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GASOLINES AND ENGINE OILS:

LITERATURE REVIEW, NEW LABORATORY OXIDATION METHOD,

AND SIGNIFICANCE OF OLEFINS IN FUELS

I. INTRODUCTION

The scope of this project includes oxidation studies on two types of products:
gasolines and their components and engine lubricating oils and their base stocks.

I. Gasolines and Their Components. Military fuels, because of strategic con-
siderations, are sometimes stored for five years and longer. Under such conditions,
some components of gasoline undergo autoxidation reactions, priducing small amounts
of higher molecular weight compounds commonly called gums. The military services
(1-8)* and industrial organizations (9-13) recognized that these gums are harmful
to spark ignition engines. The existing empirical laboratory tests of accelerated aging
are not satisfactory for predicting the stability of gasolines and their tendency to form
gums in storage (14-20). The newly developed method overcomes these shortcomings.

2. Lubricating Oils. Lubricating oils were selected for this study because of
military, environmental, and energy-saving needs.

The present Army specifications for engine lubricating oils require qualifica-
tion and quality conformance tests (21). The quality conformance tests include
only the measurements of physical properties. The qualification tests include, also,
engine tests which evaluate certain performance characteristics of motor oils. In one
of the engine tests. ASTM Sequence IIIC, it is assumed that oxidation of the oil is
an important factor contributing to oil degradation (22). The engine tests are costly,
and it would be advantageous for the Army to have simple techniques for use in
qualification and quality conformance evaluation of motor oils. The new oxidation
technique was applied to lubricating oils to correlate this bench method with the
field and engine test performances.

In conjunction with the energy conservation and protection of the environ-
ment, the government is promoting a greater use of recycled or re-refined oil as base

stock in the manufacturing of engine lubricating oils (23). The automotive engine oil is
composed of a base oil, a hydrocarbon or ester-type compounds, and several additives.
* Numbers in parentheses refer to LITERATURE CITED, page 57.
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In order to issue tile proper specification for base oil it is necessary to know tile
effect of the oil on the performance of the final product - lubricating oil. Specifically,
the effect of the composition of the base oil and the formulated oil on their oxidative
stability was sought. This study clarifies some of the formulated oil - base
oil relationships.

3. Statement of Content. This report reviews the state-of-the-art of oxidation
of gasoline and lubricating oil and describes a newly developed laboratory method.
The application of this method to various fuels, oils, and their components: the signifi-
cance of the results: and a critical review of some presently accepted engine tests
are presented. The importance of the effect of reactive olefins. which are components
of current gasolines and projected to be used in the fuels of the future, is discussed.

i. RtVIEW OF LITFRATURE ON GASOLINE OXIDATION

Many studies were conducted on the autoxidation of hydrocarbons and gasoline
as well as on storage stability of gasoline.

1. Effects of Gasoline Composition. In the forties, there were numerous
studies on the effect of gasoline composition on the deposits formation in the engine.
Aromatics. olefins, and some antioxidants were thought to cause the deposits(24) (25).
It was found that traces of metal contaminants, mainly copper or copper salts, would
act as oxidation catalysts and produce gum in storage (20). Recently, the specific
catalytic activity of numerous alloys and metals. in the oxidation process of fuel.
was determined and tabulated (27). Benson suggested that at low temperatures -

below 150'C - the oxidation of most organic molecules will not proceed at a measur-
able rate without a catalyst or a radical initiation source (28). To prevent the unde-
sirable oxidation. antioxidants (29-31) and metal deactivator additives were added to
gasoline (30) (32). The chemistry of gum formation was studied and suggested that
the components which contribute to gasoline instability are, in order of increasing
effect: Paraffins. aromatics, monolefins, diolefins (33). Sulfur compounds were
contributing also, while tetraethyllead did not have any effect (33).

2. Gum Precursors. Numerous symposia and conferences were organized to
discuss the relationship between gasoline, engine malfunctions, and methods of testing.
The consensus was that the gums which are formed during storage of gasoline by
oxidation or otherwise are deposited in the induction system of the engine (II) (12)
(34-36). The formation of gums was explained by the formation of oxygenated
compounds-precursors, which by thermal condensation or polymerization give higher
molecular weight products, less soluble and less volatile (37). The types of compounds

• .*



which contribute to gum formation, in a decreasing order, were: alkylbenzenes,
cyclic olefins, sulfur compounds, polycyclic compounds, diolefins, and nitrogen
compounds (19). It was claimed that sulfur, nitrogen, and oxygen compounds present
in gasoline in concentrations of less than 1% were responsible for the formation of
lacquer on the piston rings and gum deposits in the carburetor (38). However, there
was no agreement on the relative contribution of different types of chemical com-
pounds to gum formation. It was reported that olefins and mercaptans present in
trace amounts in the fuel by co.oxidation reaction produce precursors of gums (39).
Some have suggested that olefins and particularly conjugated olefins are highly'reactive
and are incorporated early in the gum formation process (40). In addition, the very

methods of predicting gasoline stability were questioned with respect to their reli-
ability (19). The oxidation rate of pure hydrocarbons was tabulated (41). The results
indicate that olefins have a high rate of oxidation.

3. Effects of Nitrogen Compounds. Nitrogen compounds were singled out
for studies as possible sources of gum. It was found that naphtha produced from
shale oil and containing 1.2 percent nitrogen gave gums with an enriched content of
nitrogen (8 percent) (42). Pyrroles. indoles. and pyridines were the main contaminants
suspected of producing dark colored and black precipitates of petroleum fractions
under storage (4248). Early studies of the reaction mechanism explained the forma-
tion of the black deposit by oxidation of pyrroles and reaction with mercaptans (49).
Later, it was shown that the pyrroles oxidation products include insoluble higher
molecular weight 2-pyrrolone derivatives (50) and derivatives of maleimide (51).
Upon storage. carboxylic acids accelerate the formation of sediments from fuel con-
taining pyrrolic compounds (52).

4. Reactivity of Hydrocarbons. A review of oxidation of petroleum indicates
the order of decreasing reactivity of hydrocarbons as: diolefins, aromatic olefins,
olefins, aromatics, isoparaffins, naphthenes. and paraffins (20). Among aromatic
hydrocarbons. cuniene appears to be very reactive (53).

5. Storage Stability of Gasoline-Gum Formation. In numerous studies the
researchers of the U.S. Bureau of Mines investigated the storage stability of gasoline.
They found that after the removal of polar compounds containing nitrogen. oxygen.
and sulfur, gasoline upon storage produced less gum than the original sample of fuel
(54). The gum-forming reaction involved sulfur compounds. polycyclic hydrocarbons.
and olefins ( 15) (55). Aromatic constituents of gasoline were responsible for signifi-
cant formation of gum upon storage (15). Reactions between thioles and olefins
were described as giving precipitates (I 6).

3
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6. Mechanism of Deposit and Gum Formation. An alternate explanation of
deposit formation in engine induction system has also been offered (56). Researchers
have suggested that oxidation of amine compounds present in gasoline results in
long chain amides and carboxylic acids. These compounds, being less soluble in
gasoline, precipitate (56).

The mechanism of gum formation and fuel stability was studied at Stanford
Research Institute. Gasoline was oxidized in the presence of ultraviolet light (57).
The isolated gums were formed by reaction of thiols with olefins and also were derived
from certain active nitrogen and sulfur compounds and from aromatics. Jet fuels
were oxidized by heating at temperatures of 2000 C. the deposit precursors included
higher molecular weight aromatic compounds containing ester groups (58) (59).

Other investigators found that oxidation of jet fuel at higher temperatures
gives dark deposits with higher sulfur content than found in parent fuel (60-62).
Most susceptible to oxidation were indene, vinyicyclohexene, and octadiene (60)
(63). Extensive work on the formation of deposits in jet fuels was conducted by
Bolshakov (64). He found that increased oxidation was accompanied by an increase
in the acidity of sediments.

7. Free Radical Oxidation Mechanism. The free radical chain mechanism
applicable to gum formation during storage was presented by Mayo (65) (66) and
reviewed by Polss (67). The mechanism of the slow oxidation reaction of hydro-
carbons at low temperatures, below 2000 C, was also reviewed (68) (69). In the
first stage, the radicals are produced by thermal initiation without oxygen, thermal
initiation with oxygen, or by decomposition ofperoxidic oxidation products (65).
After the radicals are generated, they can react in three ways, by oxidation, by poly-
merization and coupling, or by chain transfer. The coupling reaction increases the
size of the initial molecules and might lead to gum formation. The activation energy
of a number of elementary reactions which occur in the liquid phase during autoxi-
dation of hydrocarbons has been determined (70). The reactivity was shown to be
due to radical stabilization, steric effects, and polar factors (71).

8. Effects of Olefins. In more recent studies, reactive olefins present in the
fuel are considered the most important components in the formation of gum in storage.
Catalytically cracked gasoline, rich in olefins, was found to produce guniu in storage
(72-75). Also. naphtha, high in unsaturates, had a high gum content upon storage
(70). Fuels containing olefins when exposed to an oxidative medium exhibit higher
viscosity due to autoxidation and polymerization (77) (78).

4
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It has been demonstrated that olefins react in the combustion chamber
of a gasoline engine with nitrogen oxides to give nitro-nitrates derivatives which are
transported as blow-by into the crankcase to give sludge by a further reaction (79).
Therefore, it is suggested that the concentration of olefins in gasoline and their struc-
ture has an important effect on sludge formation.

9. Conclusions of Gasoline Review. At the conclusion of the literature review
on gasoline oxidation, the following unanswered core questions remained: a reliable
laboratory oxidation test and the identification of the specific olefinic compounds,
gasoline components, which are responsible for the gum formation.

Ill. REVIEW OF LITERATURE ON OIL OXIDATION

In the early stages of automobile development, scientists and engineers assumed
that oxidation of engine oil causes oil degradation and leads to engine malfunction.
From the middle 1930's, oil additives containing oxidation inhibitors were used in
lubricating oils (80). Currently with this practical solution, laboratory methods were
developed to evaluate the resistance of engine lubricating oil to oxidation.

I. Bench Tests. One of the early methods used was the "Indiana Oxidation
Test for Motor Oils" (81). It consisted of bubbling air through a 300-mul oil sample
placed in a glass container and heating it in an oil bath at 172C for several days.
The amount of the sludge formed and increase in viscosity was measured to indicate
the degree of oxidation. For the next 45 years many modifications of this basic
bench test were developed. The laboratory oil oxidation tests conducted under
atmospheric pressure are presented in Table I, which includes a short description
of each test and the significant results. Table 2 contains the tests classified according
to specific test conditions and oxidation parameters.

Several laboratory oxidation tests were developed using rotary bombs under
pressure at higher temperatures in order to prevent loss of the tested lubricant by
evaporation ( 115-1 19). Performance of the oils were judged by measuring the induc-
tion period. The induction period is defined as the time required to reach certain
concentration of a hydroperoxide or to absorb a definite amount of oxygen. Numer-
ous review articles were published on engine lubricating oil requirements and oil
oxidation tests ( 120-12)).

This review of bench oxidation tests indicates that only one laboratory
test has a good correlation with engine test. It was developed by Forbes and Wood
(98). It is a potential predictor of oil performance in the engine used in the multi-
cylinder Sequence V test. This bench test is a modification of a previously reported

5



Table I. Laboratory Oxidation Tests in Chronological Order

Measured Significant
Test Conditions Oxidation Parameters Results Reference*

300 ml Sludge 81
172 0 C Viscosity
Oil bath
air-bubbled
several days.

950 to 175 0C Oxygen absorption Oxidation rate 82

Fritted glass Kinetics Varied with 02

metal catalysts, Oxidation products flow rate.
several hours
oxygen-bubbled.

125 ml Bearings corrosion Correlation 83
177 0 C between corrosion
Stirrer-3000 r/min of bearings
copper bearings determined in the
6-10 hours. lab and in the engine.

25"C Oxygen absoprtion 84
Vessel shaken Kinetics
oxygen
gas burette.

1490C Viscosity 85
Air-bubbled Acid number
catalyst-Fe 203 soap
20 hours.

5g Induction time 86

125 0 C
Static test
catalyst-copper naphthenate
oxygen

6
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Table I. Laboratory Oxidation Tests in Chronological Order (Cont'd)

Measured Significant
Test Conditions Oxidation Parameters Results Reference*

150 0C Induction time Exponential 87
Oxygen regression equation

between induction time
and piston cleanliness.

250 ml Viscosity 88
218 0 C Neutralization number
Air-bubbled Sludge
Catalyst-metal Metal Corrosion

5 g Induction time 89
125 0C
Oxygen
Catalyst-ferric stearate
Vessel shaken
Removal of gaseous
products

Oil admixed with Sludge It is suggested that 90
oxidized cracked sludge in engine crank-
naphtha case oil is formed from
02 + N2 + N02  fuel combustion blow-by.
930C
5 hours.

Oil admixed with Sludge 91
combustion blow-
by and H2 S04
930C

Oil film on a Sludge 92
heated metallic
drum admixed with
blow-by

7
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Table i. Laboratory Oxidation Tests in Chronological Order (Cont'd)

Measured Significant
Test Conditions Oxidation Parameters Results Reference*

100 g Induction time 93

On0uc Sludge
In copper cylinder Acid Number
90 hours

30 g Sludge 94
1200C Acidity
Oxygen-bubbled
aluminum heating
block
catalyst: copper naphithenate

iron naphthenate
164 hours

40 ml Viscosity No valid 95
200°(" Carbon residue correlation
Air-bubbled CO band in I R between various
oil bath parameters.
6 hours

Oil passed over Deposit 96
spinning aluminum Oxygen consumption
disk
2600 -3430C

100 mil Oil loss 97
204 0C Sludge
Catalyst: copper Corrosion
68 hours

Oil admixed with Sludge Good correlation 98
oxidized cracked with sludge rating
naphtha in sequence V test.
02 + N2 + N0 2

100C

" . ,
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Table I. Laboratory Oxidation Tests in Chronological Order (Cont'd)

Measured Significant
Test Conditions Oxidation Parameters Results Reference*

Dodecane Kinetics Reaction rate 99
oxygen Composition of dependent upon
2000 C oxidation product oxygen diffusion.

Octadecane Composition of 100
274 0 C oxidation product

75 g Viscosity Correlation between 101
182 0 C acid number absorption time and
Aluminum heating base number sulfur content of oil.
block CO band in I R
oxygen-bubbled time to absorb
catalyst: Cu. Fe, 1200 ml 02
Pb naphthenate

315 0 C Rate of oxygen 102
Oxygen-bubbled absorption

aluminum heating
block

200 ml Viscosity 103
218 0 -2740 C Sludge
Aluminum heating Acidity
block Corrosion
air-bubbled

I ml Time to absorb 104
1600 C 5 ml oxygen
Oxygen

25 g Viscosity No linear 105
165 0 C CO band in I R correlation with

Oxygen-bubbled sequence III C test.
catalyst-copper
and iron wire
54 hours

9



Table I. Laboratory Oxidation Tests in Chronological Order (Cont'd)

Measured Significant
Test Conditions Oxidation Parameters Results Reference*

200 g Viscosity No linear 106
1430 to 177 0 C Induction time correlation with
02 + N0 2 streams sequence III C test.
Oil bath
catalyst: Fe
naphthenate
or Fe and Cu Wire
177 hours

2600 C Kinetics Rate increased 107
air-bubbled with increased air-

oil interface.

