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FOREWORD

This report was prepared by the Petroleum Refining lLaboratory
of the College of Chemistry and Physics at The Pennsylvania State University
under Air Force Contract No. AF33(616)-5L460. This contract was initiated
under Project No, 8128, "Transmission Technology," Task No, 73313, "Power
System Fluids," and Project No. 30hh, "Aviation Lubricants," Task No. 7331k,
"Liquid and Solid Lubricants Develobment," This work was administered under
the direction of the Fluids and Lubricants Branch, Nonmetallic Materials
Laboratory, Materials Central, Directorate of Advanced Systems Technology,
Wright Air Developrent Division, with Mr, Harold W. Adams as project engineer.

This report covers work conducted from January through December
1959.



ABSTRACT

This report describes work carried out on a continuing program to
characterize the capabilities of various base stocks and fluid formulations
for application as hydraulic fluids and/or jet engine lubricants under a wide
variety of conditions. An antiwear or chemical polishing mechanism similar
t0 that suggested for triecresyl phosphate is shown for silicon-containing
fluids with ferrous bearing surfaces, Variables designed to improve yield,
efficiency, and fluid properties are discussed for low temperature solvent
dewaxing., In many cases, the viscosity-temperature characteristics of the
oil and wax fractionz are both better than those of the original oil prior
to separation., Formulation, distribution, and hardware testing of several
mineral oil fluids for use over the range of -65° to >700°F, are noted,
Results obtained in a 550°F, Vickers pump test program are discussed. The
basic trends in thermal degradation with mineral oils have been studied in
a pressure cylinder, Quantitative evaluation of the gasecus and liquid
reaction products suggest different mechanisms for the gas and liquid phase
reactions. The effectiveness of inhibitor combinations as antioxidants
versus a single inhibitor is illustrated at temperatures of 347°, L00°, and
500°F, The use of a small volume test to evaluate materials available in
limited quantities is discussed. A series of samples which have been in
storage for periods of 2 to 17 years are being revaluated for changes in
properties due to storage, An insight into the mechanism of oxidation on or
in the vicinity of hot metal surfaces is provided by quantitative oxidation
studies in the controlled atmosphere panel coker, A series of successive
tests in the panel cokers has been used to explore further the mechanism of
coking and the variables governing the deposit, Deposition type tests in a
single-pass lube rig are also discussed.
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SUMMARY

High Temperature Hydraulic Fluids and Jet Engine Lubricants., Work
under this contract is concerned with ihe development and evaluation of
improved flulds and lubricants for use under a variety of conditions over a
wide temperature range, In general, no distinction as to end use is made in
the various studies. Rather, current emphasis is placed on a better under-
standing of the capabilities of a given fluid under a wide variety of practical
conditions,

Generally, the studies included in this report relate to the
following topics.

{1) A better understanding of the lubricity behavior of silicon-
containing fluwids,

(2} Improvement in the capabilities of mineral oils.

(3) A cooperative effort to evaluate fluid and lubricant formu-
lations,

(L) A eritical evaluation of thermal stability.

(5) The determination of fluid capabilities.

(6) The quantitative evaluation of oxidation, corrosion, and
depogition characteristics,

A survey of lubricity data experimentally determined by this Labo-
ratory over a period of years is presented to point out a potential explanation
of lubriecation difficulties experienced with the silicones and silicates in
ferrous bearing systems, Data presented indicate that the fluids mgy prefer-
entlally react with the ferrous bearing surface to form a soft but inert
compound or alloy involving iron and silicon, This mechanism is similar to
the mechanism which has been proposed for the antiwear reaction of materisls
such as trieresyl phosphate. The data shown have been obtained using a gear
pump, & vane pump, and/or the Shell four-ball wear tester. The experimental
data shown appear to support and to be consistent with this theory of silicone
and silicate lubrieity action with bearing surfaces,

Studies to optimize the viscosity-volatility-low temperature fluidity
properties of mineral oils and hydrocarbons have been continued, The effect of
viscosity level or boiling point on wax yield is evaluated by the deep dewaxing
(-65°F ) of a series of paraffinic mineral oil fractions, This series of
narrow boiling fractions covers a viscosity range of 15 to 83 centistokes at
100°F  and normal boiling points over the range of 750° to 920°F., The effect
of several dispersant Acryloid polymers on the deep dewaxed oils is shown,

In all cases, the amount of thickening caused by the polymer is less, per-
centage-wise, at -40° than at 210°F, This is in contrast to conventional
military hydraulic fluids such as Speec. MIL-H-5606 which have about the same
or a higher percentage viscosity due to the polymer at low temperature than
at high temperature.
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Data are shown for various properties of the charging stock, the
oil fraction; and the wax fraction for dewaxings involving paraffinic and
naphthenic mineral oils and aromatie and polyolefin hydrocarbons, Suf-
ficiently severe dewaxings (-65° to -80°F )} produce an oil phase exhibiting
extrapolated viscosity values at the pour peint in the range of 200,000 to
500,000 centistokes, A two-stage dewaxing procedure indicates that a wax-
0il separation approaching the theoretical yield of each component can be
obtained using simple dewaxing techniques. Changes in viscosity level and
viscosity- temperature characteristies for both the oil fraction and the wax
fraction are noted. In many cases the viscosity-temperature characteristics
of the o0il and wax fractions are both hetter than those of the original oil
prior to separation.

The effect of pour depressants on filtration time and on the amount
of cil occluded with the wax cake has been determined, Some studies to
determine the most efficient solvent for use in low-temperature dewaxings are
outlined. These studies include the evaluation of various solvent to oil
ratios employing a single solvent as well as advantages and disadvantages en-
countered using a mixture of solvents. The effect of cooling rate and dewaxing
temperature has been evaluated by using dry ice (-110°F )} as a coolant as well
as the conventional cold box (-65° to =80°F ),

Several types of research and development programs in which experi-
mental high temperature fluids are being evaluated by various organizations
are listed., Results obtained by various organizations in development studies
indicate excellent agreement with laboratory studies conducted by this Labo-
ratory.

