2 RDep 4.67
= Each test was baseline corrected against a
= Results are based on a % 3 4 EPADep -6.98
i 2
fixed surface area of 1 cm?2. ﬁ - R93 157 85
. 6 HiSulf 3.33
Conclusions (to date)
=  Excess variability in results — most likely to ! St 17.63
be due to washing effect in post-injector 8 CARB -0.73
) : o
drain (C of V typically >100%). 9 HiSulf 367
= Difficult to draw any conclusions — analysis - - S——
not satisfactory in current form. Variation in '
test resulted in some totals being less than 11 EPADep 39.73
sl el 12 EPANoDep -2.80
=  Not recommended as a performance = RD p—_—
measurement — drain needs to be P '
redesigned. 14 RNoDep 30.45
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CRC Testing — Injector Needle

= Each needle sectioned using diamond saw Average Total Carbon
to allow testing of needle section with no Deposit (ug/cm?)

DLC coating. ’ RNoDep 010
= Sample run on RC612 TPO analyser from

270°C to 700°C. 2 RDep 163
= Each test was baseline corrected against a 3 EPANoDep 2.83

new pushrod. e 4 EPADep 0.30
= Results are based on a

i 5 R93 1.33

fixed surface area of 1 cm?. ————

6 HiSulf -1.43

Conclusions (to date) 7 CARB 8.85
= Excess varigbility in results — most likely to 8 CARB 3.67

be due to minute levels of deposit on _

section (C of V typically >100%). 9 S se U0
= Difficult to draw any conclusions — analysis 10 R93 14.53

not satisfactqry in current form. Variation in 11 EPADep 13.33

test resulted in some totals being less than

blank needle. 12 EPANoDep 1.33
=  Not recommended as performance 13 RDep 13.15

measurement. 14 RNoDep 14.78

56



CRC Testing — Injector Push Rod

= Each pushrod run on RC612 TPO analyzer Average Total Carbon
from 270°C to 700°C. Deposit (ug/cm?)

= Each test was baseline corrected against a

new pushrod. 1 RNoDep 16.20

= Results are based on a fixed surface area of 2 RDep 15.38
1 cm?. 3 EPANoDep 17.35

4 EPADep 11.03

5 R93 11.87

6 HiSulf 9.00

7 CARB 18.63

Conclusions 8 CARB 15.90
=  All fuels created deposits on the pushrod. 9 HiSulf 10.98
= Very good repeatability achieved with the - o3 Pp—-

exception of Runs 3 and 14 that followed
NaOH addition Runs 2 and 13. 11 EPADep 12.15

= EPADep and HiSulf gave lowest results.

=  RNoDep gave highest results, but this may
be skewed by previous run. 13 RDep 14.10

= Test appears to differentiate between fuels. 14 RNoDep 35.48

12 EPANoDep 12.20
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Innospec Rig Summary — Pro’s

Two tests identified as showing differentiation between fuels with good
repeatability.
— Total insoluble carbon from post-tank filters
— Carbon deposit level on injector pushrod
= Rig configuration now reliable — no breakdowns during testing.
= Rig uses real engine parts, filters, common rail, pump, and injectors.
= Rig set up as close as possible to engine test without combustion.

= Rig has the potential to use any type of diesel injector — would have to be
discussed with manufacturer.



Innospec Rig Summary — Con’s

= Equipment costly to install. Initially rig ~$100K, TPO analyzer $70K.

= Rig adapted in-house since purchase to include injector heaters and
extraction cabinet.

= Equipment manufacturer relatively small company — limited support.

= Test is costly — $2K for injectors and filters per test, 3 man-days (cost = ?)
required per test including analysis (not including periodic monitoring
during test).

= Test takes 100 hours, analysis ~8 hours.

= Overnight running required — test monitored during night running.

= Cleaning step is potentially hazardous, time consuming, and unsuitable for
a bench rig — up to 75 liters of solvent and fuel required (in total for
cleaning).

= Running NaOH in rig may have adversely affected subsequent runs.

= Rig conditions may not be severe enough to establish clear differences
between fuels.

= Further work may be required to improve injector drainage system.

= For true correlation test would have to be run against actual engine data.



More Formal Data Analysis



Filters Average Total Insoluble Carbon Deposit (ug/cm?)
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Filters Average Total Insoluble Carbon Deposit (ug/cm?)

Color by
Fuel
RNoDe M CARB
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P Upper
EPANoDep
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CARB < ® >
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Comparison Intervals

Pairs of fuel with overlapping intervals were not significantly (a=0.05) different from each other.
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Filters Average Total Insoluble Carbon Deposit (ug/cm?)
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Injector Pushrod TPO Carbon Deposit (ng/cm?)
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IPRAvg = average of four injectors, IPROSA = outlier screened average.
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Injector Pushrod TPO Carbon Deposit (ng/cm?)
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Pairs of fuel with overlapping intervals were not significantly (a=0.05) different from each other.



Injector Pushrod TPO Carbon Deposit (ng/cm?)

Outlier Screened Average

Studentized residuals

—
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Conclusions

= Results from this scoping study did not confirm that
either one of these rigs, in their present state, could
discriminate among deposit forming and not deposit
forming fuels.

= |f in-house work by either sponsor results in changes to
provide differentiation, CRC will consider further
evaluation.

= A new rig offered by Delphi is being considered.