0.5 ml Time to 108
Oxygen exothermic reaction
atmosphere
Differential scan-
ning calorimetry

Base stock Time to 109
oxygen exothermic reaction
atmosphere
1700-230 0 C
Diff. scanning
calorimetry

Oxygen at Time to 110
500 Ib/in 2  exothermic reaction
Dill. scanning
calorimetry

Lubricant at Deposit on Linear correlation III
150 0 C hot tube between deposit and
Deposition tube antioxidant's
at 3300C concentration.
Air-bubbled

10
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Table 1. Laboratory Oxidation Tests in Chronological Order (Cont'd)

Measured Significant
Test Conditions Oxidation Parameters Results Reference*

40 ml Composition of 112
Oxygen-bubbled oxidation product
2300 to 255 0 C depiction of antioxidant
Copper and brass
catalysts

0.5 ml Induction time No linear 113
600 C depletion of antioxidant correlation with
Oxygen viscosity increase in
+ cyclohexane sequence II C test.
+ azobisiso-
butyronitrile

249 0 -5400 C Composition of 114
Air + hexadecane oxidation product

Numbers refer to LITERATURE CITED, page 57.

a",



Table 2. Laboratory Oxidation Tests - Test Conditions
and Oxidation Parameters

Test Parameters References*

Amount of Oil Sample

Up to Imi 104108, 112,.113

1 to 40 ml 86, 89 94. 95, 105

40Oto 100 ml 93.97, 101

100 to 300 ml 81,83,88, 103,106

Spray 96

Oxidant

Air 81,83,85,88,93,95.103,
107

Oxygen 70.,82, 84. 86, 89.,102, 104.
105, 108. 109 1 112, 113

02 + N2 + N0 2  90,98

02 + N0 2  l06

Oxidant Applied by

Bubbling 81.,85,90.,93

Atmospheric pressure 83, 84. 86. 89. 93. 94

Through frit ted glass 82

Means of heating

Oil bath 81.,82.,85, 89.95, 106

Water bath 84

12



Table 2. Laboratory Oxidation Tests - Test Conditions
and Oxidation Parameters (Cont'd)

Test Parameters References*

Aluminum block 88, 94, 101, 102, 103

Heated metallic drum 92

C'opper cylinder 93

Spinning disk 96

Reaction Temperature

25 0 C 84

250 to 100 0 C' 90,91,98.,113

1000 to I 50 0 C 70. 82. 85. 86. 87. 93. 94.
106. 111

1500 to 2000 C 70. 81. 82. 83. 95. 106. 109

Above 2000 C 70. 88, 96, 97. 100, 102.
107. 112. 114

Catalyst

Metal 82, 83, 88. 97, 103. 105. 106
112

Soluble iron oxide soap 85

Soluble ferric stearate 89

Soluble metal naphithenates 86, 94.,101.,106

Sludge precursor 90.,91.,92

13



Table 2. Laboratory Oxidation Tests - Test Conditions
and Oxidation Parameters (Cont'd)

Test Parameters References*

Reaction Time

Up to 10 hours 82, 83, 90,95

10 to 72 hours 85,87.93, 105

Beyond 3 days 81,93

Time to absorb X ml of 101, 104
oxygen

Method of Agitation

Stirrer 83

Shaking 84, 89

Oxidation Parameter

Viscosity 81, 85, 87, 88.95

Amount of absorbed 82.84, 96. 101, 103
oxygen(

Acid number 85.88.93, 101 103

Infrared spectrum 95. 101

Kinetics 82.99, 102, 107

Induction period 70, 86, 87.93,101, 106

Time to exothennic 108, 109, 110
reaction

14
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Table 2. Laboratory Oxidation Tests - Test Conditions
and Oxidation Parameters (Cont'd)

Test Parameters References*

Differential scanning 108, 109.,110
calorimeter

Depletion of antioxidant 112, 113

Composition of oxidized 82, 99. 100. 112, 114
oil

Loss of oil 97

Amount of sludge 88. 90. 91,92.,93, 96,97,
98. 103

D~eposit 111

Corrosion oftmetals 83.88.,97.,103

Numbers refer to LITFRAIL'RF criTiD page57



I

method (90). The original method considered the blow-by, derived from the fuel
and its combustion product, an important factor affecting oil oxidation (90). Since
the authors (98) presented only a regression line, we calculated the regression equation
from the published data. The equation is:

Sludge in Sequence V = -14.44 + 0.71 x Merit Bench Rating

where n = 17, correlation coefficient is 0.94, and standard error of estimate is 2.84.
Tile engine sludge rating varied from 20 to 49.

Tables I and 2 indicate that no linear correlation was found between dif-
ferent laboratory bench tests and Sequence III engine test (105) (106) (113). Many
of the above listed bench tests were adapted and further developed by different organi-
zations despite lack of correlation with engine tests. These laboratory tests were
finally adapted as standard methods by governmental agencies ( 130) (131 ) and techni-
cal societies (132) ( 133).

2. Single and Multicylinder Engine Tests (IIC and VC). In addition to bench
tests, the evaluation of engine oil performance is conducted in single-cylinder and
multicylinder engines as well as in field tests in actual vehicle service. The standard
engine tests were published by government agencies (134), technical societies (22)
(135) (136), and international organizations (137) (138). In many cases, different
organizations published the same engine test. The ultimate objective of this project
in the area of lubricating oil is to develop a laboratory oxidation test able to predict
oil performance in engines: therefore, the significance of the known engine tests is
being reexamined below. Two criteria are used: precision of the laboratory engine
tests, and their correlation with field results. It has been noted that the engine test
methods have not been subjected to the usual strict standardization procedure of
ASTM (22) (135). In fact, the precision of most single engine tests is poor (FTM 348,
FTM 340.2, FTM 346, and FTM 341.2) (135). The FTM 3405.1 test has coefficient
of variation, which is too broad (13.7 percent to 38.5 percent) (135).

Among multicylinder engine tests, the Sequence VC method has a good
precision for determining average sludge, average varnish and piston varnish parameters,
tnder low speed, low temperature, stop-and-go driving, and moderate turnpike opera-
tion (22). No numerical data were published to show correlation with field tests.
However, a regression line was presented and it indicates the relationship between
the same parameters determined in the field taxicab service and the laboratory Sequence
V (I 22). Since Sequence V correlates, as previouslv mentioned, with Forbes and
Wood's bench test, the latter gives a potential simple laboratory technique to predict
engine oil performance under above described field service conditions.
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Another multicylinder engine test, Sequence IIC, has a good precision of rust

and corrosion determinations (22). These values correlate to some extent with those
obtained in a field test and are presented in the form of a graphic curve (22).

3. Sequence 111C Engine Test. As mentioned previously in this report. the
engine test Sequence IIIC was of interest to us because it claims to indicate the ten-
dency of the oil to oxidation (22). The precision of this method is poor with respect
to viscosity change and wear ratings (22). No regression equation was published
to show the correlation between the values of these parameters inea,.ured in the labora-
tory and those found in the field (22). The graphs, which were published. indicate
only the same order of viscosity increase for three oils subjected to laboratory and
field tests (22). Since the relationship between the laboratory method and field test
is significant, it is discussed in detail below.

The oil viscosity presumed to be tile important parameter measured in
both tests. Viscosity increase indicates tile "thickening" of the engine oil, an event
which is harmful and may cause engine failure (139-142). It was claimed that the
increase in viscosity of used engine oil is caused by oxidation and nitration of the
oil (140). The infrared carbonyl and nitrate bands were presented as supporting
evidence (140). We suggest that these bands could also originate from fuel compo-
nents. Other researchers proved, as cited before, that olefins present in the fuel or
formed from the fuel in the combustion chamber, react with nitrogen oxides to give
nitro-nitrates derivatives, which ate transported as blow-by into the crankcase oil
(71) (142). These matcrials and their further reaction products give infrared bands
similar to those reported in reference 140, and increase the viscosity of the oil (79).
Other investigators did not find a linear relationship between infrared carbonyl absorb-
ance of the oil and its viscosity increase, in a laboratory engine test (142) (143). The
concentration of these fuel-derived products in the oil and their effect on viscosity
increase will depend upon tile composition of the fuel, combustion chamber tempera-
ture, and the gap between the piston rings and the cylinder wall of the engine (144).
Some researchers reported that the laboratory engine test. Sequence IIIC, correlates
with the field tests (141) (145) (146). This conclusion was based on experiment
containing only three samples and, therefore, statistically not valid. Later, field
fleet tests were conducted to find the relationship between the engine oil viscosity
and engine performance (147) (148). It was concluded that the laboratory bench
tests do not satisfactorily predict the viscosity changes of the oil in the field (147)
(148).

It was reported that the volatility of the lubricating oil is an important
factor contributing to the oil viscosity increase (142) (149) (150) (151) (152). Numer-
ous investigators disclosed that the shearing stress of the polymeric viscosity index
improver, an additive present in multiviscosity oils, and oxidation of this additive
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during engine operation, contribute to viscosity changes of the crankcase oil ( 105)
153) ( 154). Tile effe'ct of' the mechanical condition of tihe car on tihe viscosity change

%%,is also elphasized (155) ( 150) (157) (17 1 ). In summary, viscosity change of crank-
case oil, the p~resumed indicator of oil oxidation (22) (140) (,141), in fact reflects

several phenomena. These include. inl addition to oil oxidation, evaporation of" tile

volatile lubricant's components, schearing of oil additives, and blow-by from the coin-
bustion chamber into the cranLk,ase. In the field service, in addition to the oil, im-

portant parameters are: the fuel, car, and driving conditions, all of which may vary

greatly and are difficult to control. We conclude that the viscosity change is not a

vaid indicator to be uIscd in the laboi-atory engine test and field experiment.

4. Mechanism of Lubricant Action in Engine. Many researchers investigated

the chemical and physical processes which take place in the engine during its operation.
The objective was to gain better understanding of the mechanism of oil degradation
and its effect on engine performanlce. In the early studies, the ring sticking and forlma-

tion of lacquer and varnish ol the piston was explained as oxidation of' the engine
oil in the crankcase and deposition Of tthe ieluble acidic oxidation products in the

piston ring belt (87) (158) (159). In more systematic studies the investigators dis-

tinguished three processes taking place in the engine, depending upon the mode of
operation of the vehicle (160) (1 1). These were: operation of the engine at low
temperature during short trips, at moderately low temperature, and at high tempera-
tare under heavy loads. At low temperatutre. a sludge is formied in the crankcase

from the blow-by containing soot, condensable fuel. and fliel oxidaition and other

reaction i)roduICts ( 161-I66). The blow-by, derived from the fuel in the combustion

chamber, enters the crankcase oil through the clearance between the rings and the

cylinder wall. This product may corrode bearings (16 1(12). The crankcase soot

or carbon is predominantly formed from the fuel 167-I7 1). Under moderate tem-

perature conditions, the products derived from incomplete combustion of the fuel

and its oxidation by polymerization form varnish 11il). The reactive intermediate

oxidation products include peroxy-acids. hydroxyacids, esters, anhydrides, lactonos,

ketones, aldehydes. alcohols, and olefins (163). At high temperature operation

piston ring zone at 250'C and crankcase at 1 50 0 C the oil film may be exposed to

high temperature of the ring belt for 0.5 to I percent of the timc (1 61). Under such
conditions, a fast oxidation reaction of the lubricant occurs, leading to deposition
of varnish oi the piston ( 1 61). Many authors suggested that the piston varnish may
also contain soot and carbon derived from the fuel (163-1 () ( 1068).

Some researches emphasized the role of sulfur in the formation of' piston
deposits ( 10 1 172). Kreuz suggested that the fucl or lubricant gives by oxidation.

a hydroperoxide which further reacts with sulfur dioxide present in the blow-by.
The sulfates which are produced give aldehydes and ketones by cleavage reactions.
These two, in turn. form resins by condensation (172).
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A laboratory oxidation study at high temperature of a model compound,
octadecane, one of lubricant's base oil components. suggested another mechanism
of deposit formation (100). It consists of oxidation and scission of the molecule to
bifunctional compounds, which could polymerize to varnish (100). The oxidation
mechanism of mineral oil at intermediate temperatures (I 000C-220 0C) was studied
by several authors, who presented the intermediate steps and rate constants (70)
(173). It was reported that oils with high aromatic content have increased thermoxi-
dative stability ( 174).

Numerous reviews of the mechanisn of oil oxidation in the engine were
published ( 175-178). Several symposia were organized on liquid lubricant technology
with emphasis on oil oxidative stability (1179-180). Lansdown reported that the
overall rate of oil oxidation is controlled by the rate of replenishment of gaseous
oxygen and that no bench test results cani be extrapolated to field applications (179).
lie beli',ves that the thickening of diesel engine lubricants in long distance high-speed
road transport is caused by accumulation of insoluble material derived from combus-
tion soot (1179). Rounds and Hunsted stated that oil oxidation in the engine leads
to varnish and sludge fornation, which in turn causes ring sticking (180). Salomon
believes that in a stagnant atmosphere without oxygen replenishment, the oxidation
reaction is catalyzed by the volatile oxidation products which cannot escape (181).
Furry found that base oils upon refinement became less resistant to oxidation because
of removal of natural oxidation inhibitors (182). In contrast, Klaus recommends
to remove all nonhydrocarbons and unsaturated hydrocarbons from base oils and
then admix the remaining pure product with oxidation inhibitors to obtain better
oxidative stability (183). Salomon suggests that the usually accepted method of
measuring the volume of absorbed oxygen under laboratory test conditions does
not correlate with actual service. The concentration and type of harmful oxidation
products formed during test are more significant (184). Also, trace amounts of impuri-
ties are deleterious (183). The soluble metal naphthenate catalysts which are used
in the bench tests arc not present in the crankcase oil during actual service (184).
Appledoorn suggests that the highly over-refined base stocks may still retain good
antiwear property, depending upon the combination of hydrocarbons which are
present (185). lie recommends to use the acidity, viscosity, and sludge formed during
the laboratory oxidation test as criteria to assess the resistance of the oil to oxidation
(185). Smalheer (186) agrees with the previously cited mechanism of sludge and
varnish formation, which was related to the mode of engine operation (11). No
theoretical criteria are available to select the additive combination best suited for
a given base stock: therefore, a trial and error method is used (186).

The role of nitrogen fixation reaction in the engine's combustion chamber.
leading to nitrogen oxides and finally sludge formation, was suggested in 1930's
(187-189). However, as mentioned previously in this review, the mechanism was
unequivocally proved by Vinyard and ('oran (79).
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5. Gas Turbine Engine Oil. Gas turbine lubricants, in contrast to gasoline
and diesel engine lubricants, do not become contaminated with the fuel byproducts
during service ( 190) (191).

6. Conclusions of Oil Review. The oxidation of oil in gasoline and diesel
engines is only one of many variables contributing to lubricant degradation. There
is eo linear correlation between the tendency of oil to oxidation and engine or vehicle
field performance.

The Forbes and Wood's bench test is a simple laboratory technique having
potential for predicting oil performance under low speed, low temperature. stop-and-
go, and moderate turnpike driving conditions.

IV. RESULTS AND DISCUSSION: GASOLINE

The objective of this part of the study was to develop a reliable laboratory oxi-

dation test for gasoline and to identify the main components of gasoline responsible
for gum formation during storage. The new test, its advantages and application to
gasoline and its components, is presented in this chapter. Also, the presence and
role of olefins is discussed.