Results obtained in a Vickers pump test program with a prototype of
a mineral oil fluid designed to be operational over a temperature range of
-65° to +70C°F are discussed. The fluid {MLO 7L60) used in this program
exhibits the same general high temperature lubricity and stability character-
istics as the low temperature fluid (MLO 7485). However, MLO 7L60 has not
been dewaxed and, therefore, does not have the low temperature properties
shown by MLO 7h85, A precipitate was noted during the course of one of the
pump tests, An examination of the precipitate indicates that it could not
have been formed from amy of the constituents of MLO 7L60, but that it is
probably the result of contamination of the hydraulic system from previous
tests,

A number of fluids have been stored in an unheated storage building
for periods of 2 to 17 years, Preliminary evaluation of about 60 of these
fluids has been carried out. These samples include esters, mineral oils,
hydrocarbons, and silicones as well as complete formulations using these
materials as base stocks. This preliminary examination includes changes in
such properties as viscosity, neutralization number, lubricity level, low
temperature fluidity, homogeneity, and oxidative stability. Evidence is
presented to show that the additive package may adversely affect storage
stability in some cases,



A series of thermal stability tests have been conducted to determine
the basic trends in thermal behavior of fluids in a semi-quantitative manner,
The fluids used in these studies inelude paraffinie and naphthenic mineral
oils and aromatic and polyolefin hydrocarbons. A modification of the liquid
seal for the glass thermal stability apparatus is described. The modified
seal allows gas leakage from the test unit at a pressure drop greater than
0.3 inch of mercury but prevents the leakage of air into the unit at a pressure
drop of less than 2} inches of mercury.

The thermal degradation reactions occurring have been studied by
determining the rate of gas formation; by the analysis of the gaseouns product
which is non-condensable at room temperature; and by a more rigorons exami-
nation of the liquid product. These studies have been carried out with the
products from thermal stability tests condueted in a stainless steel pressure
cylinder, The rate of gas formation has been measured as a funetion of
pressure bulld~up with test time., The effect of variables such as heated gas
space and test temperature on reaction rate has been investigated, The gas
phagse of the thermal degradation products has been analyzed quantitatively
using a Perkin~Elmer Single-Stage Vapor Fractometer, Model 15LC after careful
calibration,

Changes in viscosity and neutralization number and degree of un-
saturation have, in the past, been used to characterize the liguid produci
from thermal stability tests, In the present work, a small scale vacuum
fractionation has been used to evaluate further the liquid product from the
thermal stability tests. Boiling ranges of the liquid products are compared
to that of the original test fluid. The data show that the degradation
product contains a fraction boiling below the charging stock, a fraction
boiling in the same range as the charging stock, and a fraction boiling higher
than the original test fluid,

Data are presented which suggest the establishment of an equilibrium
between degradation products and reactants in the thermal behavior of the
mineral oils tested,

Recent research and development work at the Wright Air Development
Division has suggested the use of S-ethyl-10,10-diphenylphenazasiline (5-10-10)
alone and in combination with other inhibitors as an antioxidant for Spec.
MIL-L-9236 ester type lubricants., The combination of 5-10-10 and phenyl-
alpha-naphthylamine {PAN) in a trimethylol propane ester has shown up well
in bench tests, mock-up tests, and in a LOO°F test in the J-57 engine. The
initiation of a program to determine quantitatively the effeet of 5-10-10
alone and in combination with PAN on oxidative stable life, oxidation rate,
and oxygen tolerance is presented in this report. Various types of esters are
being used in this study. In addition, other additives such as phenothiazine
and Primene-81R (a primary aliphatic amine) are being evaluated alone and in
combinations,
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It has not been possible, in many cases, to evaluate completely

the oxidative behavior of some materials avajlable for use as high tempera-
ture fluid and lubricant components because of the limited sample size. The
Spec. MIL-L-7808 type test used by this Laboratory has been modified to allow
evaluation at 347° or at S500°F using a charge of 25 milliliters instead of
the 100 milliliters normally required by a Spec. MIL-L-7808 or Federal Spec.

VV-L-791le type test. Test geometry is kept the same for the two tests. Data
comparlng the small volume tests with the Spec., MIL-1-7808 type tests at 3L47°
or at 500°F are presented.

L series of 13 experimental neopentyl type esters obtained from the
Food Machinery and Chemical Corporation is discussed in WADC TR 55-30 Pt VII.
Using the small volume oxidation procedure discussed above, it has been
p0551ble to evaluate the oxidative behavior of these materials at 3).;7 and at
500°F, Stable 1life type tests have been conducted at 347°F At 500°F ,
oxidstion rate and oxygen tolerance are emphasized,

A series of oxidation tests at LOO°F with several esters is pre-
sented. The effectiveness of additives and additive combinations at this
intermediate temperature is discussed, The data obtained at LOO°F provide
a 1link between the stable 1ife studies at 3L47°F and oxidation rate and
oxygen tolerance studies at 500°F, These studies, along with studies at
347° and 500°F, discussed in this report and earlier reports, provide a
better understanding of the capability of the various ester fluids and formu-
lations, Oxygen assimilation data show a definite absorption rate during the
so-called stable 1life period. This rate is affected by the use of additive
combinations rather than a single antlioxidant.

A modification of the Spec. MIL-L-7808 type oxidation test in
which samples of the fluid are taken at 72 and at 120 hours and the total
test time is 168 hours has been used to evaluate this series of fluids at
LOO®F, This test procedure has been used previously at 347° and at 500°F.
Magnesium corrosion is encountered in these LOO°F tests, The effect of the
magnesium on oxidation behavior is shown, In general, the additive combi-
nations are more effective than phenothiazine alone in these fluilds., The
effect of a dispersant Acryloid and of a dialkyl acid phosphite lubricity
additive on fluid dirtiness has been determined,

A series of deposition tests has been conducted in the controlled
atmosphere (C.A.) panel coker, An insight into the mechanism of oxidation on
or in the vicinity of hot metal surfaces is provided by quantitative oxidation
studies in the C,A. ccker. A comparison of paraffinic and naphthenic mineral
0il formulations in the C.A, coker is presented. Decreased coking tendencies
with increasing boiling point is illustrated for a series of narrow bolling
mineral oil fractions, For the fluids used in these studies, oxygen assimi-
lation is lower for the higher volatility fluids which show excessive coking.

The increased coke deposit caused by the presence of a dithio-
carbamate additive in the test fluid is shown tc be materially reduced by the
addition of a dispersant Acryloid to the formulation, The effect of additives
on the amount of oxygen assimilated in the C.A. panel coker is demonsirated.
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A series of successive tests in the panel cokers has been used o
explore further the mechanism of coking and the variables governing the
deposit, The successive tests are conducted in eight~hour increments with
the panel being replaced at the beginning of each increment., The same fluid
is used throughout the series of tests,

Additional deposition type tests have been conducted in the single-
pass high temperature lube rig, In this lube rig, deposit forming tendencies
on 4 hot metal surface under severe oxidation conditicns are measured. The
effect of such variables as storage time of the test fluid, acid phosphite
additives, fiuid volatility, test 'time, and the type of metal deposition
surface has been determined,

Miscellaneous. The preparation and distribution of a number of
samples of experimental high temperature hydraulic fluids is noted,

The preparation of additional fluids for evalvation in the Universal
gear and spline tester by the Western Gear Corporation is listed,

The distribution of a number of miscellaneous samples is discussed,
These samples have been distributed for evaluation as high temperature fluids,
for nse as base stocks in additive studies, and for the determination of
resistance to radiation.

