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INTRODUCTION. This presentation
is a summary of the current research
activities on fuds and lubricants in the
Multi-discipline Tribology group and the
engine tet group in the Combustion
Laboratory of the Pennsylvania State
University. The progress aess
discussed in this summary include those
found in Table 1.

Table 1. RESARCH AREAS

Diesel Engine Emission
Reduction

Oxygenated Fuels
Improved Friction Fuels
Vegetable Oil Lubricants
Extended Drain Lubricants
Effect of Chemical Structure
on Friction and Wear

The research is of interest ether directly
or indirectly to the god of this work-
shop, diesd engine emissons reduction.
The current projects at Penn State in the
aress listed above will be discussed.

EXPERIMENTAL.
Engine Test Facilities Facilities. The

Combustion Laboratory of the Energy
Ingtitute has a number of test stands and

a fully equiped emissions lab. A partid
lig of the engines and equipment
utilized in this work are found in Table 2
and 3.

Table 2. ENGINES.

Cummins 24 Valve B5.9TC
VW 1.9L TDI

Navistar T444E TC

GM 6.5L V8 IDI TCD

Yanmar TS180 NA 15 HP
SCTE (2 Engines)

“Knock” Test Engine

Table 3. Emissions Instrumentation.

Sierra BG-1 Micro Diln Unit

Sartorius M3P Prec. Balance

Nicolet Magna 550 FTIR

Horiba On-line Analyzers (Hc, CO, &
C0,)

HP 6890 GC w TCD & FID

R&P Series 5100 Diesel Particle
Analyzer

Calif. Analytical HFID 300 THC
LambdaScan Portable Scanner
Rosaemount On-line O, Analyzer

Fuels. The diesdl fud used throughout
these udiesis alow sulfur (32 ppm)

commercid fud. A series of tests have
been conducted to explore the effect of
oxygenates on emissons. The oxygen



aed fuds sudied include various ether —
diesal mixesand B20 diesd fud.

Lubricants. Lubricants sudied include
fully formulated commercid petroleum
and vegetable oils.  Severd base fluids
foundin Table 4.

Table 4. Test Fluids.
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PROGRAM DISCUSSION.

Engine Studies. Current engine projects
focus on  various emisson reduction
dudies. Reaults of some earlier studies
amed a the reduction of emissons by
usng oxygenaed fuds. The oxygenaed
fuds incdude Dimehyl Ethers (DME),
B20 fud. In addition, work on
vegetable base lubricants is in progress.
Ealier dudies indicaie a ggnificant
reduction in the measured particulate
meatter are published [1 -3].

The tedt results show dSgnificant
reduction in particulates reduction when
oxygenates are added to the fud. A
folow-on sudy of the use of dimethyl
ether (DME) as a diesd fud additive in a
vehicle involves the use of a campus
shuttle bus. Tests will begin laer this
year upon compleion of fuding
facliies and vehide and engne
modifications.

A series of NOx control studies
using carbon sorbents and selective NOx
recirculation is a0 in progress. PSU is
aoplying cabon  sorbent  technology
developed by Sorbent Technologies to
mobile source NOX .

Paticulate emisson  reduction
dudies include oxygen enichment of
intake air, membrane coated diesd traps
and fuel borne catdydts.

Improved Friction Fuels. Methyl
eders of vegeable ails in died fud
reult in dgnificant particulate reduction
and improve the lubricity of low sulfur
died fuds However, if the use of the
required volume of vegetable oils
exceeds the current avalability of
vegetable  aill. Use  of lower
concentrations  will ill improve
lubricity but results in lower oxygen
concentration in the fued. This makes it
less effective as a particulate reduction
additive. One possible solution is to add
oxygen to the fud by oxidation.

A vepor phase oxidation pilot
plant, Figure 1, was developed by the
tribology group to make oxygenated
hydrocarbon additives for enhanced ail
recovery [4] and B20 fues for friction
and wear evduation [5]. The approach
used is to conduct vapor phase oxidation
of the fuds andyze the fuds to
determine the extent of oxidation and the
effect of oxidation on the cetane no., and
evduate the effectiveness of the
oxidized and unoxidized fuds nest and
as additives.

Oxidations were conducted at
350 and 375°C. A saries of anayses
were conducted on the original feed to
the column and the oxidized products.
Solid — liquid chromatographic column
anayses indicated oxygen was added to
up to 40 percent of the fue molecules in
the vapor phase oxidation process. Gas
chromatography comparisons of the feed
and the oxidized fuds showed minima
cracking of the feed stock. Heat of
combustion teds indicated oxidaion
resulted in a reduction of energy content
of the fud of about 10%. Since the



oxidized fuds are to be used as an
additive, this energy lossis minimd.
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Fig.1. Vapor Phase Oxidation Reactor

To evauae friction and wear, a
modification of the Penn State four-bdl
method was deveoped. Due to the
higher voldility of the fuds a
temperature was sdected to dlow
completion of the tests with adequate
fud remaning in the bal pot to cover
the tet specimens. The load was
sdected to optimize the observed
changes in the wear scas The
conditions sdected are found in Table 5.