1. New Laboratory Oxidation Test - Technique and Advantages. The usual
test for determining the oxidation stability of gasoline is the ASTM Test D52514,
which is also used for routine screening of antioxidant gasoline additives (67). The
shortcomings of this static test are: a limited gas-liquid contact area and difliculties
in measuring the induction period - an indicator of gasoline susceptibility to oxida-
tion. In addition, there is no linear correlation between the induction period and
storage stability of gasoline (17). These shortcomings were overcome by developing
a new laboratory oxidation test which employs different techniques with easily mea-
surable parameters.

These parameters are: volume of oxygen consumed and estimated dipole
moment of the oxidized fuel. The techniques employed are: absence of catalysts,
stirring the fuel in an autoclave at constant speed and temperature under oxygen
pressure for a determined period of time, and using a stirred heating oil bath. After
experimentation, the temperature of 100"C and 24 hours reaction time were selected
as best conditions for producing an extensive and measurable oxidation reaction.
We decided to prevent any contact between metallic surfaces and the tested fluid
in order to avoid the catalytic effect of such surfaces. It is known that with time
such surfaces change and, therefore, have a variable effect on the reaction, resulting
in poor precision. Our procedure consisted of coating the inside of the autoclave
with teflon and using a polycarbonate stirrer (Figure 1).
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Figure 1. Oxidation apparatus.
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The purpose of agitation during the oxidation reaction is to increase the
contact area between the liquid and gas and to disperse the reaction heat, thereby
preventing localized temperature increases (107) (192). This work revealed that a
greater consumption of oxygen occurs during stirring than under the ASTM static
conditions (Table 3, Tests 160-168 and 156-159, respectively). This finding suggests
improved sensitivity of the new technique. The use of a stirred oil bath, instead of
direct heating, further improved heat transfer and increased the precision of the
procedures. The standard deviation of oxygen consumption in experiments with
a heating mantle was 157 ml, while in the oil bath experiments, this was only 61
ml (Table 3, Tests 104-124 and 160-169, respectively). The new technique resulted
in good repeatability of the test as shown in experiments with different gasolines
(Table 4).

Table 3. Oxidation of Gasolines at 100*C and for 24 hours:
Effect of Reaction Conditions

Oxygen Standard
Consumption (OC) Deviation(S)

Test No. Sample No. Reaction Conditions (ml) (ml)

160 74 Agitation and oil bath 566

162 74 Agitation and oil bath 522

165 74 Agitation and oil bath 623 61

168 74 Agitation and oil bath 481

159 74 ASTM static conditions 196

156 74 ASTM static conditions 118

124 73 Agitation and heating mantle 529

126 73 Agitation and heating mantle 677 157

104 73 Agitation and heating mantle 842
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Table 4. Gasoline Oxidation: Tests Precision

Sample: AL-5894-G, Unleaded Gasoline

Test No. Oxygen Consumption (OC), ml

77848 1404

778-49 1363

778-50 1359

778-51 1370

778-52 1363

X1372 mil
S=18.4 nil
V= l.3'

Sample: Combat gasoline, APG (5/7/74)

Test No. Oxygen Consumption (OC). ml

752-160 566

752-162 522

752-165 623

752-168 481

K 548 nil
S 61 ml
V I 11i;
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2. Polarization Index - New Oxidation Parameter. Gasoline, upon storage,
undergoes autoxidation reaction. The final oxidation products are soluble polar
compounds and insoluble products commonly called gums. Both have measurable
dipole moments in contrast to the starting gasoline which is predominantly composed
of non-polar hydrocarbons (193). In this method, the estimated increase in dipole
moment was used as a criterion for predicting gasoline tendency to oxidation and
formation of gums upon storage.

Under the reaction conditions. an excess of fuel with respect to oxygen
was used: approximately 0.3 mole of gasoline per 0.07 mole of oxygen. Assuming
that all oxygen was consumed. the reaction product represents a still dilute solution
of polar compounds in a non-polar solvent. The I)ebye's method could have been
applied to detennine the dipole moment of the polar compounds (194). This pro-
cedure is too complicated to be considered for a routine test: therefore, an approxi-

mation method was developed. A non-polar substance has a dielectric constant (e)
roughly equal to the square of the refractive index (nt) 2 ), observed with visible light
at the same temperature (195). It can be assumed that the difference (F 11D2 ) is an
estimation of the dipole moment of a polar substance.

Other researchers have studied petroleum distillate oils containing polar
sulfur compounds and found that fractions of high dipole moments had high values
of the (e -n1 2 ) expression ( 196). It also has been reported that this expression is in
general agreeement with the dipole moment of gasoline and its distillation fractions
containing small amounts of polar substances (193).

This approach was further simplified by estimating the dipole moment
of polar molecules present in the reaction mixture from the expression:

P1 = E-

where Pi is named "Polarization Index." and e and nD are the dielectric constant
and refractive index of gasoline. The PI values were established for the oxidized
reaction product and for the starting material. The extent of oxidation was measured
by Polarization Index Differential (Pl,) which was defined as the difference between
the polarization indices of the two stages.

3. Correlation Between Two Measured Parameters. The validity of the new
technique was confirmed by a highly significant correlation between PI and oxygen
consumption (OC, measured independently in the experiments. The correlation
was computed from the results of 46 tests. The regression equation is:
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OC= 1517 PIA + 138

where the standard error of estimate is 129 ml, and the coefficient of correlation
is 0.97 (P<0.O0 1, n = 46).

The results are presented in Figure 2. ":,is equation indicates that with
increased oxygen consumption there is an increase of the oxygenation reaction result-
ing in formation of polar oxygenated compounds at greater concentration. This
formula provides a method for verifying the validity of each oxidation test by measur-
ing the two parameters independently and comparing their values with the equation.

4. Oxidation of Model Compounds. In the first phase of this study. single
compounds. gasoline components, or contaminants, were oxidized as 10 percent
solutions in isooctane (Table 5). The pure solvent isooctane did not change

significantly when treated with oxygen for a prolonged time. Under our reaction
conditions, styrene was found to be susceptible to oxidation, as predicted by its
reactivity (71 ).

5. Oxidation of Gasolines. Results of the oxidation tests on gasolines with
known composition are presented in Tables 6 and 7. Most starting gasolines are not
polar and have PI close to zero. The gasolines with relatively high olefin content are
prone to oxidation and, as expected, gave high values of oxygen consumption and
polarization ilndex differential (OC> 500 ml and P16>0.2). It can be seen that gaso-
lines high in aromatics and low in olefins are not susceptible to oxidation. The infra-
red spectra of the liquid reaction products confirmed the presence of polar molecules
by showing strong CO and 0H1 bands. In most of the advanced oxidation reactions.
small amounts of solid or oily precipitates were formed (up to 0.7 g).

6. Deposit Formation Upon Oxidation. Several samples of combat gasoline.
referee grade (MIL-G-46015), gave a dark deposit upon oxidation. The deposit con-
tained greater amounts of nitrogen (n = 0.1 VX) than the initial fuel. The fuel con-
tained 28 percent aromatics 6 percent olefins, and 22 p/rn of nitrogen. These results
indicate the possible presence of traces of pyrrole compounds in the gasoline sample.
Pyrrole compounds are producing dark colored precipitates when exposed to oxygen
(49-51). In our experiments, a 10 percent solution of pyrrole in isooctane had also
a high oxygen consumption and produced a large amount of black precipitate when
oxidized for 24 hours. However, tile nitrogen content of the deposit is still too low
to indicate that the oxidation deposit is only formed by oxidative polymerization of
pyrrole. Another mechanism of the deposit formation is advanced here. It suggests
that gasolines containing pyrroles and olefins give, upon oxidation, carboxylic acids
which react with pyrroles and oxygen to produce the deposits. The presence of car-
boxylic acids, in high concentration. in the deposits was confirned by analysis. The
reaction between pyrroles and acids in the presence of air. has been reported by other
researchers (52).
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Table 5. Oxidation of Single Compounds - 101/, Solution in Isooctane

Starting Material PIA OC. ml

Isooctane-Solvent 0.003 21

Curnene 0.007 0

nm-Xylenc 0.0 15 32

Secondary Butylbenzene 0.016 43

lDi-t-Butylsulfide -0.002 52

Di-t-Bulty IdiSUllide 0.007 0

Syrene 0.250 882

Table 0. Oxidation of' Leaded Gasolines

Composition of Gasoline Sample

Aromat ics. Olefinis, 1 OC. ml1

37 1 0. 12 2 188

3(1 1 0.124 247

36 1 0.151 270

31 7 0.79o) 126o4

24 7 0.(,35 1130

24 7 0.o61Q 1145

10) 0. 7 2 1185



Table 7. Oxidation of Unleaded Gasolines

Composition of Gasoline Sample

Aromatics, 'Ae Olefins, % PIA OC, ml

32 1 0.210 277

38 I 0.276 594

3 4 0.156 286

27 4 0.134 290

41 6 0.692 1196

41 6 0.750 1213

21 7 0.60 1204

21 7 0.5)9 1234

28 10 0.856( 1288

36o1 0.0,0 114

3, 12 0.(,37 1155

2N 1 0.900 1257

3) 23 0.837 1344

30 23 0.823 137(,
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7. Significance of the Oxidation Test. This new oxidation test has a useful
application in predicting storage stability of gasoline. It has been reported. using
other accelerated oxidation tests, that a relationship exists between the amount of
gtum formed in ambient temperature storage and file volume of oxygen consumed
by the fuel (55). Tihe oxygen consumption and Pi, parameters can be assumed to
indicate the susceptibility of gasoline to form gums in storage. These gums. as dis-
cussed above, may be harmful to engines. Gasolines with high OC and Pi may produce
engine failures. This was suggested by occurrences of spark plugs fouling in engines
run on gasoline containing 6 percent of olefins and 41 percent of aromatics (Table 7).
Also, problems occurred with the gasoline containing 12 percent of olefins and 36
percent of aromatics (Table 7). This was a development product manufactured from
shale oil. It contained reactive dienes and deteriorated rapidly in storage. This fuel
upon testing in engines caused heavy intake valves deposit and stuck valves.

8. Olefins in Gasoline. Their Reactivity Evaluated by the Oxidation Test.
All the above resuIts suggested that olefins present in gasoline have the greatest effect
on the oxidation reaction and consequently on the storage stability of military fuels.
However, it is known that different types of olefins. depending upon their structure,
vary in their reactivity towards oxygen. In order to study the effect of structure in
the extent of oxidation, as detenlined in this method, nine pure olefins were used.
The compounds differ with respect to the number of allylic hydrogens as illustrated:
4-methyl-I-pentene having 2, while 2, 3-dimethyl-2-butenc having 12.
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These olefins, containing from 5 to 8 carbon atoms in tile molecule, were oxidized
as 10 percent by volume solutions in isooctane. The results are presented in Table 8.

Table 8. Oxidation of Olefins - WOC( Solution in Isooctane

Number of OC Adjusted for
Olefin Allylic Hydrogens 0C.11ml P1 0.1 Mole, 11l

4-Methyl-I -Pentene 2 375 0.0575 964

2.3.3-Trimethyl-l-Butene 3432 0.2003 19

4-Methyl-2-Pentene 4637 0.2115 1609

2-Methyl-I -Butene 560 0.2465 1382

2.'4,4-Trimiethiyl-2-Penitenie 6 768 0.3550 2259

2,4-Dimethyl-2-Pentene 7 914 0.4569 2608

2-Methyl-2-Butene 9 1316 0.6 ,118 2794

2.3-Dinmethyl-2-Pentene 11 1308 0.8490 3535

2.3-Dimethyl-2-Butene 12 1423 0.8909 3372

Isooctane Solvent 30 0I

A linear correlation was found between oxygen consumption and the number of
allylic hydrogens (N):

O.98(nl:. ~OC alnarersIlI N+141 a ls o

where the standard error of estimate is 81 nl and the coefficient of correlation is

numer f llyichydrogen atoms:

PIA 0.0838 N - 0. 1180
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where the standard error of estimate is 0.0112 and the coefficient of correlation

is 0.99 (n=9 ). The two functions are presented in Figures 3 and 4.

The number of allylic hydrogen atoms is determined by the structure of the

molecule of an olefinic compound; therefore, the oxidation data should compare

equinolar amounts of the olefins. Consequently, the oxygcn consumption was com-
puted for 0.1 mole of each comnpound and the results are included in Table 8. The

linear regression equation between OC adjusted for 0.1 mole and the number of

allylic hydrogens is:

OCadj = 204 N + 463

where the standard error of estimate is 240 ml and the coefficient of' correlation

is 0.97 (n=9).

The regression line is presented in l-igure 5. The standard error is the ad-

justed standard deviation of the differences between the actual and the estimated
values and amounts to S = 240 ml. The two lines are drawn in Figure 5 at 240 ml

above and below the regression line. This is analogous to the practice in statistics
of presenting the normal distribution curve, where the interval between the mean
value minus one standard deviation and the mean value plus one standard deviation

covers 2/3 (67 percent) of the population. In our graphical presentation (Figure 5)
it can be seen that 67 percent of points (6 points) fell between these two lines or
in zone with one standard error on either side of the regression line.

This finding has a practical application. It reduces the number of poten-

tially harmful olefins present in gasoline, to those which are very reactive: those

having high number of available allylic hydrogens. This new oxidation technique,
combined with other simple analytical procedures may indicate the concentration

and structure of an olefinic compound present in a gasoline sample. The other ana-
lytical procedures will include the separation by absorption chromatography of the
olefinic fraction and the determination of iodine number and infrared spectroscopic
analysis of this fraction.

The autoxidation of olelfins is a free radical chain reaction involving several
steps. This reaction has been studied by numerous investigators for many years.
Their work has been focused on the mechanism of the reaction, determination of

the yield of the hydroperoxides and the kinetics of the oxidation process with the

rate constant determined for each step such as initiation, propagation, and termina-
tion reactions (197). It was reported that the behavior of unsaturated compounds
towards oxygen was aff'ected among others, by the availability of allylic hydrogens

for the reaction with a peroxy radical (198). It was found in an oxidation reaction
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I
that 2-methyl-l-butene containing 5 allylic hydrogens was more reactive than 1-butene
or 1-pentene with two allylic hydrogens (199). However, to our knowledge, no data
have been reported on the simple linear relationship between the number of available
allylic hydrogen atoms and the oxygen uptake or between this number and the con-
centration of the final oxygenated compounds as measured by their dipole moment.

If our finding could be extended to other olefins, it would provide a simple
measure of the reactivity of olefins towards molecular oxygen, considering only
the yield of the final oxygenated compounds such as alcohols, ketones, and acids.

9. Olefins in Present Gasoline and in Gasoline of the Future - Effect on

Storage Stability and Engine Operation. The presence of reactive olefins in gasoline raises
questions about their role, concentration, and future use in gasoline as well as expected
effect on engines.

Petroleum refiners consider olefins an attractive component of gasoline
because unsaturates have higher blending octane number than the analogous paraffins
and are available from the refinery processes (75) (200-203). It was confirmed by
a fleet test that gasolines containing high percentage of olefins have high Road Octane
Number (204). Numerical values of blending Research Octane Number (RON) of
unsaturates and saturates are, for example: I-pentene - 118, versus pentane - 62;
2,4,4-trimethyl-l-pentene - 150, versus 2,4,4-trimethylpentane - 100 (200) (205).
The higher octane number of olefins can be explained by the fact that these chemicals
ignite at lower temperatures and extend the combustion of hydrocarbons in spark
ignition engines (206).

The presence of olefins in marketable gasoline was reported in numerous
publications (207-216). According to one survey, there was an increase of average
olefins content, measured at the refineries from 6 percent to 8 percent in the period
of 1973 to 1974 (212). Other surveys, containing larger numbers of samples, indicate
that the average percentage of olefins remained unchanged during the period of 1976
to 1979 and amounted to 7 percent (214-216). The range of olefins content was
recently reported to be 0 percent to 26 percent (216 a).