Organizations to which samples of low temperature viscosity standard

PRL 2815 and standard fluids PRL 3207 and PRL 3462 for interlaboratory cali-
braticon of the Shell four=ball wear tester are listed,
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I. HIGH TEMPERATURE HYDRAULIC FLUID AND JET ENGINE LUBRICANT STUDIES

A, GENERAL. Studies during this period have been directed
toward the formulation and evaluation of improved hydraulic fluids and
lubriecants and the determination of the capabilities of various fluids
and lubricants over a wide performance and temperature spectrum.

Points particularly emphasized inelude: (1) a mechanism for the
antiwear action of silicon-containing fluids; (2) extending the temperature
range of mineral oils by super-refining and low temperature dewaxing; (3) a
more critical evaluation of the thermal degradation products of mineral
oils and hydrocarbons; (L) an improved understanding of fluid capabilities
through observation of samplesstored for relatively long periocds of time as
well as through specially designed accelerated tests; (5) a cooperative
effort with various organizations to evaluate fluids and lubricants formu-
lated as a result of extensive laboratory testing; and (&) the quantitative
evaluation of oxidation, corrosion, and deposition characteristics of
various fluids.

Primary emphasis in this report is placed on mineral oils, hydro-
carbons and esters as base stocks, Previoug fluid and lubricant studies
conducted by this Laboratory have been presented in detail in Annual Reports
WADC TR 55-30 Parts I through VII. These reports were prepared under
Contracts AF33(038)-18193, AF33(616)-2851, and AF33(616)-5460.

These background data in the fields of hydraulic fluids and
lubricants encompass a large number of chemical classes of liquids. Es-
sentizlly all of the evaluation and test techniques utilized in this work
were also developed as a part of work performed under these contracts and
are described in the previous Annual Reports mentioned above,

Studies presented in this report are applicable to the fields of
hydraulic and functional fluids as well as to lubricants for primary,
secondary, and auxiliary power plants. Severity and type of thermal stress,
oxidative environment, and lubricity may vary with the application, Stress
is placed on the evaluvation of various liquids so that the capabilities of
a particular fluid may be assayed in terms of the requirements of a given
application,

B. SILICONES AND SILICATES AS LUBRICANTS., The properties of
silicones and silicates have been evaluated by this Laboratory for the last
15 years as hydraulic fluids and lubricants. On the basis of viscosity and
overall siability characteristics, these fluid types show an excellent
potential for such applications. The silicon-containing fluids do, however,
exhibit consistently poor lubricity characteristics for steel-on-steel
bearing surfaces. These inadequacies in lubricity for ferrous systems have
been attributed to several of the unique properties of some of the silicone
type fluids such as: (1) the extreme stability of this type of molecular
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structure to deterioration by thermal and oxidizing environments; (2) the
non-wetting characteristics of these materials on metal surfaces; and

{3) the unusually high compressibility and viscosity-pressure coefficients
of the silicones as these factors affect the hydrodynamic component of
quasi-hydrodynamic lubrication,

A survey of experimentally determined lubricity data obtained by
thie Laboratory points to still another potential explanation of lubrication
difficulties experienced with the silicones and silicates in ferrous bearing
systems. These data indicate that the fluids may preferentially react with
the ferrous bearing surface to form a relatively soft but inert compound or
alloy involving iron and silicon. The formation of a relatively low melting
soft or ductile ecompound parallels the behavior of the phosphorous-con-
taining antiwear additives in providing antiwear or chemical polishing and
surface mating for low bearing loads,

The mechanism of the antiwear action of materials such as tri-
cresyl phosphate has been shown to comprise the formation at the bearing
surface of an iron-phosphorus alloy of relatively low melting point and good
ductility so that larger bearing areas are formed, which in turn lower
bearing loads per unit contact area and temperatures, The low threshold of
seizure and welding may be an indication of the extreme inertness of the
surface £ilm formed on the bearing surface which effectively prevents the
chemical erosion that typifies the action of extreme-pressure (E,P.) and
miid E.P, lubricity additives. This theory of silicone and silicate lubri-
city action with ferrous bearing surfaces appears to be consistent with and
supported by the experimental data which are presented here,

A series of lubricity tests were conducted with a Pesco gear pump
under 2500 p.s.i. load for 100 hours at 200°F and 3600 r.p.m. These are
severe conditions used for the evaluation of Spec, MIL-H-5606 fluids during
the early developmental stages, A series of pump test results are shown on
Table 1. Gear testing has shown a substantial hydrodynamic component (vis-
cosity) of lubricity as well as boundary component (chemical activity) of
lvbricity. The data sequence with PRL 1912, which is & Spec. MIL-H-5606
fluid without tricresyl phosphate shows the boundary lubricity sensitivity
of the Pesco gear pump, The addition, stepwise, of tricresyl phosphate and
ester plus tricresyl phosphate shows substantial steel-on-steel lubricity
improvement in terms of antiwear properties.,

The dimethyl silicone (PRL 1836) fluid shown on Table 1 was used
for a total of 700 hours in seven tests of 100 hours duration, The temper-
ature for these tests was 100° and 200°F ; the pump speed was 1800 and 3600
r.p.m,; and the system pressure 1000 and 3000 p.s.i. The conditions shown
on the table are for the last 100-hour test which was conducted under the
most severe conditions. The wear on the pump is for a tetal of 700 hours
of running. The total gear wear in the 700 hours of silicone testing is
as low as the best mineral oil-hase fluid in a severe 100-hour test.



Several observations appear pertinent in this series of tests., The silicone
fluid has a viscosity of 16 centistokes at 200°F, compared with a base stock
of 1,3 and an overall viscosity of 5.0 centistckes at 200°F. for the mineral
oil-base fluid. The silicone, then, has a substantially higher viscosity
and hydrodynamic component of lubricity. Observation of the used gears in
the case of the silicone indicates a substantial amount of surface distortion
on the gears, That is, the final appearance cf the gears from the silicone
runs shows a surface appearance generally encountered with poor lubricity,
high wear fluids. This appearance coupled with the low weight loss suggests
a boundary component of lubricity giving gross plastic deformation of the
metal surface. These data suggest strongly the formation of a lower melting
and/or more ductile layer of material on the gear surface than the original
hardened steel surface.