Both friction and wear of the
fluds were evauated. All of the
oxidized fuds exhibited a wear
reduction when compared to the origind
low aulfur diesd fud. The friction was
aso lower for dl thefuels,

Typicd friction results are found
on Figure 2 (Diesd Fud) and Figure 3
(B20 Fudl).

Table 5. Four-Bdl Test Conditions
for Fud Evduations

N N I O O B I

load 10 kg
speed = 600 rpm
test temperature = 60 °C

AINSI 52-100, 1.27 cm
diam. balls

test times,

[] 30 min break-in

Avg. Friciton Coefficient
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Fig.3. Friction — Low Sulfur Diesdl Fud
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D Wear Scar (mm)

The wear characterigtics of al of
the oxidized fudls were better than the
unoxidized low sulfur fud. Typicd data
are found on Figure 5.

Testing was conducted usng
various concentrations  of the oxidized
fudsinthedied fud. The concent
trations ranged from 0 to 20% . Both
friction and wear were measured. The
optimum effect on wear was obtained
with approximately 10 % by weight of
the oxidized fudsin the low sulfur
died fud. Friction waslower indl
Cases.
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Fig.5. Effect of Oxid'n of Fuels on Wear

The research on oxidized fuds
demonstrates one approach to reducing
fricion and wear in low sulfur diesd
fuds. Studies on the effectiveness of the
increase oxygen content of these fues on
particulates needs to be determined.

VEGETABLE OILS.

Research on vegetable oils as
hydraulic  fluids, indudrid oils and
engine adils & Penn State is continuing.
It is amed a improving the oxidation
dability and the low temperature
properties of these ails [6-9]. Research
involves the use of geneticaly modified

vegetable ails chemicdly modified oails
and additive effectiveness in a wide
range of gpplications.

All three of these approaches can
be shown to improve the oxidation
dability of the vegeable oils sudied,
dlowing formulation of gnge and
multi-grade lubricants that peform in
laboratory tests as well as petroleum
base ails. Coupled with the low
volatility and  excdlent  viscosty-
temperature properties, the vegetable
oils become more aitractive as engine ol
[ubricants.

In the current studies, the effect
of the materia surface on the thermo-
oxidative properties of lubricants and the
use of codings to passvate the surfaces
in an engine is demondrated.

Oxidation and voldility <udies
are conducted usng the Penn State
Microoxidation (PSMO) test, Figure 6.

Fg.6. Thin-film PSMO Test Unit [10]

In this thin-film tet, 40 ul of
tes fluid is put under an inert (nitrogen)
or an oxidizing (ar) amosphere at
sdected conditions and the volailes,
oxidized products and  depodts
measured.



The effect of oxidation and
active metd surfaces on the volatiles and
the depost forming tendency were
studied. The data in Figure 7 were
obtaned from tets of a high olec
soybean ail in the PSMO. The thin-film
tets were conducted using nitrogen to
obtain evgporation data and ar to obtain
the oxidation related volatiles. As can
be seen the evaporative losses are only
about one-fourth of the totd oxidative
volatiles. This comparison was dso run
on norma soybeen oil, a trimethylol
propane edter and a chemicdly modified
soybean oil. In dl cases, the evaporation
was one-third or less of the totd
oxidative voldiles. This has to be taken
into account when compaing system
fluid losses or modding a system.
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Fig.7. Comparison of Evaporation and
Oxidetive Voldiles.

Another effect to condder is the
cadytic effect of the meta surface on
the rae of oxidaion. Seved fluids
were evduated usng low cabon sed
and more inet duminum test specimens.
The more active sed reaults in a higher
rae of oxidation and more volailes,
Figure 8.
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Fig.8. Effect of Surface on Oxidetive
Volatiles— LCSvsAl.

In this case the volatiles produced on the
more active sted surface are about twice
that of duminum. This is attributed to
the presence of active stes on the LCS
entering into the oxidaion mechanism.
One approach to reducing the rate of
oxidation is to neutrdize the active dtes
by the use of surface coatings

A proprietary coating [11] that is
used as an inat coding indde high
temperature gas chromatographic
coumns and in  environmentd gas
collection canisters was explored as a
possble coding to dow the oxidation
rate and products that lead to the
formation of depodits. The coating was
fird used in the PSMO test. Test
coupons were coated to evauate the
coating thickness.  The thickness was
varied from 900 to 1200 angstroms.