Examples of olefins present in gasoline are shown in Table 9 along with
their blending research octane number, number of allylic hydrogens, and literature
references. It can be seen that those with high octane number have high number
of allylic hydrogens and will therefore produce gums when present in stored gasoline.
We can expect an increased concentration of olefins and specifically reactive olefins

in gasoline in the future.

35



Table 9. Examples of Olefins Present in Gasoline

Number of
Allyfic Blending in

Olefins Hydrogens RON Gasoline Reference

Isohexene 2 11 2 NI) 202

Diisobutylene 5 148 ND 216 b

2-Pentene 5 150 0.9 208

2-Pentene 5 150 1 .6 209

2-1leptene 5 94 ND 213

2-Octene 5 74 ND 213

Isobutylene 6 170 ND 216 b

2-etliyl-2-hexene 7 ND ND 213

2-niethyl-2-pentene 8 159 1.2 207

2-methyl-2-pentenc 8 1 59 0.3 208

3-metliyl-2-pentene 8 125 1 .2 208

2-niethyl-2-hieptenc 8 106 ND 213

2-methyl-2-butene 9 140 1.8 207

2-metyl-2butee 9 40 10 20

2-rnethyl-2-butene 9 140 N.0 209

2-rnethyl-2-butene 9 140 ND 213

2,3-Diniethyl-2-butene 12 185 0.1-0.2 207
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Older cars and new cars with higher compression ratio require gasoline
with higher octane number (217, 218). To increase the octane number and the yield

of gasoline, the following refining processes will be emphasized in the future: polymer
(200, 219-223) and pyrolysis gasoline manufacture (224-226). steam cracking (219,

227. 228), thermal cracking (229), catalytic cracking (230-238), and hydrocracking
(239-241). The fuel from these processes, despite hydrogen treatment, will contain

olefins because of the desired high octane number (217, 220, 223, 225, 226, 230,
231. 234, 237). Such gasoline in the future, and specifically the fuel containing
olefins like isobutylenes (217) and isoamylenes (234). with high allyic hydrogen
content, may produce gum in storage. despite treatment with antioxidant additives
(201). Harm to the engines may result.

10. Conclusions from Gasoline Study.

a. The new oxidation test is a reliable method for determining the oxi-

dative stability of gasoline and its components.

b. Gasoline containing olefins, and particularly reactive olefins, is prone

to oxidation and formation of gum during prolonged storage.

c. The susceptibility of olefins to oxidation correlates with the number of
allylic hydrogen atoms in the molecule.

d. Olefins prone to oxidation, as determined by this method are the
components of present gasoline and the fuels of the future.

e. Gasoline in the future may have lower storage stability and on storage
form gum which will impair the operation of vehicles.

V. RESULTS AND DISCUSSION: OILS

The successful development of laboratory oxidation method for gasoline sug-
gested its applications to engine oils. The objective was to develop a precise bench

oxidation test which would correlate with engine tests and field performance. The
knowledge of oxidative stability of base stocks and the effect of this stability on

the formulated oils was also sought.

I. Oxidation Test: Conditions and Precision. The optimum reaction condi-
tions which were determined experimentally consisted of stirring 50-ml oil sample

at 350 r/min and 150'C for 48 hours. The initial pressure was 100 lbf/in2 . The
precision of the method was high according to oxidation tests performed on several

engine oil samples (Tables 10 and 12).
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2. Test Parameters and Combined Results. As in the gasoline study, the extent
of oil oxidation was ascertained by measuring independently oxygen consumption
and polarization index differential. A significant correlation between these two
variables was found based on 50 tests performed on nonpolar hydrocarbon oils. The
regression equation is:

OC = 4 7 51 PIA + 166

where the standard error of estimate is 155 ml, and the coefficient of correlation
is 0.90 (p< 0.001. n=50).

This equation indicates that with increased oxidation, there is an increase
of the dipole moment of the oil. Similar results were reported by other researchers
(160). It provides a practical method for verifying the validity of each oxidation
test by comparing the measured value of OC and PIA with tile equation. The oxidation
results are presented in Table I I and Figure 6. The oxygen consumption varied
from 36 to 1.532 ml and shows the ability of this test to discriminate oils of different
oxidative stability.

3. Oxidation Test of Synthetic Oils. The Polarization Index formula
(P1 = e -nn 2 ) cannot be applied to polar synthetic lubricating oils because they predomi-
nantly contain esters of high dipole moments. The polar molecules interact since
they are not separated by nonpolar molecules of the liquid solvent. The measured
PI values of bulk polar compounds therefore are not linearly related to the dipole
moments of these materials. Our Polarization Index method is applicable to gasolines
and oils with low initial dipole moments and which upon oxidation, still represent
dilute solutions of polar molecules in a nonpolar solvent, hydrocarbon. The PI values
of polar oils as measured in these experiments may only approximate the high polarity
of these substances. The oxidation results on synthetic oils are presented in Table 12.
The oxygen consumption was used as the only criterion. These oils are relatively
resistant to oxidation. The coefficient of variation is relatively low, confirming the
high precision of the oxidation method.

4. Relationship Between Oxidative Stability and Oil Characteristics. The
purpose of this phase of our study was to gain better understanding of the effect
of oil properties on the oxidative stability of the oil. These properties included chemi-
cal composition. unsaturation, viscosity, water content, concentration of elements-
potential contaminants, gravity, and boiling range. Oxidation runs performed on a few
model compounds-engine oil components did not show any increase of oxygen con-
sumption or significant differences between the paraffinic. aromatic, and olefinic
hydrocarbons of low reactivity (Table 13). These compounds were tested as 10- and
30-percent solutions in diester oil of high oxidative stability. Because of the polar
character of the solvent, no polarization index was determined for these solutions.
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Table 10. Oil Oxidation. Test Precision

Sample: Lubricating Oil, Synthetic Hydrocarbon, AL-5009 L.

OC ml PI

674 0.1780

781 0.1510

713 0,1345

719 0.1359

686 0.1366

718 0. 1328

690 0.1396

734 0.1457

712 0.1366

X714 nl X0.1434
S 31inI S 0.0142
V =4.4' V 9.91"
n= 9
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Table 10. Oil Oxidation, Test Precision (Cont'd)

OC ml Pl A

Sample: Lubricating Oil, AL-6193L, Formulated from Reprocessed Oil,'1320 0.0554
332 0.0554

319 0.0547

326 0.0562

322 0.0532

327 0.0569

X324ml _T=0.0053
S 5 fil S 0.00 13
V =1.57% V 2.3'Y;
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Table 11. Oxidation of Oils

Oil Sample

No. Description 0(" 11 13l PA

864 Rerefined Base Oil 381 0.0727
879 Rerefined Base Oil 811 0.08t62
879 Reretined Base Oil 882 0.0939
844 Rerefined Base Oil 496 0.073o
849 Reretined Base Oil 493 0.0596
845 Rerefined Base Oil 51 5 0.07 20
848 Rerefined Base Oil 889 0.1095
850 Rerefined Base Oil 451I 0.0750
852 Rerefined Base Oil 48 2 0.0760
853 Rerefined Base Oil 5 11 0.0670
846 Rerefined Base Oil 807 0.1020

863 Rerefined Base Oil 427 0.0777
863 Rerefined Base Oil 459 0.1014
847 Rerefined Base Oil 702 0.0682
851 Rerefined Base Oil 482 0.0628
865 Rerefined Base Oil 459 0.0o660
873 Rerefined Base Oil 01 2 0.001 2

6755 Petroleum Base Oil 1498 0.24 10
6755 PetroleUm Base Oil 1 502 0.2280
6850 Petroleum Base Oil 230 0.0624
1538 Rerefined Base Oil 256 0.0506
1,539 Engine Oil Forniulated from 1538 1002 0. 1678
1526 Rerefined Base Oil 1532 0.3090
1527 Engine Oil Formnulated from 1 520 996' 0.1498
6540 Engine Oil Formulated from Rerefined Oil 963 0.1059
6541 Engine Oil Formulated from Rerefined Oil 901 0.0997
6542 Engine Oil Formiulated from Rerefined Oil 1077 0. 1345

6 Engine Oil. MiI-L-2 104 C 765 0.1237
3 Engine Oil. Mil-L-2 104 C 617 0.0950
9 Engine Oil. Mil-L-2 104 C' 294 0.0454
4 Engine Oil, Mil-L-2 104 C 309 0.0582
4 Engine Oil. Mil-L-2 104 C 299 0.0485
2 Engine Oil. Mil-L-2 104 C' 954 0.1405

49 Engine Oil. Mil-L-2 104 C 1503 0.1722
76 Engine Oil. Mil-L-2 104 C 1014 0.1457

1 76 Reference Oil 612 0.0864
177 Reference Oil 761 0,1021
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Fable II. Oxidation of Oils (Cont'd)

Oil Sample

No. I)¢scriplton (X', il PIA

I '8 Reference Oil 539 0.0721
7011 Reference Oil. SequL1Cncc lest lIl( 1281 0.2427
70R Reference Oil, Sequcnce Iest IIIC 1422 0.2733
72..\ Reference Oil. Selt ience les I lIl_ 22 0.0871
'5A Rcference Oil. Sequence lest II IC o55 0.0831
75B Rcference Oil, Seq ucnk 1e,,t II IC 1031 0.1050

75(" Reference Oil. Seqtuciic¢ lst II' IOt 0. 1 267

( -A lurbine Oil 24o 0.0531

( I-B Turbine Oil 30 0.044

G I4 urhin¢ Oil 504 0.005

GI -A 'urbiie Oil 458 0.0823

( I I-II Iurrbin Oil 3(,9 0.0349

G F- I lurbin¢ Oil ) 0.0149

I al' 12 (W)xid.atior of S\ wlthelc Polar Oils

Pl of OxvilCon ( o ¢ unitln
Smiple Slariin Nlah'rial fill

A,-l- .j()7 1 5 127

.1 -5S 144 113

.- \!-.€ t I 7 115

Al -24 I 186

Al <'4 213

\I -.. ws( I I00

1 . 10) 203
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Tablh 13. Oxidation o1 Model Compounds Oil Components

Solution in I)iester Lubricant

('ompound OC, il

Solvent: Diester Oil, AL-5075 12') (average)

10"; 1 l)ocosane I I

10"; I l)ocosene 108

30' 1 l)ocosene 133

10"; Dimethyl Naphthalene Io1

I 0 Naphthalene 140

30"; Tetradecane 144

30'; llexadecane 100
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I
The quantitative determination of unsaturation of oils was performed by

measuring iodine number of 28 samples. The results are presented in Table 14. The
unsaturation was very low as indicated by low iodine number. No linear correlation
was found between oxygen consumption and iodine number.

We cited in our literature review on oil oxidation (Section III, paragraph 3)
some authors who reported that extended oil oxidation resulted in increased viscosity
(140). No such linear correlation was found in our experiments when oxygen con-
sumption and polarization index were compared with viscosity change after oxidation
tests (Table 15). Such lack of correlation was expected. The value of the dipole
moment of the oxidized oil depends upon the type and concentration of the oxyge-
nated compounds. such as alcohols, aldehydes, ketones, and acids in the nonpolar
hydrocarbon medium. Dipole moments and viscosities of several oxygenated coin-
pounds are presented as an example in Table 16. It can be seen that dipole moment
does not correlate with viscosity. The high viscosity of the oxygenated compounds
derived from the same hydrocarbon can be explained by the presence of intermolecu-
lar hydrogen bonding in the less polar compounds. Alcohols have higher viscosities
than the corresponding aldehydes.

Water present in the oil because of high dielectric constant could affect
the precision of our polarization index measurements. Also, water could affect the
oil sample tendency to oxidation. Two oil samples selected randomly contained
very low amounts of water before and after the oxidation test (Table 1 7). The Karl
Fisher method was used. Such low concentration did not have a significant effect
on the results. The effect of other characteristics of oil on oxidation is discussed
in the following paragraph.

5. Oxidation of Re-refined Oils. In conjunction with Anny-Environmental
Protection Agency program on re-refined oils, a number of re-refined base stocks
and finished engine oils made from these stocks became available (242). We investi-
gated the effect of base stocks composition and characteristics on their oxidative
stability and compared the latter with that of finished engine oils. The analyses
of these oils were performed by other researchers (242). Table 18 contains a repro-
duction of these results along with our oxygen consumption data. It can be seen
that no one property of the re-refined base stock correlates with its oxidative stability
as measured by our test. Also, the aromatic content of these base oils (242) does
not relate to their tendency to oxidation. The oxidation data on these oils are coin-
pared with those of corresponding finished lubricating oils (Table 19). In six cases.
the formulated oils despite the presence of antioxidant additives were more susceptible
to oxidation than the base stocks. In two, cases, no significant change was found, and
in only one case, an improvement was observed. This finding suggests that the dif-
ference in oxidative stability of base stock has no effect on the properties of the

45

t:



Table 14. Oxidation of Oils: Oxygen Consumption Versus Iodine Number

Iodine Number
Oil Sample OC, ml of Starting Oil

AL-6193 324 (average) 4.65

AL-5009 714 (average) 3.66
CCL-864 381 4.60
CCL-879 846 (average) 3.37

CCL-844 496 4.74
CCL-849 493 4.78
CCL-845 515 4.75
AL-0755 1500 (average) 3.30
CCL-848 889 5.38

('CL-850 451 3.73
('(1-852 482 4.12

C('L-853 511 4.49
CCL-846 807 4.9 1

('(L-863 443 (average) 3.91
AL-o540 963 5.40
AL-6541 901 4.95
AL-6542 1077 5.12
AL-6850 230 3.60

FR1)A 1538 256 3.70

ERDA 1539 1002 4.79
FRDA 1526 1532 4.60
.RI)A 1527 996 4.63

ASIN (;T-B 36 1.34
ASrM G;r-A 246 3.78

('('L-847 702 5.12
Reference Oil 70R 1422 5.20

Rlference Oil 7011 1281 5.41
Reference Oil [/-I 1038 (average) 4.87
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Table 15. Viscosity Change of Oxidized Oil with Respect to Initial Product

A % Kinematic Viscosity

Oil Sample OC. ml PI1 Change at 100*F

Reference Oil, 70R 1422 0.2733 16.0

(MIL-L-2104C) 3 617 0.950 11.0

(MIL-L-2104C) 4 299 0.0485 -17.0

Reference Oil, LZ-l 1038 0.1662 38.0

Table 16. Selected Dipole Moments and Viscosities

IDipole Moment D~ynamiic Viscosity
Compound Debycs Centipoise. at 20'C

Fthanol 1.65 1.2
Acetaldehyde 2.69 0.22

I -Propanal I1.68 2.20
Propanal 2.52 0.41

Cyclohexane 0.0 I1.02
Cyclohexanol 1 .61) 68
Cyclohexanone 2.75 21

Toluene 0.36 0.59)
Benzyl Alcohol I1.71 5.8
Ilenzaldehyde 2.75 1.39

'rable I17. Oxidation of Oils Water Content

%Water C'ontent

Oil Sample OC. ml1 Ini Starting Oil In Oxidized Oil

AL 0755 1500 0.033 0.015
CCI. 848 88') 0.029 0.011
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Table 19. Oxidation of Re-Refined Oils: Base Stocks and Formulated Oils

Oil Sample OC, ml1 M1IBase Stock 846 807 0.1020
Formlulated, OS-3 7708 846 0.1343

Base Stock 848 889 0.1095
FormUlated, OS-37606 1317 0.2239

Base Stock 850 451 0.0750
F-ormulated. OS-37709 885 0.0963IBase Stock 852 482 0.0760
Formulated. OS-3 77 10 775 0.1259

Base Stock 853 511 0.0670
Formulated, OS-3771 1 757 0.1208

Base Stock 863 443 0.089 5
Formulated. OS-37607 867 0.1433

FRDA Re-refined Base Oil 1538 2 56 0.0506
Formulated. 1539 1002 0.1678

ERDA Re-refined Base Oil 1526 1532 0.3090
Formulated, 1527 996 0,1498

Base Stock AL-4598 421 (average) 0.0733 (average)
Formulated. AL-4597 425 (average) 0.0754 (average)
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formulated oil. Other researchers have found that the differences in base stock can
be adequately compensated for by changes in type and concentration of additive
(243) (244). No relationship was reported between base stock characteristics and
the performance of engine oil formulated from such stock (186) (245). We conclude,
inl agreement with our literature review, that the oxidative stability of the engine
oil is not a primary factor in oil performance. This conclusion is confirmed by engine
and field tests described in the following paragraph.