In general, there is good agreement between 1 and 10 kilogram
load wear values in the Shell four-ball wear tester and the behavior of
lubricants in gear and vane type hydraulic pumps. The four-ball wear and
E.P, data for the dimethyl silicone and several mineral oil formulations
are shown on Tables 2 and 3, These data show the continued improvement of
phosphorong type lubricity additives in the antiwear area and of acid
phosphites in both wear and antiseize properties. The silicone shows rela-
tively good antiwear properties at 1 and 10 kilograms but poor antiseize
properties in the wear tester at 40 kilograms and in the E,P, tester. The
silicone alsc shows a lack of improvement in wear and seizure properties
with the addition of polar and effective phosphorous type lubricity additives.
Again close evaluation of the wear surface in the four-ball may be helpful in
establishing a mechanism for the silicone., The wear scar of the silicone
fluid at low loadings contains, randomly located throughout the mated surface
between the rubbing surfaces, pock marks indicative of spot welding, despite
a generally well mated or worn-in surface, At high loadings, the evidence
of seizure and welding dominates the picture.

The basic behavior of the methyl silicone discussed, thus far,
suggests the positive action or reaction of this material with the steel
surface to form a soft, ductile, but extremely unreactive surface film.

Such a film lends itself to surface mating in much the same fashion as the
film formed by mineral oils containing phosphorous type lubricity additives.
The lack of antiseize or antiweld properties suggests the inertness of such
a film to further chemical reaction. In general, E,P, properties are achieved
by materials which react readily with the bearing surface to form a chemical
compound which in turn is easily wiped from the bearing surface, This
mechanism results in a continuous chemical erosion at the bearing surface.
The inability of normally reactive antiwear or E,P. additives to function
adequately in the silicones also suggests that the silicones have a high
order of affinity for the metal surface (polarity). To become involved in
the wear or lubricity process it is estimated that the molecules involved
must be within a _few molecular layers of the actual metal surface, Low
melting chemically inert alloys of silicon and iron which are suggested by
these studies are known in the field of metsl alloys.



This Laboratory has conducted an extensive test program in the
area of high temperature lubricity. These studies include both the four-
ball wear testers and the Vickers vane pumps. The silicones and silicate
fluids, as a general class, have shown relatively poor high temperature
lubricity. In general, it appears that these silicon-containing materials
show a poorer temperature coefficient of lubricity than do the mineral oils
or esters,

These data are illustrated on Table L for the vane pump and on
Table 5 for the four-ball wear tester. These data indicate tha the increase
in bulk system temperature accelerates lubricant failures by the seizure and
welding mechanism for the silicones and silicates, in general, to a greater
extent than in the case of mineral oils and esters. The suggested formation
of a lower melting inert surface layer where sufficient heat from the en-
viromment plus friction leads to seizure and welding type failures is
consistent with the experimentally determiried trends in the case of the
silicates and silicones. In the case of the esters and mineral oils, however,
increased temperature increases reactivity with the metal surface to form an
easily sheared film which tends to counteract the trend of increased heat
from enviromment plus friction that would be expected to lower the lubricity
failure point with increasing temperature.

Another series of tests has been used to confirm further the
polarity of the silicones and silicates and their participation in the
iubricity reaction. This series of studies was carried out in the Shell
four-ball wear and E.P. testers. These testers, by virtue of their con-
figuration, have essentially no component of hydrodynamic lubrication.
Boundary or chemical lubricity action is emphasized in this tester, The two
base stocks used for this series of tests are: a highly refined naphthenic
mineral white oil, and di-l2-ethylhexyl sebacate, Wear data in the Shell
four-ball wear tester are shown on Table & and E,P, tester data are shown
on Table 7. The effect of 1.0 weight per cent tricresyl phosphate in each
base stock iz shown as a reference point, The silicon-containing materials
used as additives in this study include a methyl silicone (D.C. type 200),
methylphenyl silicone (D.C. type 500), improved lubrieity chlorinated sili-
cone (G,E, Versilube F-50), tetra-2-ethylhexyl silicate, and a compounded
silicate fluid Oronite 8200, 1In all cases in both solvents, these silicon-
containing materials show antiwear effectiveness. The antiwear properties
are more effective at 1 and 10 kilogram loads than at U0 kilograms.

The silicones and silicates show 1little or no improvement in the
seizure and weld points of the base fluids in the E.P. lubricity testers.
In general, the silicones and silicates behave as additives in mineral oils
and esters in essentially the same fashion as when evaluated neat, That is,
in both cases, the silicones and silicates act as chemical polishing antiwear
additives at low bearing locadings but show little or nec effectiveness in
preventing seizure and welding. In this respect, they show a close analogy
to the behavior of the phosphorous type antiwear additives such as tricresyl
phosphate,



The phosphorous type antiwear additive mechanism as a chemieal
polishing agent can be adequately demonstrated by a sequence of tests in the
Shell four-ball wear tester, In this sequence type evaluation, two successive
one~hour tests in the four-ball wear tester are conducted with the same set
of test balls on the same wearing surfaces. The first step is a conventional
one-hour test, Following this test, the balls and ball pot are thoroughly
cleaned with a solvent without removing the balls from the ball pot or
rotating chuck, The apparatus is then reassembled and a second one-hour test
is conducted with a new charge of test fluid. Using this technique, the test
fluid mdy be the same for both tests, or a different test fluid may be used
in the second portion of the test.

A geries of double runs illustrating the "run-in" properties of
various additive types in a mineral oil base stock are shown on Table 8,
These data show that in the case of the non-additive fluid and all of the
antifriction and E,P, type additives, wear continues at a substantial rate
for the second incremental test using the same fluid in both tests, For the
same series of test fluids, the wear continues for the second ineremental
test if a non-additive mineral oil is used for this second test, However,
if a phosphorous type antiwear additive such as tricresyl phosphate, tri-
phenyl thiophosphate, or diisopropyl acic phosphite is used in the first
test, a second test with the same fluid or with a non-additive fluid can be
oonducted with essentially no increase in the wear scar. In general, these
double runs adequately illustrate the mechanical erosion of non-additive
mineral oils, the chemical erosion of antifriction and E.P. additives, and
the chemical polishing (surface mating) of the phosphorous-containing anti-
wear additives,

A series of double runs have been made with the silicones and
silicates as antiwear additives in mineral oil and ester base stocks (Table 9)
The second run of the series was made, in each case, with the non-additive
base stock., At one kilogram, all of the double runs with silicones show the
same kind of chemical polishing or antiwear effect as has been demonstrated
for the phosphorous type antiwear additive. At loads of 10 and L0 kilogranms,
the silicones are not completely effective in providing a well "run-in®"
surface, The tricresyl phosphate additive provides a well "run-in" surface
for 1 and 10 kilogram loads in this test sequence, but is not always ef-
fective at L0 kilograms. In view of the relative merits of silicone and
tricresyl phosphate in preventing seizure and welding, the comparison between
their behavior as antiwear or chemical polishing agents appears to be of the
right order of magnitude. The silicate does not appear to be as effective
as the silicone as a chemical polishing agent., The Oronite 8200 is more
effective than the tetra-2-ethylhexyl silicate, Oronite 8200 is a finished
formulation which probably contains, in addition to a silicate type base
stock, a silicone thickener and lubricity additives,

The silicones in this double run sequence in the four-ball wear
tester do illustrate antiwear behavior consistent with the data obtained in
hydraulic pumps and other four-ball wear tester studies.