It was found that the depost
formation induction time went from O
minutes for the uncoated specimen to 60
and 120 minutes for coatings of 900 and
1200 angstroms, respectively.

Pigons for the Yamar dngle
cylinder diesd engine were coated and
evduated in a 50-hour steady-state
engine test a full load and rated speed.
The test results were dramatic, Figure 9.



In the case of the uncoated
piston, he top ring was stuck at the end
of the test and was broken in trying to
remove it. The pigon rings for the
coated piston were clean. The coated
pison was dgnificantly cleaner than the
uncoated piston.

EXTENDED DRAIN LUBRICANT
STUDY.

By extending the ail drain period
of vehidles, ol use is reduced, the
quantity of used oil for disposd is
reduced and the maintenance
requirements ae reduced resulting in
less vehicle down time A dudy in
progress involves the evaudion of the
properties of severd engine ails in an
extended drain fleet test.

Four oils are under study. The
base socks for each of the oils differs.
Oil Aisan APl Type 1, Oil BisaType
Il Gil and Qil C and D are Type IV
base. Each ail isin use in 46 trucks and
the oil change periods for the ails range
from 75,000 to 100,000 miles. Samples
for andydgs ae taken a approximately
10,000 to 14,000 miles. The ails are
continuoudy  beng replenished by
addition of a gndl quantity of makeup
oil. Physcd and chemica poperties are
monitored.

Friction and wear sudies were
conducted usng the Penn Sate
Sequentia  Four-Ball Test [13]. The
wear characteridics of the test fluids
deteriorated with use, Figure 10.
However, the friction data indicated
dight trend towards lower friction with
mileage.

The wear increase is attributed an
increese in soot in the ol from none to
about 4 % a 100K miles. Soot was
measured by FTIR, Figure 11.

Viscosty did not  change
gonificantly over the oil change period

and the TBN drop was within desred
levels

Depost forming tendencies of
the oils were measured using the PSMO.
The new and used oils had acceptable
deposit levels in the PSMO test up to
about 80,000 miles a which time the
deposits started to increase.

EFFECT OF CHEMICAL
STRUCTURE ON WEAR.

The effect of unsaturation on the
fricion and wear propeties of a fluid
and additive effectiveness are being
dudied.  The current sudy involves
three base fluids and five additives [12].
The fluids indude a highly unsaturated
vegetable oll, a TMP eder with olec
acid (one double bond) as sde chains
and a TMP eser with saturated Sde
chains. The study to date indicates the
aulfur contaning additives and the
phosphorus containing additives perform
differently depending on the degree of
unsaturation of the base fluid.

The nest base fluids exhibit
different wear characterisics and the
more highly unsaturated vegetable ail
produces more debris and higher wear
than the saturated TMP. The oleic-TMP
is intermediate in the wear debris  The
debris is Smilar to that obtained in thin-
film oxidation tests and suggests that the
contact temperatures in the contact area
exceed 225 °C.

SUMMARY. The current researchin

the Multidixcipline Tribology Group and

the Combustion Laboratory of the

Energy Indtitute at Penn State University

isabroad program with severd areas

related to both the reduction of exhaust

emissons of diesdl engines and the

conservation of petroleum resources.
Research on oxygenaed fuds

induding  vegetable B20 fud show



dggnificant  reductions in  paticulae
emissons when the oxygenaes ae
added to low sulfur diesd fuds. The
vegetable oil dso improves friction and
wear characteristics of the fudl.

Vapor phase oxidetion of fues is
an approach to increase the oxygen
content of fuels for the purpose of
producing fud additives that reduce
friction and wear.

Extended drain periods in trucks
can effectivdy increese  maintenance
intervals and reduce disposa coss
associated with used ails.  In a properly
desgned sysgem, drain intervas of over
80,000 miles ae feasble Wear
increases as soot increases in the used
oil. Friction tends to decrease dightly
with mileege possbly due to the nature
of the oxidation products.

Vegedble ol dudies indicate
that surface materids need to be
conddered in evauating  oxiddion
gtability and deposit forming tendencies.
Use of a proprietary coating sgnificantly
improved the cleanliness of pisons in a
sngle cylinder diesd tedt.

Studies on fluids contaning
vaious amounts of unsaturdtion show
that the chemicad dructure not only
dffects the oxidation dability of the
fluid, it is a factor in the wear properties
and the effectiveness of additives in the
fluid.
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Fig.9. Comparison of Uncoated and Coated Pistons from Y anmar
Single Cylinder Diesdl Engine Tests. Test Conditions Include:
Steady Speed @ 2200 RPM, Full-Load, Test Time— 50 Hrs
Fuel —No. 2 (39 ppm S), Lube Oil — 10W30
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