6. Relationship Between Oil Oxidative Stability and Oil Performance in Engine
and Field Tests. Engine oil samples were received from the same investigators who

published the engine and field test results. No correlation was found between oxygen
consumption in our test and performance in single-cylinder engine test (L-38, FTM
3405.1 ) (Table 20).

Table 20. Laboratory Oil Oxidation Test and Single-Cylinder Elngine Test (L-38)

Oil Sample OC, ml L-38 Test

RIO 176 612 Satisfactory performance

RI O 177 761 Failed

R1 O t 78 539 Failed

A L-4597 425 (average) Satisfactory performance

Thirty-four engine oils of known performance in Sequence IIIC engine
test were evaluated by our oxidation method (Table 21). The first nine products
on the list were formulated from previously described re-refined base stocks (242,
246). No linear correlation was found between oxidative stability of engine oils and
the parameters which are determined in this engine test. These parameters include
viscosity increase at 40 and 64 hours and ring land deposit. This laboratory finding

confirms our previous conclusion based on literature data that viscosity change in
Sequence [IIC is a poor predictor of crankcase oil action and that the Sequence IIIC
is not related to field performance.

This oxidation test was also applied to 21 engine oils of known performance
ill Sequence V(' engine test (Table 22). No linear correlation was found between
oxygen consumption and parameters such as piston varnish, average engine varnish
and average sludge, all of which are usually determined in this engine test. As pre-
viously cited in our literature review, the correlation between the Sequence V engine
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Table 2 1. Laboratory Oil Oxidation Test and Engine Test-Sequence IIIC
(Specification MIL-L-46152)

SEQUENCE IIIC

17 Viscosity Increase

Oil Sample OC, Inl ( , 40 hours 6, 64 hours Ring Land Deposit

OS-37606 1317 111 173 8.1
OS-37709 885 126 4774 7.6

OS-37710 775 88 117 8.3

OS-3771I 757 69 114 8.0

OS-37708 846 105 166 7.95

OS-37607 867 62 103 8.1

ERDA 1539 1002 18 ND 8.0
-RI)A 1527 996 21 ND 7.5

AL-4597 425 (average) 981 TVTM 5.9

Reference Oil 70R 1422 > 600
Reference Oil 7011 1281 > 2000
(MIL-L-2104C) 6 765 385 TVTM 8.1

(MIL-IL-2104C") 3 617 304 TVTM 7.0
(M I L-L-2104C) 9 294 9390 TVTM 6.9

Reference Oil LZ-1 1038 19.8 > 1500 ND

Reference Oil 70M 623 45 113 7.7
Reference Oil 71B 336 80 > 1000 NI)
Reference Oil 73B 6)99 91 TVTM 7.9

Reference Oil 70(; 1247 > 1000 ND

Reference Oil 70P 1028 > 1000 ND

GNIR-9522 1296 > 1000 NI)

GMR-9521 1410 > 1000 NI)

GNIR-9524 671 > 1000 NI)

AL 5009 714 179 46-2 7.0

(MIL-L-46152) I (158 83 1520 6.7
(MIL-L-40152) 2 954 50 4020 8.2

(MIL-L-401152) 9 1503 219 3860 7.0
(MIL-L-46152) 7 1220 (0 269 6.7

(MIL-L-46t152) 0 1014 o3 TVTM 7.2

Reference Oil 75A 005 380 > 1000 7.4
Reference Oil 75B 1031 75 > 1000 6.5

Reference Oil 75( 690 120 200 7.9
Reference Oil 72A o22 352 > 1000 0.8

Reference Oil 73A 372 120 > 1000 7.6
NO: Not itermincd.
rviM: Too viscous to measlre
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Table 22. Laboratory Oil Oxidation Test and Engine Test - Sequence VC
(Specification MIL-L-46152 and MIL-L-2104C)

Sequence VC

(Average)

Oil Sample OC, ml Piston Varnish Engine Varnish Average Sludge

OS-37606 1317 8.0 8.3 9.6
OS-37709 885 7.9 8.2 9,6
OS-37710 775 8.2 8.3 9.6
OS-37711 757 8.1 8.6 9.6
OS-37708 846 7.9 7.9 9.6
OS-37607 867 7.9 8.4 9.6
ERDA 1539 1002 7.7 8.3 9.5

IRDA 1527 996 7.9 8.4 9.5
AL-4597 425 (average) o.2 6.2 6.7
(MIL-L-2104C) 6 765 8.0 8.0 8.6
(MIL-L-2104C) 3 617 8.1 8.0 9.1
(MIL-L-2104C) 9 294 7.7 7.2 8.1
(MIL-L-2104C) 4 309 7.5 8.1 8.0
FREO 201-1 340 7.7 7.7 8.0
FR-O 203 512 8.1 8.6 9.2
AL-5009 714 8.3 8.7 9.0
(MIL-L-46152) I 658 8.5 8.2 9.1
(MIL-L-46152) 2 954 8.5 9.0 9.5
(MIL-L-46152) 9 1503 8.2 8.4 9.2
(MIL-L-46152) 7 1220 8.0 8.0 9.3
(MIL-L-46152) 6 1014 8.0 8.0 9.6
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test and Forbes and Wood's bench test was feasible to derive because the latter re-
flected not only the effect of the engine oil but also of the fuel and combustion
blow-by (98). No such fuel and combustion parameters were included in our labora-

tory oxidation method.

Eight samples of engine oils which were among those evaluated by this

method were also tested in fleet tests in actual service (242) (247). The results
are compared and presented in Table 23. Oxygen consumption varied from 129 to
1309 ml. Despite this difference in oxidation stability, all these engine oils operated
satisfactorily in the field.

7. Conclusions from Oil Study.

a. The new oxidation test is a reliable method for determining the oxida-
tive stability of engine oil.

b. No specific components or contaminants present in available samples
of base stocks and engine oils were found to afffect the oxidative stability of these
oils.

c. No linear correlation was found between oxidative stability of base
stocks and that of engine oils formulated from these stocks.

d. No linear correlation was found between oxidative stability of engine
oil and oil paranieters nCasured in single-cylinder engine, multicylinder engine and

field tests.

C. lie reasons for the absence of correlations are:

rI ) lerformance of engine oil is not related to specific limiting charac-
teristics of bast. oil.

2) Oxidation is a minor factor in oil degradation during service in
internal-con bustion engines.

(3) Vngine tests V-38 and Sequence VC evaltle several crankcase
oil characteristics i addition to resitance to oxidation

(4) l3hsed upon1 pblished d ata (22), Sequence IIIC engine test does
not correlate with field performance anid one of its characteristics viscosity change
rellects several ph.,nomena,
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Table 23. Laboratory Oil Oxidation Results and Field Performance

Oil Sample OC. ml Field Test Results of Field Test

AL-6540 963 San Diego Satisfactory

Formulated from Police Cruisers performance
Re-refined oil

AL-6541 901 San Diego Satisfactory
Formulated from Police Cruisers performance
Re-refined oil

AL-6542 1077 San Diego Satisfactory
Formulated from Police Cruisers performance
Re-refined oil

AL-5009 714 Letterkenny Fleet Satisfactory
Formulated from Test performance
Synthetic Hydrocarbon

AL-5680 207 Letterkenny Fleet Satisfactory
Formulated from Test performance
Synthetic Ester

AL-5889 1309 Letterkenny Fleet Satisfactory
Formulated from Test performance
Mineral oil

AL-6095 293 Letterkenny Fleet Satisfactory
Formulated from Test performance
Mineral oil

AL-5075 129 Arctic Satisfactory
Formulated from Environment performance
Synthetic Diester
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5) Inl the field service, oil degradation depends upon several paraili1-j ~ ~ett'rs such as oil characte'rist ics. luel. car. and driving condiit ions.

1. D~ecreased costs of' qualification testing of' engine oils will be acliic' ed

by elimin at ing ( lie required Sequ ence Ill engine test from Military Specificat ion

\11. I Xl1'lRINI1.NTS

1. Oxidation of Gasolines anid Their Constituents -- Apparatus and Procedure.

File apparatus consists of a 300-11I staliless Steel aiit OCl\C. equlippedC~ with a magneticI ~ ~stirrer \Oiiich can be regulated to a de tcrined constant speed, iil internal cooling
cOil. a tcm perattnrc con troller, a preSSulrc recorder, and a st irred silicone oil bathI
inst alled onl an c lcct ricallv powered jack (see I :ir.I )

Inl order Io prewnct corrosion anld avo0id cMalv ti effect Of mletals. thle
an toclaw is fit ed \ it h Vi tonl O-ring gaskets and tile part of' tlie st irrer inside thle

miitoclaw is mic I rm a poik carbonate resin. Ilhc insidc of' the autoclave is coated

ith l tfi Yo iirom the precision (fit flet method and to bhe able ito run unattendedI
tests, tile s~ stein has been partially auitomiated. Fl1w svsleiii includes tw\o timers for
coiitrolliiic the ltlec of (tic reaction. heating, and cooling,. At the cud of' tile preset

reaiction lttli. t 1w main timcr shuts off thle heating and stirring mlechanlisms and acti-
atil t- jak Mu Ich lo\\crs the oil bath. A.t (tie same time,. this tinier turns onl a

sce-old litie[ ., H1w hlttr openms a solenoid valve which allows cold water f rom the

taimcet to circulate through the cooling coil inside tile autoclave for ai desired period

F1w Conditions of, the oxidation test are: 50-nil sample inl a glass liner.

iita o\\ gc pressure oft 100 lb f"in 2 .react ion teniperat tire of' I100')C.' iiternallv

nicasmired. and AI irring at 2 50 r, mimn. The dlurat ion of' t 1w react ion is 24 hours. nica-
stired froim tile ltme of' raisinig the hot stirred oil bath, to the time of lowering it

at tilliend of, tillie x perimenmt. NO ca talyst is used. At the begin ning ot' the test, after

placing tile glass tlner WithI t'e saimple inl til littoclave. oxv cen is in trod uced uintil
a pressure of, I00 lbf' ,in 2 is at taiied . [hle ga;s inl tilie alltoclave is allowetd to escape
slowly inl ordler to purgt' the air presenit. ile pirging is repea ted thlree l imes. At
the fouth1 timue. thle pressure of' o\\ gecn is set at 100 INf, in12 .File pressure is recortded
and obstervetd for I 0 miiutes withlout stirring and thlen for 10 minuttes with stirring
to dlt leaks .. Afterwards. th le;eate d t st irrt' siliconi oil bath is raisetd. Hie
main timter is set for 24 hours antI the tinier controlling the cooling period, for one

houir. At thle enit of' 24 houirs, tilte heating, and stirring is shut off, the oil bath is
lowered, and the cold water is circumlatetd t Iroughi thle cooling, coil for I hour.



I %OIliiiie Of O\Ngenl consumeid is calculated from the pressure dropl and
conserted it) st andard condit ions (f0(C a nd -loo mmn lig pressure). The ma ximal volumec
of Mucel lih Cal hi e confliniedi iniounits to a bout 1600 nil. Next. thle preSSUre
is released slowly from tile aultoclave'. The reaction product is separated into precipitate
Mnd hqiid fract'ion I,\ filtration. [hle liquid filtrate is weighed. The glass liner, the
autoclase. Mind thle stirer are washedL wkith hevane. Ind thle washings are filtered through
fritted -lass filter containig the precipitate. Fle prec:ipitate is dried and x\ cighed,
[hle dielectric constanti and refracfi~e inde\ of the liquid tilt rate and of the starting,
material are determined. [lie %alue\s of dielectric constant are obtained b\ mleasuring
thle Capacitance of' tile liquids in a highi-frequenc\ oscillometer itt constant letemperatutre.
[he oscillonieter is calibrated each time '\ itlh four pure compountlds Of-kow dielectic
Constants. Thiese compou mnds are I ben/ene, t oluene. cfilorobeiene, and c.arbon
tet rachloride.

2. Oxidation oif Oils. A s\ stei similar to the one used for gasohmeN \ as ecm-
ployed except the Cooling coil w hich was omit ted. More sec ere oxidation conditions
were applied, a 5O-iml oil sample was stirred at 3 50 r inin and I W0NC for 48 fhouirs.
[lie procedure was simiilar to fiat eiployed for gasolines.



LITERAURE CITED)

F I . 1)Deparinwnt of t he ArniN Fechinical Mianunal [N-3 5-450. "St orave and Maie-
fiance of Prpositionled Material Configured to LI iit-Sets (PONICLIS 1." Chtapter 5

Section VI (No% ember N" 17I.

D.lepa rtmwent of t he ArmNr I Vid d Manual FM 1 0- '0. "Ispecting and Ilest ing

Petroleuini Products" (Jll\ I Q-o

D~epartmwent tit Defense. MIiltitr- St audardi.'at ion I landbook \11 1-! lDIBK- '001

"Quaklit \ Survillan,1ce I land book for'Fuels. 1, ubricanits. and Related Products."

pp. 1 3 andki 83 No~iember I Q)'o, NIilitarN Specification NII LAO -305oI)," Gaiwliie,

Autoniot iw. (Cout- (Se ptember I Q ,),

4. IDepartincnt of the Arm , Arim Reetitlatioii No. -703-1I . "Coal and Petroleuim

Product,, Nt11ttmen I"(iptr n o (September I10 "S).

.1. N. BmOc de. -Staibilit\ of, \111 30e-V pe ( asoline," Ordnance I 'tick a11d

I tibricants, Reseairch I ihorator\ ,Soutltlmest Research InlstitteI (NONeInber-

o. NI. I . I el'era, "111\sle.i ion1,1 101l~ the A\utomsdation of Pi~eroteuiiu Itiek. AlD

'.J . N. IBo\%kdeu "Storage' St.1ibilit O 'Io CFderal Specitication Gasolinic," V.S. Ari
Fu1els an1d I ubricants Rceclarchi IahoraitoiN . South~ est Research Instit ute, Al)
-84282 O.ul\ I04)

S. WI Kohobiclyski. "IDeteriiiatioi 11 O the Su1s1ceptibility Of ( a[solineC to O~idAiOn

I,\ thie Polariuation WltliOt.' Amuericain Ch'lemical Societ\ .II11 l 01' isonofl'tolet11i

'lieCIinst. Preprint, -21. No. 4. SOS (Septeni her I O-oi V

C (oordinat ing Research Counicil Phases L II, and Ill. "Stat ioniar I 11,iu1c Ie~ts,

Rutn b\ Soti tc st Research lust itute." CRC Protct No. 'F35:NC~ 0 o-K.
N) 0111 1905-.