Thus far, all data point to the similar behavior of the silicones
and phospherous-containing antiwear additives. An additional series of four-
ball studies have been carried out to explore further the nature of these two
types of antiwear effects and the competition for the preferential position
on the bearing surface between the silicon type and the phosphorous type
additives, Tricresyl phosphate and phosphoric acid are the two phosphorous
type additives used in this comparison, These materials differ in polarity
and, therefore, in minimum concentration to provide good antiwear properties.

Data obtained with several phosphorous-containing materiais having
different degrees of polarity are’'shown on Table 10, These data illustrate
the use of a trialkyl phosphate, a dialkyl acid phosphate, and phosphoric
acid as antiwear additlves in di-3-methylbutyl adipate. In this diester,
three to five weight per cent of tricresyl phosphate is required to give
antiwear improvement. In contrast, a concentration of 0,05 weight per cent
of dilauryl acid phosphate or 0,01 weight per cent of phosphoric acid gives
optimum antiwear behavier.

The phosphoric acid may be considered a bifunctional additive in
mineral oils and esters. At low concentrations of less than 0,1 weight per
cent, this material provides antiwear properties with a minimum effect on
E.P. properties, This behavior is typical of tricresyl phosphate at con-
centrations of 1 to 5 per cent, At concentrations of 0.5 weight per cent
and higher, the phosphoric acid provides E,P, properties as well as antiwear
properties, In the four-ball tester, the highest concentration of the
phosphoric acid additive used (1.0 weight per cent) shows indications of
the chemically erosive E.P, properties characteristic of the acid group
rather than the antiwear properties of the phosphorus portion of the
molecule, Diisopropyl acid phosphite behaves in a manner similar tc that
shown for the dilauryl acid phosphate, At high concentrations of diisopropyl
acid phosphite, the chemically erosive nature of the acid grouping begins to
be evident in the lubricity reaction.

The E,P. effect of the diisopropyl acid phosphite on the mineral
01l and ester base stocks is illustrated on Table 11, The same concentration
of this additive has also been evaluated in the silicone and silicate fluids.
The lack of effectiveness of the acid phosphite in these silicon-containing
materials is also shown on Table 11,

Shell four-ball wear and E,P, tester results with the diisopropyl
acid phosphite and silicone or silicate additives tested separately and in
combination are shown on Table 12 and 13. The base stocks for these additive
tests are a diester {Table 12) and a highly refined naphthenic white oil
(Table 13). In both base stocks, the 0.5 weight per cent diisopropyl acid
phosphite provides good antiwear, antiseize, and antiweld properties. In both
base stocks, the two silicones and silicate antiwear additives at 5.0 weight
per cent concentration provide antiwear properties but do not alter signifi-
cantly the antiseize and antiweld properties of the base stock, The
combination of phosphorous- and silicon~containing additives in all cases



shows some or all of the E,P, effects of the diisocpropyl acid phosphite. In
both base stocks, however, there is a general trend indicating an interference
in lubricity action between the two additive types. This interference is best
illustrated by the consistent trend toward higher wear for the combined ad-
ditives at the 10 kilogram load than for either additive alone; and a general
trend for a reduction in seizure and weld point for the combination of ad-
ditives over that obtained from the acid phosphite alone.

To summarize, the silicates and silicones show antiwear character-
istics under low bearing loadings in boundary conditions coupled with
congistently poor antiseize and antiweld properties under more severe
boundary conditions. This behavior of the silicones and silicates can be
consistently demonstrated to be a function of chemical reactivity with the
bearing surface when these materials are tested neat or as an additive in
mineral oils and esters. The data indicate that the antiwear behavior of
these silicon-containing materials parallels closely the mechanism of the
phosphorous type antiwear additives. This parallel suggests the reacticn of
the iron and silicon to form a lewer melting ductile surface film that is
more inert toward further chemical reaction than the original steel surface.

C. LOW TEMPERATURE MINFRAL OIL PROGRAM. Preliminary studies
designed to optimize the properties of mineral oils and hydrocarbons were
reported in WADC TR 55-30 Pt VII, These studies comprise three separate areas
of investigation, Super-refining studies are designed to produce a base stock
free of polar impurities which exhibits inhibitor susceptibility comparable
with the synthetics, Vacuum fractionation of mineral oils and hydrocarbons
has been used to optimize the viscosity-volatility properties to affora
improved high temperature properties for a given viscosity grade. Deep
dewaxing has been applied to mineral oils and hydrocarbons to extend the
liquid range of the narrow boiling fractions prepared by vacuum fractionation.
Preliminary deep dewaxing studies already reported have shown that with ade-
quate techniques, paraffinic and naphthenic mineral oils and aromatic
hydrocarbons can be dewaxed to a pour point equivalent to a viscosity level
of 200,000 to 500,000 centistckes. Measured low temperature viscosities on
these deep dewaxed paraffinic and naphthenic mineral cils show a lower vis-—
cosity value than that predicted from a straight line on the ASTM viscosity-
temperature chart in the range of 0° to =L0°F. The deep dewaxing operations
with the narrow boiling fractions of the paraffinic mineral oils were ac-
complished with very good oil yield. The wide boiling range paraffinic bright
stock gave relatively low oil yields.

To determine the effect of viscosity level cr boiling point on wax
yield from paraffinic mineral oil fractions, a series of narrow boiling
fractions covering a viscosity range of 15 tc 83 centistokes at 100°F were
dewaxed at ~65°F according to the procedure outlined in WADC TR 55-30 Pt VII.
The 83-centistoke fraction represents the highest boiling range (920°F normal
boiling point) overhead product from the fractional distillations, The 15-
centistoke fraction has a normal boiling point of about 750°F A total of
three different erude sources and six different commercial neutral mineral oil
preducts are represented in the dewaxing data shown on Table 1l.
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TEST CONDITIONS INCLUDE: TEST TIME = 1 HOUR; TEST TEMPERATURE = 75°C.3 TEST SPEED
STEEL BALLS = SKF INDUSTRIES GRADE NO. 1 (0,5 INGH 1AMETER) STEEL BALL BEAR)NGS.

Table 2

WEAR CHARACTERISTICS OF SEVERAL FLUIDS

TESTS CONDUCTED [N THE SHELL FOUR-BALL WEAR TESTER

= 620 R.P.Mo;

TEST FLUID AVERAGE WEAR SCAR DIAMETER, MM.
DES!IGNATION DESGRIPTION 1 K6, 10 K@, 10 K&,
PRL 1912 SPEC. MIL-H-5606 TYPE FLUID
WITHOUT TRICRESYL PHOSPHATE (MINERAL
01L BASE FLUID) 0,34 0,54 1.04
PRL 272l PRL 1912 + 1.0 WE!GHT PER 0.1% 0,23 0,47
CENT TRIGRESYL PHOSPHATE 0.1 0.25 0.1i6
PRL 2026 PRL 1912 + 20 WEIGHT PER CENT
DI1-2-ETHYLHEXYL SEBAGATE + 1.0 WEIGHT
PERCENT TRIGRESYL PHOSPHATE 0.16 0,22 0.51
MLO 7021 NAPHTHENIC WHITE OIL (3 CS. AT 100°F,) 0.46 0.71 0,89
- 1.0 WT.% TRICRESYL PHOSPHATE IN MLO T021 0,15 0,23 0.biy
0.5 WT.% DI 1SOPROPYL AGID PHOSPHITE IN
MLO 7021 0,27 0.36 -
MO 71k NAPHTHENIC WHITE OiL (B0 CS. AT 100°F.) 0.22 0.47 0.61
- 1.0 WT.% TRICRESYL PHOSPHATE IN MLO 714k 0.t 0.22 0.39
- 0.5 WT.% DI ISOPROPYL ACID PHOSPHITE 1IN 0,18 0.30 0,46
MLO T4l
MLO T071 PARAFFINIC NEUTRAL (100 CS, AT 100°F.) 0,20 0.43 0.59
- 1.0 WT.% TRICRESYL PHOSPHATE IN MLO 7071 0.15 0,26 0.1
- 0.5 WT.% DItSOPROPYL ACID PHOSPHITE IN
MLO 7071 0.19 0.32 0.5
PRL 1836 DIMETHYL SILIGONE OIL 0,32 0.39 1.40
PRL 209) DIMETHYL SILICONE OIL 0.35 0.48 1.75
- 0.5 D11SOPROPYL AGID PHOSPHITE IN
PRL 209) 0.39 0.56 1.17

f
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Table 5
EFFECT OF TEMPERATURE ON THE WEAR CHARACTERISTICS QF SEVERAL FIUIDS

TEST CONDITIONS INCLUDE: TEST TEMPERATURE AS INDICATEDs TEST TIME = 1 HOUR3 TEST SPEED =
620 RePsMo3 BEARINGS = 52-100 STEEL BEARINGS (0.5~INCH DIAMETER) SKF INDUSTRIES
GRADE NO. 1, PRL BATCH NO. 12.

TESTS AT 500° AND 600°F. WERE CONDUCTED UNDER A CONTROLLED ATMOSPHERE. THIS WAS AGCOMPLISHED
BY INTRODUGING DRY AIR AT A RATE OF 0.7 LITERS PER HOUR INTO THE GAS SPAGE OVER THE BALL POT.

= 1§

TEST AVERAGE WEAR SGAR DIAMETER,MM.

TEST FLUID TEMP., °F. 1 KGa 10 KG. 40 Ke.
SILICATE FLUID 0.8. L5 (PRL 3505) 167 0.21 0.4k 0463
500 0.35 0.72 1,143
SILICATE FLUID 0.8, {51 (M0 T037) 200 0.72 1.0} 1.62
00 0.78 1,17 1.19
SILICATE FLUID 8200 (PRL 3506) 167 0.35 0.6} 0.89
500 0.28 0,81 1.62
600 0,29 1.38 1.30
IMPROVED S1LICONE FLUID 81406 (MO T016) 167 0.18 0.31 0,67
500 0.39 077 1.56
600 0.29 1.38 1,30
IMPROVED SILICONE FLUID F=}4050 (MO 7012) 167 0.36 0.67 0.8
500 0.67 0.77 1.0ﬁ
DI-2-ETHYLHEXYL SEBACATE (PRL 3509) 167 0a g .56 0.69
500 o.ﬁ 0,80 0.96
600 0.22 C.63 1.10
A NAPHTHENIC NEUTRAL (PRL 3457) 167 0,28 0.42 0.60
500 0.31 0.k7 1.38
600 0,20 0.57 1.71
A POLYOLEFIN (M.0 TO1h) 500 0.21 0432 1.08
600 0.29 0.86 1.69

_ e —
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Table 6
EFFECT OF SILICONES AND SILICATES AS AWNTIWEAR ADDITIVES

ALL TESTS CONDUCTED IN THE SHELE FOUR-BALL WEAR TESTER.

TEST GONgiTiONS INCLUGE: TEST TIME = 1 HOURs TEST TEMPERATURE = 75°C. (167°F.}3 TEST SPEED =
20 RoPeMa

STEEL BALLS = SKF INDUSTRIES GRADE NO. 1 (0=5 INCH DEAMETEH) 52=-100 STEEL BALL BEARINGS, PAL
BATCH NO. 12.

TEST FLUID AVERAGE WEAR SCAR DIAMETER, MM.
(COMPOSITIONS [N Wr. %) 1 Ko 16 KGo L0 K6.
DI=2=-ETHYLHEXYL SEBACATE (MLO 7038) 0036 0.52 0,70
MO T038 + 0.5 PHENOTHIAZEINE 0o}3 0.56 0080
+ 1.0 TRICRESYL PHOSFHATE 0.1l 0026 0,37
+ 540 DOW CORNING NO. 200 SIL{CONE
{PRL 209)) 0,15 0025 062
+ 5,0 DOW CORNI!NG NO. 500 SilICONE
{ PRL 2091) 0.18 0.25 £.50
+ 1.0 TETRA=2-ETHYLHEXYL SILICATE
(PRL 3}55) 0439 0054 0.76
+ 5,0 TETRA=2-ETHYLHEXYL SILICATE
(PAL 3455) .15 0.25 0.60
+ 5,0 ORONITE B200 SILIGATE FLUID
{PRL 3506) 0,16 0025 D.hb
+ 5.0 VERSILUBE F-50 {M.O 7017} 0.17 0.29 0.50
A WELL-REFINED NAPHTHENIC MINERAL Oil
{PRL 2964) 0.19 0062 0.99
+ 1.0 TRICRESYL PHOSPHATE 0.15 0.23 0.4k
+ 5.0 DOW CORNING NO. 200 SILICONE
{PRL 209%) 0,22 037 0.8}
+ 5.0 DOW CORNING NO. 500 SILICONE
4PRL 2091) 025 0.40 1,06
+ 5.0 TETRA=2=ETHYLHEXYL STLICATE
(PRL 3455) N.%6 0056 1.0}
+ 5,0 ORONSTE 8200 SILICATE FLYID
{PRL 3506) 0o2b 0.58 0.79
+ 5,0 VERSILUBE F-50 (MLO 7017) 0oll 041 0.6l