1 0. Coorklinainw, Research Cotuncil. "Swienifican-ce of Precipitate inl NI I -(-,o5,o
Mlotor ;.isohin.'." CRC Protct No. (( I-1I-5S. Ne\\ York. NY Wehruar\ I 058S

I I Cooriluatiuc v Research Couincil . Motor \ecluc-Fuel I ubtncant and I tuiptuent
Rcse.ircli L omlnt tee. "Inuct ion S\ steim Deposit I fleets oni I tigine Performance.

1 1) Report No I o .\(uvuist 1 )Io



12. ('oordhiat irit Reseairch Council. Fuels arnd l-rwine Cleanliness Group: -Intake

NManifold I )osdt [ripii e )N inonetcr Test Procedure State-of--the-Art''
Sumnmnary Report: 10.1)78~ QT (IDeembrer I Q7, ).

13;. Fordj Motor Cormpany : '1 ngine hi gineering. A Presen tat ion to SAF F uel arid
Lubricants Subconmmit tee (Fuels) Rega.rdings Fuel ('learilness Characteristics.''

lDea.born, \1l (February 11) 7,).

1 4. "'Annual Book of' ASI'M Staodards.'' .American Society for Festin.- and Materials.
Part 23. lest 1) 5 25, Philadelphia. PA ', 1 ) )

I1S. F. G. Seliwart/ et al., ''Storagae Stablility of G asoline,- Bureau otf' Mirres. Bulletin

I o. F-. (G. Selrwart, et ii.. ''Storace Stablilit\ of Ga:solinel.-' Bureau kit' Mines, Bulletin
n L) 1).

1 1. ''Si-niticauree of F ests for Peotrolemun Prod ucts.- .\ ruerican S)Ciet \ tOF etic
ar1id Majteril-Is: SIll~ 7C" p. 48: Philadelphia. PA\

I S . R, l'o\e r. "''Fike lInalid InlduIC6in Pkc nod. 'AmerfiCanl SOOCrt x t.11 I e~ti ru
idNlatlrials: Bulletin 20, . 5S. Philadelphiai. PA ( 154.

R R. 0. 1eudl'r, inl N\ iuposimril oil (trrrerult RCNCearell Onl \ioor0101 lr' ("1O1TC\ ilu,-
Ma\r A\fle Initer speert ica.t iolns Antericmi So,.c f or 1e\I11t anc.nd \flterialls.
S IIP 208. p. (13 .Ill iladelplria, PA. I 10n0 1

'0....NAOTI. rll "' \Irto\idLIrrour Mid uioilr.'W I iridlVIre. ednti0. In1ter-
Pubue lilL-Net\ \ol. I1. (hlrpter I .U\rn dRtIMoll an1d \nrro0Mndnnnt\ Of

PI'trolcunn. pp n5) -S-;o \k\\ York. N)~ I Ooe2

2I \hlrtar\ sjpecliicauonn1 NiHl -l -21W4 (" -I liburatimne Oil. Interl.1 (oinbukltnoin
I sie.l.ieelSrrCIA n 0 ocnbe-C").M -l -4or'l;-2. "1 ul'ricatinc

)il. In~terna'l Comuist loll I 11'i.11C \Llnnninn'tratl\k eser\I%- ice''0 \CI~eNrcr 1 00).
NIll -1 --'1 2e0o B. -I iirtiie (Mi. l11inui'l ('0iinhiistiOli I nicc ee~u~
midnl Iir-iknn .J Ik I '2 \111II- -o1 "1 'l buicat inc ()ri - I ncrial ( orn

b(Nal\, I !1. PAllpli.l' \ . C l~-L '-

"M utw mic I N S~ ijikN o I\Ill ll 11o II l\CIM~lc 1"" ckiSlk

It(, ~qtc~,.c ald cqu-IIC 11C~k 11 01.11 10. C 11T' id IA'r



2-3. Energy Policy and Conservation Act of 1975, U. S. Public Law 94-163; Conser-

vation and Recovery Act of 1976, U. S. Public Law 94-580.

24. R. E. Albright et al., Ind. Eng. Chem. 41, 897 (1949).

25. F. F. Farlev and R. J. Greenshields, ibid; 41, 902 (1949).

2 6. R. W. Watson and T. B. Tom, ibid, 41, 918 (1949).

2 7. G. 1. Kovalev, Neftekhimniia 18, 584 (1978).

28. S. Benson, On Some Current Problems in Oxidation Kinetics, in National Bureau
of Standards Publications 357. "'The Mechanism of Pyrolysis, Oxidation and
Burning of Organic Materials." p). 1 21 (1972).

29. R. H. Resenwald and J. R. Floatson. Ind. [-ng. (Chem. 41, 914 (1949).

30. C. J. Pedersen, ibid, 41. 924 (1949).

31 . R. P. Chesluk. Lubrication -54.85 (1968).

32. J. M. Dempster, ASTM Special Tech. PubI. 298, 43 (1961).

33. FL. 1'. Walters, Ind. Eng. (Themn. 41, 1723 (1949).

34. 1H. J. Scheule. ASIM Special Tech. PUbN. 202. 5 (1956).

35. J. L. Keller and F. S. Liggett, ibid. 2 1.

36. A. V. (Carbal and J. Capowski. ibid. 47.

37. A. C. Nixon, ibid. 56.

38. 11. NI. Smith. ASTM Special Tech. Pull. 304,1 62 (1961),

39 J. F. lord et al., American Chemical Society. D~ivision of Petroleum Chemistry.

Preprints 2. No. 1, 111 ( 1957).

40. F. R. Mayo, Conference on Oxidation of Hydrocarbons. P~roceedings, p. 18.
Bartlesville, OK (May 1961)

59



41 . H. It Zuideina, -The Performance of Lubricating Oils," Reinhold Publishing
Corp.: New York, NY: pp. 68-76 (1959).

4 2. G. V. D~inneen and W. 1). Bickel. Ind. Eng. (Chem. 43, 1004 (1951)

43. R. B. Thompson. ibid. 935.

44. R. V. Helm et A.. American Chemical Society. D~ivision Petroleum Chemistrx'
Preprints, p. A-17 (September 1957).

45. Y. G. Hendrickson. ibid, p). -55 (April 1959).

40. A. C Nixon and R. F. Thorpe. J. (Chem. Eng. D~ata 7. 429 (19o2).

47. R. A. I'linn et al.. Ilydroc. Proc. Pectr. Refiner 4. 125 ( 1963).

48. C. F. Branderburg and 1). R. Latham. J. Chem. hig. D~ata 1.?. 391I (19o8).

49). A. Ostwald and F. Noel. ibid, e) 2194 (1901)

50. F. 11. Smith and H. B. Jensen, Am. (Chem. Soc.. lDiv Petroleum (Chem., Preprints.
April 1905, p. C-1 23: J. Org. Chiem. 32. 3330 (1907).

SI . G. B. QuiStICl and 1). A. Lightner, (Chem. Comim.. p. 1099 (1971 )

52. J. WV. Frankenfeld and W. F. Taylor, Eixxon Res and Fng Co, Final Technical Report
for thme D~epart ment of' the Navy. **Alternate Fuels Nitrogen Chemistry" ( Novem-
her I p77): Quarterly IProgrcss Reports 1,. 2. and 3 Under contract NOOG I()-78-C'-
01 77 to the D~epartment of' the Navy. from February 1978 to October 1978.

53. R. B. Mlesrobiami and A. V. Tobolsky. in Au~toxidation and] Antioxidants, V'ol 1.
p. 113. W. 0. Lundbmr. edl.. lnterscience P~ublishers, N.Y. ( 1902).

54. J. W. D~avis, et al.. UJ. S. Bureau of' Mines, Report of Investigations No. 5798
19 '6 1

55. F. G. Schwart/ and C. C. Ward. Soc. Autom11. hng. Report No. 650936 (1 90).

56. F. IDimit roll and A. A. Joh nston. Soc. Au tom. I- ug. Meeting. 1Iuston . IX
Mechanism of' Induction Sv stenm D~eposit (November 1906).



57. G. C. Bassler and J. R. Smith. Stanford Research Institute Final Report SII-I 234.
Menlo Park, ('A (I 9). 1

58. F. R. Mayo ct al., ibid, 'lie ('hemistry of Fuel )eposits and [heir Precursors

I l)cember 1972 and July 1973) (Report Al) 754459).

5Q. F. R. Mayo and II. Richardson, ibid ()ecember 1973).

00. W. F. I'aylor and I'. J. Wallace, Re ports Al) 489410 (August 19(0) and Al)
809288 (Marclh 1967).

61. W. F. Tavlor, Isso Res. I C. ('o., Development ot IHigh Stability iul, contra..t

to 11. S. I)epartmnt of he Navy N00140-73-('-0547, (JnIy 1173): Report A)
AO 16592 (July 1975).

02. W. F. lavlor and I'. J. Wallace, Ind. lig. ('lieni.. P'rod. Rc. I c .0. No. 2. 5S
( 1 97).

03. W. F. Taylor, ibid, S. 375 (I99).

04. (;. F. Bolshakov. Al) 781 164(l1 172).

05. F. R. N o, Id. l:ug. ('hem. 52, o14 (I 90).

00, F. R. Mavo, Amer. ('hem. Soc., )iv. Petroleum ('hem., Preprints I'. No. 3,

A 3 ) (I072).

67. P. Polss. ibid, / 7. No. 3, B I I I ( 1972).

08. R. P. Baker and 1). A. Yorke, .1. ('hem. Fduc. 49. 351 (1972).

(0. R. A. (Geisbrecht and 1'. F. l)anbert. Ind. lFng. (hem., Prod. Res. Dev.. /5.
115 ( 10)70,

70. K, I1. Ingold, J. Inst. Petr. 45. 244 ( )1958).

71. J. A. Iloward and K. If. Ingold, ('an. J. ('hem. 45. 7)3 (1907),

72. K. Kanesaki and Y. l'akenoiclhi, Inter. ('hem. lug (Japan) 4. 158 (194).

73. /. A. Sablina. ('omposition and ('hemoical Stability of' Motor Fluels. FS'('-1 F-

23-I160-73, 'ranslated from Russian Khiimiiiva, Moscow 1972. p. II 1973).

O I

in nn m m ui miD n ' . .. ,



74. Z. A. Sablina and A. A. Gureyev, Engine Fuel Additives, Translated from Russian.
p70 (1977).

75. E1. M. Goodger. Hydrocarbon Fuels. John Wiley and Sons. NY, p. 125 (1975).

76. J. N. Bowden. Stability Chiarac te ris tics of Hydrocarbon Fuels from Alternate
Sources, Final Report. U. S. Army Fuels and Lubricants Research Laboratory
No. 114. under contract to U. S. Army MERADCOM, DAAK7O-77-C-Ol 15
(February 1979).

77. Yung-Yi Lini et al., Amn. Chem. Soc.. IDiv. Petr. C'hem.. P~reprints 19. No. 5. 2
(1974).

78. R. N. Ilazlett et at., U. S. Naval Research Laboratory Report No. 3844 (August
1978).

79. B. 1). Vinyard and A.Y. Coran. Amn. (hem. Soc. D)iv. Petro. (Chem.. PreprintsI 14. A-25 and A-35 (1969).

80. F. R. Braithwaite, Lubrication and Lubricants. Elsevier Publishing Co., N. Y.,
p. 140 (1967).

81. T. HI. Rogers and B. 11. Shoemaker, hId. Eng. ('hem".. Anal. Ed. 6. 419 (1934).

8 2. R. W. lDornte. Ind. Eng. ('hemn, 28. 26. 863. 1342 (1936).

83. N. MacCoull et al.. Society of Automotive Engineers. Transactions. 50. 338
(1942).

84. J. L. Bolland. Royal Society. Proceedings 186/. 218 (1946).

85. E. C. Hlughes et al., Anal. Chemn. 21. 737 (1949).

86. G. Hi. Beaven et al., J. Petr. Inst. 3 7 25 (195QS)I

87. J. IL. T. Brook et al., J. Inst. Petr. 39, 454 (1953).

88. S. B. Schexnailder, Air Res. Dev. Command. Technical Report 60-794, D~ecember
1960.

89. j. it T. Brook. J. Inst. Petr. 48, 7 (1962).

62

ILI!1



II

90. G. M. Verley, U. S. Patent 3,044,860 (1962).

91. W. C. Hollyday and M. W. Munsell, U. S. Patent 3,076,791 (1963).

92. R. G. Moyer, U. S. Patent 3,143,877 (1964).

93. A. C. M. Wilson, J. Inst. Petr. 50, No. 482, 47 (1964); 59. No. 566, 45 (1973).

94. A. C. M. Wilson, Lubrication Engineering, p. 59 (February 1976).

95. J. R. Barcelo and C. Otero, J. Inst. Petr. 50, 15 (1964).

96. E. A. Oberright et al., ASLE TRANS. 7, 64 (1964).

97. E. E. Klaus et al., Report AD 837221 (1968).

98. E. S. Forbes and J. M. Wood, Am. Chem. Soc., Div. Petr. Chem., Preprints 13,
No. 2. B 105 (1968).

99. B. D. Boss amd R. N. Hazlett, Naval Res. Lab., Report No 6788 (December
2968); Ind. Eng Chem. Prod. Res. Develop. 14, 135 (1975).

100. A. L. Williams, Am. Chem. Soc., Div. Petr. Chem., Preprints 14, A7 (1969).

101. T. S. Chao et al., SAE 700890 (1970).

102. G. 0. Dotterer, Rev. Sc. Instruments, 42. 471 (1971).

103. F. F. Pierce, Naval Air Propulsion Test Center, Report NAPTC-AED-1960 (1971).

104. A. J. Burn and G. Greig, J. Inst, Petr. 58,. 346 (1972).

105. R. Cecil, J. Inst. Petr.. 59. 201 (1973).

106. R. R. Kuhn, Am. Chem. Soc., Div. Petr. (hem. Preprints, 18. 694 (1973).

107. F. E. Klaus et al., Report AD A009515 (1974).

108. F. Noel. J. Inst. Petr. 57 354, (1971).

109. F. Noel and G. F. Cranton, Anal. Calorimetry 3, 305 (1974).

63

'f,



I10. R. L. Blaine, NLGI Spokesman 40, 94 (1976).

Ill. H. Ravner and P. J. Sniegoski, Naval Res. Lab. Memorandum Report 3644
(November 1977).

112. E. E. Klaus and E. J. Tewksbury, Report AD B026756 (1977).

113. L. R. Mahoney et al., Ind. Eng. Chem. Prod. Res. Develop. 17, 250(1978).

114. A. Vranos, ibid, 296 (1978).

115. G. I. von Fuchs et al., Am. Soc. for Testing and Materials Bulletin 186. 43
(1952).

116. G. H. von Fuchs. Lubricating Engineering, p. 22 (January 1960).

117. C. J. Linch, U. S. Army Weapons Command, Technical Report 68-897 (April
1968).

118. J. S. Elliott et al., J. Inst. Petr. 55. 219 (1969).

I 19. M. 1). Klinkhamcr, Liquid Lubricants, David W. Taylor Naval Ship R&D Center,
Project Brief (January 1978).

120. Anonymous, Lubrication, 49, 157 (1963).

121. J. A. McLain, Lubrication Engineering, 24. 254 (1968).

122. R. W. Jack, Lubrication 55. 77 (1969).

123. K. 1). Relyea. Lubrication 59, 49 (1 973).

124. A. N. Smith, lubrication Engineering .?2. 66 (1976).

125. W. M. Cummings, Lubrication 63. 1 (1977).

120. (. J, Schilling and G. S. Bright. Lubrication 6. 13 (1977).