- -
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Table 10

EFFECT OF CONCENTRATION ON ANTIWEAR PROPERTIES OF
PHOSPHOROUS-CONTAINING ADDITIVES

Tests Conducted in the Shell Four-Ball Wear Tester

Test Gonditions Includet Test Temperature = 75°C.; Test Speed = 620r.p.mg
Test Time = 1 Hour; Steel Balls = SKF Industries Grade No. 1
(0.5-inch Diameter) 52-100 Steel Ball Bearings.

Test Fluid Average Wear Scar Diameter,mm, =j
(Conc. in Wt.%) 1 Kg. 10 Kg. L0 Kg.
Di-3~Methylbutyl Adipate .39 0,71 0.91

+ 1,0 Tricresyl Phosphate 0,38 0.71 0.97
+ 3,0 Tricresyl Phosphate 0.40 0.64 0.97
+ 5,0 Tricresyl Phosphate 0.23 0.25 0.78
+ 0,01 Dilauryl Acid Phosphate 0,21 0.4 0.84
+ 0,05 Dilauryl Acid Phosphate 0,19 0.28 0.3
+ 1.0 Dilauryl Acid Phosphate 0.17 0.28 0.h42
+ 0,001 Phosphoric Acid 0.41 0.69 0.90
+ 0.01 Phosphoric Acid 0.16 0.37 0.50
+ 1,0 Phosphoric Acid 0.38 0.60 0.78
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The dewaxings were carried out with a 6:1 solvent to oil ratio using
methyl isobutyl ketone solvent, A Corning sintered glass filter of fine
porosity was used in conjunction with a large suction flask to filter the wax
cake, The entire filter setup is housed in a =-45°F eold box. In all cases,
satisfactory filtration was attained without the use of filter aids, No
attempt was made to recover the oil ocecluded by, or held wup in, the wax cake
on the filter. The theoretical wax yield is determined by agsguming the
solvent to wax=free oil ratio in the recovered oil is the same as that in the
oil occluded by or held up in the wax cake, Stripping the wax cake to remove
the solvent allows for a quantitative measure of oil in the wax cake, The
theoretical wax yield is then the wax fraction corrected in this fashion for
the o0il phase contamination,

The data on Table 1L show that the wax yield is essentially constant
at 15 + 5 per cent for all of the narrow boiling fractions studied., The more
viscous fractions, in general, hold up and ocelude more oil in the wax cake
than do the lower viscosity fractions. With the refrigerator operating at
-65°F for dewaxing, the minimum pour point obtained is in the range of -50°
to -55°F, Hence, for the lighter fractions, the viscosity equivalent to the
pour point is less than 200,000 centistokes., However, for the more viscous
fractions, the extrapolated viscosity at the pour point equals the 200,000
to 500,000 centistoke value previously noted. The same value can be achieved
for the lower viscosity fractions by dewaxing at a lower temperature, This
has been illustrated previously by several dewaxings at -80°F,

Dewaxing, in all cases, with the paraffinic fractions causes an
increase in 100°F viscosity level. The wax fraction (wax plus occluded oil)
shows a drop in viscosity but an increase in viscosity index or an improvement
(lowering) in ASTM slope., The oil fraction, based om 100° and 210°F vis-
cosities, shows a decrease in viscosity index and an increase in ASTM slope,
However, the measured viscosities at -L0°F are considerably lower than the
extrapolated viscosities from a straight line on the ASTM chart, . If the
viscosity index or ASTM slope is based on the 210° to -LO°F viscosity proper-
ties, the viscosity index of the oil yield actually increases. and the ASTM
slope is improved. The wax fraction plus the ocecluded oil represents a high
quality liquid product for high temperature uses which has a pour point on the
order of 10° to 30°F higher than the original neutral from which it is derived.

The deep dewaxing of a paraffinic neutral, therefore, presents an
unusual case wherein both products of the dewaxing are in fact upgraded as
regards viscosity-temperature characteristics, Both products should also
have the same high order of thermal stability. The oxidative stability of
both fractions would again be essentially equal, and the level of inhibitor
susceptibility dependent primarily on the degree of refining or super-refining
of the oil prior to deep dewaxing,

1. The Effect of Two-Stage Dewaxing on 0il Yield. The actual oil
yield from a severe dewaxing of a narrow boiling paraffinic mineral oil
fraction is of the order of 50 to 70 per cent, That is, the actual wax yieid
exceeds the theoretical wax fraction by a factor of 2 to 3., The additional
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volume of fluid in the wax fraction is cccluded oil held in the wax structure
and in the filter cake, The relative quantities of oil and wax in the wax
fraction are determined by the amount of solvent in the wax fraction, It is
assumed that the wax precipitate is solvent-free but that the occluded oil
contains solvent in the same solvent to oil ratio that is present in the
recovered oil phase, Therefore, stripping the solvent from the wax fraction
will determine the quantity of occluded oil and the wax is determined by
difference.,

The validity of this approach has been evaluated by several experi-
ments designed to recover the occluded oil from the wax fraction, It should
be emphasized that, in the initial dewaxings, no attempts have been made to
remove the occluded oil from the wax cake. The wax fractions from several
initial dewaxings have been redissolved in methylisobutyl ketone in a 6 to 1l
sclvent to oil ratio. The cooling and filtration steps are repeated and the
0il and wax fractions recovered as in the initial dewaxings. The results of
these second dewaxings are shown on Table 15, These data show, in each case,
that additional oil exhibiting low temperature properties comparable to those
of the oil fraction from the initial dewaxing is obtained,

After this second stage dewaxing, the total actual oil yield is
increased from an initial value of 50 to 70 per cent to a yield of about 80
per cent, The wax fraction is decreased from 30 to 50 per cent in the initial
dewaxing to 20 per cent after the second dewaxing, This value of the wax
fraction after the second dewaxing approaches the theoretical wax yield.
Mechanical and handling losses in the dewaxing procedure are under three per
cent for this series of dewaxings. Since these losses are low, they have
been distributed over the oil and wax fractions so that the product recovery
in all cases totals 100 per cent. These data indicate that simple dewaxing
techniques used to rework the wax fraction are capable of giving a wax-0il
separation approaching the theoretical yields of each component.