127. 0. 1). Vail. ibid. 25.

128. C. II. Young, ibid, 37.

o4

.......................... .........
.................................



129. J. II. Taylor, Petroleum Review 32. 38 (May 1978).

130. Federal Test Method Standard No. 791 B, Method 5307, Corrosiveness and
Oxidation Stability of Aircraft Turbine Engine Lubricants (20 June 1974).

131. Ibid, Method 5308.6, Corrosiveness and Oxidation Stability of Light Oils (15
January 1969).

132. Annual Book of ASTM Standards. American Society for Testing and Materials.
Philadelphia, PA (1975): Part 23. Tests D893, D943 and D1313; Part 24. Tests
D2272 and D2893, Part 25, Test D3241; Part 40, Tests D1934. D2112
and D2440.

133. Institute of Petroleum Standards for Petroleum and its Products, Part 1. Tests
IP 48/67, IP 157/64, IP 229/73, IP 280/73, IP 306/75. IP 307/75, and 1P 328/
76, 35th edition, Applied Science Publishers LTD, Great Britain (1976).

134. Federal Test Method Standard No. 791 B, Method 340.3, Performance of Engine
Lubricating Oils Under Medium Speed Supercharged Conditions with High-
Sulfur Content: Method 341.3, Performance of Engine Lubricating Oils Under
High Speed Supercharged Conditions, Method 346.2. Performance of Engine
Lubricating Oils Under Iligh Temperature Medium Supercharged Conditions:
Method 348.2. Performance of' Crankcase Lubricating Oils in CLR Engine:
Method 354. lerformance of Arctic Lubricating Oils in a Two-cycle Diesel Engine
Under Steady State. Turbo-Supercharged Conditions: Method 3405.2, Oxidation
of Crankcase Lubricating Oils in CLR Engine (15 January 1969, 8 March 1972,
and 20 June 1974).

135. Single-Cylinder Engine Tests, American Society for Testing and Materials, STP
509: Test FI:M 3405.1 (Oxidation. CRC L-38): Test FTM 348 (Low Temperature
)eposits. CR(C LTD): FTM 340.2 (Diesel Test. Caterpillar Test I-I)): FTM 346

()iesel Test, Caterpillar Test I-Il): ITM Test 341.2 (lDiesel Test: Caterpillar
Test I -G).

130. I977 SAt landbook, Recommended Practices: SAI J 183a, Engine Oil Per-
forniance and Engine Service Classification: Information Report J 304 b, Engine
Oil Tests: SAI J 357, Information Report. Physical and Chemical Properties
of Engine Oils: Society of' Automotive Engineers, Inc., Warrendale, PA.

65



137. C. F. Konitz. Lubrication 5S. 1 (1972).

138. Coordinating EUropean Council (('EC) Lu~bricants Technical Committee's
Engine Test Methods for European Cars. A. Marciante and F. Wolff in Perform-
ance Testing of Lubricants lbr Automotive Engines and Transmissions. C. F,
McCue et al., Editors. ApIplied Science Publishers. LTD, G;reat Britain. p). 7
(1974).

139. W. A. Snook, Lubrication 54. 97 (1968).

140. N. F. Gallopoulos. SAE Paper 700506 (May 11)70).I 141. R. HI. Kabel. SAL Paper 700507 (May 1970).

142. 1). C. Bardy and P. A. Asseff. SAE Paper 700508 (M~ay 1970).

143. L. 3. Allman et al.. SAE Paper 7005 10 (May 1970).

144. Shoich Furuhiania and Masaru Hiruma. Lubricating Engineering 34. 665 (I 978).

145. J. V. D. Wilson et al.. SAL Paper 720688 (Au~gust 1972).

140. J. A. Spearot. Am. (hem. Soc.. lDiv. Petr. (Chem.. Preprints 19, 598 (1974).

147. Am. Soc. Testing and Materials. D~ata Series Pu~blication D)S 49. Shear Stability
of Multigrade Crankcase Oil ( 1973).

148. Am. Soc. Testing and] Materials Publication D)S 49 S-1 ( 1974).

149. W. C. Edrninstein et al.. SAL Paper 700509 (May 1970).

1 50. M. Kolobieiski. Report AD 779406 (April 1974).

15 1. F. Wedepohil and W. I. Bartz, Motortech.. Z. 38, 3 19 (1977).

152. Society of Automotive Engineers. FulCs and Lubricants Technical Committee.
Task Force, Final Report on Used Oil Viscosity Survey (November 1978).

153. W. Wunderlich arid 11. Jost, SAL Paper 780372 (1978).

154. W. J. Bartz and D. Wissussek. in Performiance Testing of Lubricants for Auto-A
motive Engines and Transmissions. C. F. MCueI et al., editors. Applied Science
Publishers, LTD), Great Britain. p. 505 (1974).

66(



155.1T. F. Lonstrup and]J. Sequeira, ibid. p. 475.I 156. A. D). Bramnhall and B. Wright. ibid. p). 487.

157. R. E. Paggi and R. E. Andrus. SAL Paper 7005 11 (1970).

158. (G. H-. D~enison, Jr., and J. Q. Clayton, SAL Transactions .53. 264 (1945).

159. K. A. Frassa et al., SAE Paper 95 1 1) (1905).

160. A. Bondi, Physical Chemistry of Lubricating Oils. Reinhold Publishing C'orp.
N.Y. (1951).

161 . A. Bondi et al., ILubrication Engineering 12. 267 (1956).

162. H. 1-1. Zuideina, "The Perf~ormnance of Lubricating Oils." Reinhold P~ublishing
Corp.. New York. p. 118 (1959).

163. K. A. Kobe and J. J. McKetta. Advances in PetroleumII Chemistry and Refinling.
vol. 7. lnterscience Publishers, New York ( 1963).

164. G. J. Parsons. J. Inst. Petrol. .55, 256 (1969).

165. K. L. Kreuz. Lubrication 56. 77 (1970).

166. Heavy-Duty Oils for High-Speed Hligh-Power Diesel Engine. Federal Republic
of Germany. Navy Test Center 71 Kiel. Report No. 5316050677 (March 1977).

167. J. Geyer, Anm. Chem. Soc. Div. Petrol. Chem.. Preprints. 14, AlI5 (1969).

168. F. G. Rounds, SAE Report 770829 (1977).

169. J. B. Matthews, J. Inst. Petr. 39, 430 (1953).

170. H. C. Evans and]J. B. Matthews. J. Inst. Petr..39. 463 (1953).

17 1. J. Hughes and]J. B. Matthews, J. Inst. Petr. 39, 463 (1953).

1 72. K. L. Kreuz and R. F. Love. Am. Chem. Soc.. Div. Petr. ('hem.. Preprints. 14.
A47 (1969).

67



1 73. T. M. Sugden. Chemistry and Industry, 7 February 1970, p. 1 74.

174. R. D. Novoded et al., NEFTEPERERAB. NEFTEKIIIM. 9. 32 (1973).

175. F. F. Klaus. Ami. Soc. Mech. Engineers, Conference in New York. paper 63-

176. 1-1. A. flartung. Am. Soc. Mech. Engineers, Transactions. p. 883 (December
1964).

1 77. Anonymous. Lubrication 51,. 45 (1965).

178. V. Hopkins, Am. Soc. Aut. Eng., J. Basic Engin.. p. 613 (September 1966).

1 79. A. R. LansdoA n,. 1972 Symposiuml Onl Interdisciplinary Approach to Liquid
Lubricant Technology. NASA, Washington, DC, p). 1 (1973).

180. F. G. Rounds and N. A. Flunstad. ibid. p. 44.

181. T. Saloilon. ibid. p). 48.

182. N. W. Fuirry. ibid. p). 57.

183. F. Klaus. ibid. p. 8 1.

184.1*. Salomion. ibid. p. 85 and 123.

185. J. K. Appledoorn. ibid, p). 90.

186. C. V. Smalieer. ibid. p). 433.

187. R. S. Spindt et al.. SAF Journal, April 1956. p. 1 20.

188. R. G. Mastin and L. J. Gorry, Lubr. Engin. 18, 5I 17 (1962).

189. K. L. Kreuz. Lubrication .55. 53 (1969).

190. C. Staley, 1972 Symposium onl Interdisciplinary Approach to Liquid Lubricant
Technology, NASA, Washington, DC, p. 461 (1973).

191 . llarumichi Watanabe and Chikara Kobayashi. Lubr. Engin. .'4, 421 (1977).

68



192. Yun-Chung Sun. Am. Chem. Soc. Div. Petr. ('heml.. Preprints. 19'. No. I. 76
1974).

I 93. N. C. C. Li and T. ). Terry. J. Am. Chem. Soc., 70. 344 (1948).

1 94. V. 1. Minkin et al.. -DIipole Moments in Organic C'hemiistry.'' Plenluml Press.
New York, NY 0 .

1095. R. J. W. Le~evre. -Dipole Mom11ents.'' M01thuen and Co.. London, p. 8? (1953).

11 96. R. Irving and C. N. Thompson, ('hemn. and Ind.. p. 97 5 (4 October I1952i.

19 7. R. W. Walker. -A Critical Survey of' Rate Constants for Reactions in Gas-phiase
I lydrocarbon Oxidation, in Reaction Kinetics.'' Volume 1 .1p. 1 1 . The Chemical
Society, London ( 1')>).

11)$. 1K. S. I luvser. ''[tee-Radlical Chain Reactions." Wilev-lnterscience. New York.
p. 307 (1l97())

199 1. 1). J . I luckniall. -'Selective Oxidation of' Hyldrocarbons.- Academic Press. New
York, 1p. 113 (1 974).

200. W. L. Nelson. ''Petroleum Refinerv [neineerine.'' McGraw-[ ill [look Co.. New
Yo rk. N Y (1 I %9),

201 . C, It. Robinson. The F ffect of' Gasoline Additives onl Fel Econiomy. In Fuel
Fconomy1 of' the G;asoIln En1ginle: I). R. Blackniore anld A. Thomas, E-ditors.
John Wiley and Sonls: New York. NY: p. 80 (1977).

'02". J . \%. Andre\% et al.. 1 lydroc. Proc.. 1). 69 (May 1975).

203. P. L lartwell and K. Campbell. Oil and (las J ., p. 205 I13 Nomember I Q'8

204. R. F. Burtnler andI W. [. Morris. SAlS Report 780949 (107N).

05. ''Knock ing Characteristics of' Pure H ydrocarbons.'~ American Societ v f'or test ing
an aterials. STPl 2 25. Philadelphia. PA. I 1158).

'06 K. C . Salooja . C ombuLst ion and [lame /2'. 401 anid 5Q9 ( 10 %8 V

'07. 1). J. Mcl'wenl. American Chemical Society. D~ivision of Petroleum Cheniistr\
Preprints. v-ol. 12. No. 2. 1-41 1 1%7).



208.W. N. Sanders and J. B. Maynard. Anal. Chemn. 40. 527 (1968).

209. J. B. Maynard and W. N. Sanders. J. Air Poll. Control Assoc. 19, 505 1940).

'10. R. F. BUrtner, Am. Soc. for Testing and Materials, SIP 487 (1970).

2"1 I. J. N. Bowden. "StatUS of' Unleaded and Low-lead gasoline (Com1position." UIS
Armyv Fuels and Lubricants Research Laboratorx. Report Al) 747411. (09721).

' I 2. J. N. Bowden. ''Trends in Properties of* Unleaded Guasoline. UIS ArmN luels
and Lubricants Research Laboratory. Report AI)A008407 (1975).

213. R. Cassidy and C. Schlerch, J. ('hem. [duc. .?, S I (I 97o)

214. Du P0r t . Miotor ( asoli ne Properties, Summner 19 76. TchlnicalI Brief' 7704 t(MIarch

1977),

2115. D~uPont,. Road O ctane SuRv\. Sumer 1978.

2"10. (a) D~uPont,. Road Octane Survey. 1978-79 Winter.
b) Petroleum Chemicals. 1978 Technical Conference.

2 17. A\nonymous. (Chemical [nigineering. p). 101 (23 October 1978).

218. Anony mous. Chemical and [ngincering News. p). 4, ( 16 April 1979).

219). G . IL Ilobson and W. Pohl. "Mlodern Petroleum Techntology.." Applied Science
Publishers. (Great Britain. ( 1973).

22_'0. Anonymous. Chemical Week. p. 49. (16 November 1977).

2 21 . 1). G. Revnolds. The Oil and ()as Journal. p. 68 ( 12 D~ecember 1977).

222. AnonlVIIIoLs. ('hem1ical I nineering. p. 93 (23 October 1978).

223.P. . Brci etal. md [i. (hem. Prod. Res. 1)evelop / 7. No. 3 214 (1978). I
2 24. Nlasaki Sato, -I lydrocarbon Processing.'' p. 14 1 (kNlay I1973).

25. B. Lohr and 1I. IDittinann. 1He oil and G;as Journal. P). 78 (18 Ed\l 1 977).

220. B. Lohr et dl.. ibid. p). 8S2 ( 2o March 1979).

70



227. 1'. C. Ponder, I Ivdrocarbon Processing, 1). 111 (December I 977).

228. A. G; Goosens et al.. ibid. p. 22"7 (September 1 978).

'2Q. Amnnious. Chemical Week. p. 44 (21 May I 975).

230. K.A Iote and S. 1'. Griffith, Motor Gasoline and Vaporizing Oil, Chapter
5 ini Criteria tb(r Quality of Petroleum Products. J. P'. Allison, editor. John WIlev
and Sons, New York. NY ( 1973).

23 1. F. 11. Adams, I 1\ drocarbon Process.ing. p). 113 (October 1973).

2 3 2. 1). P. Satchell and B. L.. ('r\nes. The Oil and Gas Journal, p., 123 (1 D~ecember

'3 3. A\non\~ mons. ibid. p. 43 (28 March 19Q77).

234. .1. 1). (Chase and II. J . Woods. ibid. p. 1 49) ( April 197 Q9).

3 5. Anon1VII1LN~.he'Ciical Week. p). 3() ( 14 Jutne 1 1) 8)

23 o. Anonymous, ibid. p. 41 'o2 Jiil\ 1078).

23 7. J . S. Magee and R. I~ Ri tter. Ani. (hem. Soc.. Di\. Petrol. (Chem. Preprints.

2.No. 3. 1057 (September -S97).

238S. C. P1. Carter, 1 lydroc. Process. p. 237 (September 10-8).

2391. J . W. Ward and S. A.. Quader. llydrocracking and thld rotreating. A\CS Sym-

po~sini Series 20. Ani. (Chem. Soc.. Washington, DC( ( 10-7 5)

240. G,.I . Addison et al.. the Oil an1d GaIs J., p1. 59 (7 JIl\ I 0'5).

241 . 1-. IFehlr et al., Am. Iletr. Institute Refining D ept ., Proceedings. p). 451) ( May

242'. 1. A. Irie an1d I~ C. 11OWel. US Arim [nvironmental Protec:tion Agency Re-
reftinemd nifine ( il lroera mu US .\rmnv Fuels and Lu bricantIs Research I.aborator\
Report \o. Q8 la\ N 9S).

'43. R P'. Brx er. I nbrication I ngin. 'N, 311 197').

7I



244. P. A. Asse It, ASLF lIransactions, 1,, No. 2. 93 ji) 17).

245. I. P. Sands. ( ommentts on Additi~e Response to )ifferent Base oils. in MNca-

surements and Srandards tor Recyc.led (Oil. NBS Special Publication 4SS. p o1
I. .\uen:t I I -7

24o J. V. Re nolds et al.. lngmne Sequnc.Iet." lestin g of' Re-rl'ined I I.brica.tii1e, Oils.

I nerg. Research and IDevlopment .\dministrat ion. Bartless ille I ne rg. Researcl
'.enter. II R(' OP-- 2) tc:totjer I-)") Ilyd roh.:arboni Processi . p. I:2 'SSep-

temher IQ - .

24' J. 1). losh and J. A. Russell. "F\aluation oI" I:n,,irolnmiltal and I colonlic Benle-
fits l'hroutgh U'se of Syrithe.ctic Motor Oils," Re port .\l)A04 2 -- t btter

40 ivv .v..



LIST OF SYMBOLS

Symbol General Meaning

E Dielectric Constant

n1 Number of Tests

11f) Refractive Index Observed with Visible Light

ND Not Determined

OC Oxygen Consumption

P Probability Level

PI Polarization Index

Pi = _11D

P1A Polarization Index Differential

PiA =PI oxidized sample - Plinitial sample

R Correlation Coefficient

RON Research Octane Number

r/main Revolutions per Minute

S Standard Deviation or Standard Error of Estimate

S/X Coefficient of Variations

TVTM Too Viscous to Measure

V Coefficient of Variations

X" Mean

73

.... .€., .. ... . tt. /I... .. . ... I umnmnmum ll l l l l



D)ISTRIBUTION FOR NIERAL)COM REPORT 2296

No. C'opies Addressee No. Copies Addressee

I IQ. Dlit(4 lAIhtXIIIN I It) IQ 17'L I allanIr. Bi ii~idc (AlXaska)
I X IYN: l)AIs AH5 ,IIN: AF/lI)Il
I AYFIN; I)ANIA-(SS-IP lectolite. of Inliistiliai ()peitiolis

I. HIi il) AI'()Scalile 98741)

USIISii NIalecill lX'v & PII'CIiMil ctiii cii
Redll' (X0iiiiiiaind I I IN: S lS(I'*FI

I I IN: l)KCl l)(Nf(i. /ciiiii.i) I Al IN, S IS(PI-l'I

SL;0 hPciliho l Ai.ve Ncvk Otiiiihilanid. PA I17070
Au \adikI Li. VA 2,23,3

cD R U(S Aiii I IXA
I S.Ai lIiik-Aiiioiioiic I Al IN DA)-HPI I

Rcs & lDc\ Coii (I I U I lestci I
t I IN, I)RIIAR Nei, ('uiib~'iliid Aim\ Decpot.

I AII N )RIlA Vs (i I'liick) V\% (iinibiljiid. P'A I "-

Al \IN I)RIA.I

I'S .\ii\ G;cic.I NI.iiclia &1

C I) R{ Ik'i oletiiiX i

I S -ii Link iiomo- I I IN S I S("i- IA\

I A I FN lIRSI \N( %Ii~wp .\ S3

I AI IN. 1)151I I ('D R
Al I[ IN. )1<e N(I0
W f ll. it t 4S lc0 I CL1 ei iiis L-IiilS iic

At IN: I)I\S I %III
IDwiclor I..XgciicBldg

IS ATXIll.\ NIIllel wi S\1 NticiiN (IiliilotccSville. XX 2201(

I A I I N l)RXS (AI (Mi. \% oiiidi I CD)R

I r IN. I)R \'I-S l),RC(NI MIateti c Reaitici'

AI'cidccii M'oigtiiiDNl Siuppoil A-ctiitii (NIRSA)
21005 AI I: \ R\N IS

I evo'iinl. K) 40 1I1

t[ I At ' III Aplicld I CLi I .11h 1 It). I'S AXii11\ I CS & I%.iI[C l

I :AIlN I).XX'Il -All -AlIP \NII IN D)RS II -l10 0
011l. Nloii I .\% Vitdcc i Ing Wii. (.iiii MD

NI I N I).-NI - XII 7100S
I of I I istis, V it

-4



No. Copies Addressee No. C'opies. Addrese

IIQ. I' iy w i liiLIi I CDIR

Resem'jch & lDev (Xiii [1S Alm %i Recaichi &
I AH' Ni DRLAR- I (-00 Sidin G(.il u I liopc I
I ArUN: I)RIAR-USU-S AFFN l)RXSN-1I-RA

D~over, NJ 07801 Box I i
ITO NY oo )Sit

IQ. (I 5rm :Xii' itiop Suif &~
AXviationi Nlatette Redies Co 111)i I.) (IS At iN. Av'imi ot' 'Zeset cli &

2 .FjN: I)RS IS-Nl".; IDc'. (oiii
I A FIN: I)R(TP(VI ( c l'steti) I .-XFN IR)X-)(i.(I~'J

4300 G(h&Ielhtm Blvd I AVVI N DRI).AV-N Mi. Boigmlan)
St I muis, MIO 0~3 120 1 A. VTN l)RIAV-1, (Ni. I otig)

1P0 Bo\ -lot)
I IDepaiiictif of (lie' Alim St I ouis. MIO o." (1(

CLnitiioii I nineiiiiii Res Ilab
A IFIN UT RI -1 \I I CD)R
P10 Bo'\ *100S X I IS AtII\k cs Commiiianid
(tiallyalt~ll. LI (18"0 AHU N XII .Rl (

.*XIINII XI1I)11N.X1lcIli'.cl I

I .'t I Notitoce. VA 23,.6 1 (IS ATIII\ ,Xhctdcii l\' iiit (;Id
A- I I N S 11 AI'-M I

1 1)%%Wc dccn klt Vi'~n o~l k'. oin. Nil)

LS AXITT' Rescai cl & I ecl I .11's 21 oo

(AV RAI)(OM )

.71000) loitkpliik Road A I I \ S I I )IP \ I

OIcVCbiitd. 011 4.4 L, unIiiiiii AX/ S 3,o4 2
CDR ki~~~~ltligan klttt1,sle1111

I S Xiii' Niiick Rk-cch 01 of oi \o Nt, \NI- I ln
IDe'.loptif (X'ti \I I N )RUI'\i -6 1XS

*XIIN SI], I'I IXmiv did

('DR Aciil Ii'3 I N l)R('l'NIii' I \ Ill

I ISAtimCol Reiion cs M[ SO0



No. Copies Addressee No. Copies Addressee

jI Prod Mgr, MIl3/MIl13AlI I DIR
Family of Vehicles US Army Research &

ATTN: DRCPM.MI 113 Tech Lab
Warren, MI 48090 Advanced Systems Rsch Ofec

ProjMgrMobie Fle Poer ATTN: Mr. D. Wilsted)
ProjMgrMoble Eec PwerAmes Rsch Ctr

ATTN: DRCPM-MFP-TM Moffit Field. CA 94035
7500 Backlick Road
Springfield, VA 22150 I CDR

UIS Army Transportation School
Ofc of Proj Mgr, ATTN: ATSP-CI)-MSImiproved Tow Vehicle Fort Fustis, VA 2-64
11S Army Tank-Automnotive
Rsch & IDev Coin CDR

ATTN: DRC7PM- ITV-T US Army Quiartermaster School
Warren, Ml 48090 1 ATTN: ATSM-CI)-M

I ATTN: ATSM-('Tl-MSCDR (MAJ BiewstenUS Armiy 1:urope & Seventh Army I ATTN: ATrsm-]TM;-Pr I
ATTN: AFAGC-F MD (LTC Volpe)APO NY 0'-403 Fort Lee, VA 23801

Proji Mgr, Pat riot Proj 01tc [ IQ. LIS Army Arnm School
ATTN: 1)RCPM-MD-T-(; ATTN: ATSB-iD
[IS Army DARCOM Fort Knox, KY 401-11
Restone Arsenal, AL 35809

1 CDR
('l)R LIS Army Logistics C.entei
Theater Army Material Mgmt ATTN: 'ATCL-MS
('enter (200th) (Mr. A. Marshal

D~irectorate for Petrol Ntgmt Fort Lee. VA 23801
ATTN: A[-AGI)-MM-P)T-Q

(Mr. Pinzola ) I ('I)R
zweihruckenl US Army Field AitillerN School

Fort Sill. OK 73503

(IS Army Research Ofc I CD R
I ATTN: l)RXRO- IG (Mr. Niurray (IS1 Army Ordnance ('enter & School

ATIN: I)RXRO-CB A UN: 'A SL.-('TI-MS
(Dr. (ihirardelli ) Aberdeen Prov'ing Ground. Mil

PO( Box 122-11 21005
Rsch Triangle Park. NC 217709

7o

. am r



No. Copies Addressee No. Copies Addressee

I CDR 2 Tech Library, DRDME-WC
US Army Engineer School
ATTN: ATSE-CDM I Programs & Anal Direc, DRDM F-U
Fort Belvoir, VA 22060

1 Pub Affairs Ofc. DRDME-l
I CDR

US Armly Infantry School I Ofc of Chief Counsel. DRDME-L
ATTN: ATSll-CD-MS-M
Fort Benning, GA 31905 1 Headquarters UJSAF

ATTN: RDPT (Mr. Eaffy)

MERADCOM Washington. DC 20330

I Commander, DRDMF-Z CDR
Technical Dir, DRDME-ZT UIS Air Force Wright
Assoc Tech Dir/R&D. DRDMlI-ZN Aeronautical Lab
Assoc Tech Dir/Eogrg & Acq. I ATTN: AFWAL/POSF

l)RDME-ZF (Mr. Churchill)
Spec Asst/Matl Asmnt. lRDMI:-ZG I ATTN: AFWAL/POSL (Mr. Jones)
Spec Asst/Scs & Tech. )RI)MF-ZK I ATTN: AFWAL/POSL (Mr. Beane)
CIRCULATE Wright-Patterson Air Force Base. Oil

45433

(h1 (1u' Ctiiine Lab, DRI)M -N
('hief'. Fngy & Wtr Res Lb.1) CD)R

1) R1) M 1: G LISAF San Antonio Air Logistics Center
('hid.' 1:1cc Pwr Lab. DRI)NIL-E ATTN: SAAL.C/SFQ (Mr. Makris)
(fief. Cam & Topo Lab. I ATTN: SAALC/MMPRR (Mr. Elliot)

)RI)M F- R Kelly Air Force Base, TX 78241
('luel Mar & Bir Lab. l)RI)MF-M
(Ii! f. ktcl & (must r Fqpt Lab, CI)R

D.l)I)MI [I.S Air Force Wright
Chief. Ct r mmis tab, DRki)M X Aeronautical Lab
Chief. Mail [cl Lab. I)RDI)M-V I ATT~N: AFWAL/M LSF
lDhecioi . lrodtict A&T D~irectorate, I A [TN: A[FWAL-/MXE MLXF

D)RIML )I- Wright -Patterson Air Force Base. Oil

I RCUtLA 11 45433

5 1inc-\ & Wk let Res Lb., I)RDIF-G I ('DR
1ISAlF Warner Robins Air Log Ctr

M)1 I- tiel & i tihs i v, I)RDI)M-( L. ATTN: WR-ALC/MM IRAB- I
(Mr. Grahiam)

30) M. Kolohuclski G~rp, I)RI)M I-GE- Robins Air Force Base. GA 31 098

I eclu Reports 01c, )RDI) 1-WV' I CI)R
Naval Air Propulsion Ctr

Secm\ ont'()fc (Iom liaison officers). ATTN : 1I1-7

l)RIMI-S Tretnton. NJ 08028

77



No. Copies Addressee No. Copies Addressee

I CDR CDR
Naval Ship Engineering Ctr Naval Facilities Engr Ctr
Code 6101F (Mr. R. Layne) 1 ATTN: Code 1032B (Mr. B. Burris)
Washington, DC 20362 1 ATTN: Code 120B (Mr. Buschelman)

200 Stovall St
CDR Alexandria, VA 22322
David Taylor Naval Ship

Research & Develop Ctr Chief of Naval Research
I Code: 2830 (Mr. G. Bosmajian) ATTN: Code 473 (Dr. R. Miller)
I Code: 2831 Arlington, VA 22217

Annapolis, MD 21402
Department of Defense

Joint Oil Analysis Program - ATTN: DASA (MRA&L)-ES
Technical Support Ctr Washington, DC 20301

Bldg 780
Naval Air Station I CDR
Pensacola, FL 32508 Naval Air Engr Center

ATTN: Code 92727 (Mr. O'Donnel)
Department of the Navy Lakehurst, NJ 08733
HQ, US Marine Corps

I ATTN: LMM (MAJ Griggs) Other Government Agencies
I ATTN: LPP (MAJ Sanberg)

Washington, DC 20380 Bartlesville Energy Tech Ctr
I ATTN: Mr. C. J. Thompson

CDR 1 ATTN: Dr. D. W. Brinkman
Naval Air Systems Command Box B98

I ATTN: Code 52032E (Mr. Weinburg) Bartlesville, OK 74003
1 ATTN: Code 53645

(Mr. Coflegeman) National Bureau of Standards
Washington, DC 20361 Bldg 221, Room B326

I ATTN: Mr. D. A. Becker
CDR I ATTN: Dr. J. J. Comeford
Naval Air Development Ctr I ATTN: Dr. S Hsu
ATTN: Code 60612 Washington, DC 20234

(Mr. L. Stallings)
Warminster, PA 18974 Others

CDR I Professor Raymond R. Fox
Naval Research Lab School of Engineering and

I ATTN: Code 6170 (Mr. H. Ravner) Applied Science
I ATTN: Code 6180 The George Washington Univ

Washington, DC 20375 Washington, DC 20052

78

' ~~~~~~S~A,'4' " l [l l ~ tii I I



No. Copies Addressee No. Copies Addressee

3 Mr. Roy D. Quillian, Jr. I Mr. A. A. Krawetz
Director Phoenix Chemical Lab
US Army Fuels and Lubricants 3953 Shakespeare Ave.

Research Laboratory Chicago, IL 60647
Southwest Research Institute
PO Drawer 28510 Research Labs
San Antonio, TX 78228 General Motors CorporationI ATTN: Mr. N. E. Gallopoulos
Mr. Fred McCaleb 1 ATTN: Mr. R. H. KabelRt 2, Box 50C 12 Mile and MoundRoadsFayette, Alabama 35555 Warren, MI 48090

Mr. P. L. rigner I Mr. P. A. Asseff
National, arch Council Lubrizol Corporation
Div of Mechanical Engineering 29400 Lakeland Blvd
Ottawa, Ontario KIA OR 6 Wicklife, OH 44092
Canada

I Mr. T. S. Chao
Mr. R. F. Pedall Atlantic Richfield Company
Motor Oil Refining Company Engine Oils7601 West 47th Street 400 East Sibley Boulevard
McCook,IL 60525 Harvey, IL 60426

Mr. K. A. Frassa I Dr. S. Korcek
Mobil Oil Corporation Fort Motor Company
150 E 42nd Street PO Box 2053
New York,NY 10017 Dearborn, MI 48121

Mr. J. W. Swain, Jr.
40 Denton Road
Wellesbey, MA 02181

Dr. T. W. Selby

Savant, Inc.

234 E. Larkin Street
Midland, MI 48640

Dr. T. H. Webb
The Standard Oil Company
3092 Broadway Avenue
Cleveland, OH 44115

Mr. A. N. Smith
General Electric Company
Building 53 - Room 312
Schenectady, NY 12345

79

I.T