2, Properties of the 0il and Wax Fractions. The data presented on
Tables 16 and 1] show the properties of the o0il and wax fractions as well as
the original charging stock for a number of experimental dewaxings involving
paraffinic and naphthenic mineral oils and synthetic aromatic and polyolefin
hydrocarbons. The paraffinic and naphthenic mineral oils all yield an oil
phase of higher viscosity level and a wax phase of lower viscogity level than
the charging stock, In all of these cases, the wax fraction shows a higher
viscosity index (V.I.) and improved ASTM slope over that of the charging
stock, In general, the increase in viscosity index and the improvement in
ASTM slope is directly proporticnal to the concentration of the actual wax in
the wax fraction and to the temperature of dewaxing., These trends are il-
lustrated by the properties of the wax fractions from the secondary wax
recovery and the properties of the wax fraction from a =20°F dewaxing.

In all cases, the oil fractions appear to have a larger ASTM slope
and a lower viscosity index than the charging stock based on 210° to 100°F
viscosity properties, However, in every case when measured data are available
at -LO°F , the oil fractions show an improvement in ASTM slope and viscosity
index based on the viscosity-temperature characteristics over the temperature
range of 210° to -LO°F,
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The polyolefin (MLO 7391) dewaxing yields a wax fraction of higher
viscosity level and lower viscosity index than the oil fraction, These data
guvggest that molecular weight as well as molecular configuration may be
involved in the wax-0il separation for the polyolefin,

The aromatic hydrocarbon separation follows the general trends
indicated for the paraffinic and naphthenic mineral oils, The properties of
the waxy fraction indicate the presence of highly aromatic constituents in
both the oil and wax fractions.

The dewaxing data presented on Table 16 and 17 show that, as a
general trend, both the 0il and the wax fractions show improved viscosity-
temperature characteristics. The improvements in low temperature fluidity
for the 0il fractions are of the order of a 35° to 85°F lowering in pour
point, In all cases, the cloud point of the oil fractions is below the
pour point, The wax fractions from the initial dewaxing exhibit an increase
in pour point of the order of 10° to 25°F, In the case of the paraffins and
naphthenes, the wax fraction is a high quality product comparable in overall
stability with the initisl charging stock and the oil fraction and differing
only in low temperature capability,

3. Effect of Pour Depressants on Low Temperature Dewaxing, Several
Acryloid types show pour depressant characteristics in waxy oils. To act as
& pour depressant, a material is believed to alter the crystalline structure
of the wax, The filtration time and the amount of oil oecluded with the wax
cake are the properties of specific interest in this stugy.

The properties of the oil-Acryloid blends and the resultant oil
and wax fractions are shown on Table 18. The rate of filtration for the
Acryloid blends is slower than for the oil without the Aceryloid by a factor
of 2 or 3 in all cases., The amount of 0il occluded with the wax fraction is
significantly lowered in the dewaxing of blends containing the Acryloid. It
is interesting to note, however, that essentially all of the Acryloid is
found in the wax fraction. These yield data indicate that the Aceryloid pour
depressant affects the wax structure or wax phase.

Included on Table 18 are data for the filtration of a wax-free
blend containing the same Aeryloid pour depressant. The pour depressant was
blended with a mineral oil fraction previcusly dewaxed at -75°F, The blend
was then filtered through a fine, sintered-glass filter at -65°F, Viscosity
properties before and after the filtration indicate that essentially all of
the pour depressant is removed by the filter.

L., Effect of Solvent on Dewaxing Efficiency. The solvent to oil
ratios in the deep dewaxing studies were 1n the range of 6:1 to 8:1, This
ratio is higher than that encountered in conventional dewaxing to a 0°F
pour point. As indicated by the data already presented, the quantity of wax
is of the order of 15 per cent in all cases for the paraffinic mineral oil,
This quantity of wax is about twice the quantity of wax removed in con-
ventional dewaxing to 0°F of a typical paraffinic stoeck, The lower tempera-
ture (-65° to =80°F ) results in higher viscosity levels for the solvent, oil,
and blends than those encountered in conventional dewaxing at 0°F,
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The viscosity of a wax-oil-sclvent slurry at the filtration temper-
ature is diffieult to measure, However, fuel dilution studies on wax-free
oils at low temperatures have been made by this Laboratory and are reported
in WADC TR 55-30 Part VII, These data indieate that methods for predicting
blend viscosities using ASTM test method D341-43 do apply fairly well for
components of widely different viscosities. If this caleculation technique
is applied to the viscosity of the wax-oil-solvent blend on a wax-free basis,
the problems of -75° versus 0°F, dewaxing can be illustrated. For a viscous
mineral oil fraction such as a heavy neutral or bright stock, the caleulated
blend viscosity at 3:1 solvent to oil ratio is of the order of lj to 7 centi-
stokes at 0°F. At -75°F,, the viscosity of the pure solvent is 10 centistokes
based on a straight line relationship on the ASIM viscosity-temperature chart.
The predicted wax-free solvent-oil blend viscosity at 6:1 solvent to oil ratio
is in the range of 20 to 50 centistckes at -75°F, It is believed that the
increased wax concentration and the increased viscosity of the liquid phase
at -75°F, adeguately account for the increased difficulty in filtration at
~75°F, over 0°F, The use of solvent to o0il ratios in the range of 6:1 to
8:1 minimizes these increased difficulties.

A series of dewaxing tests were conducted using methylisobutyl
ketone, methylethyl ketone, and blends of these two ketones with the same
fraction of paraffinic mineral oil under the same temperature conditions.

The data eovering the oil yields and properties are shown on Table 19, Under
comparable conditions, there is a consistent trend in yield of the oil fraetion
as a funetion of methyliscbutyl ketone concentration in the blend. Most of
the low temperature dewaxings to date have been conducted with methylisobutyl
ketone solvent., In general, dewaxing with methylisobutyl ketone solvent at
temperatures of -50° to =75 F results in an oil phase which exhibits a pour
point from 5° to 15°F higher than the dewaxing temperature, Because of the
difficulty of conducting low temperature filtrations and the refrigeration
involved, it is desirable to obtain the optimum yield of oil with the best
low temperature properties possible under a given set of low temperature
dewaxing conditions., Methylethyl ketone has been evaluated as a solvent
instead of methylisobutyl ketone., Solubility limitations of the paraffinie
neutrals in methylethyl ketone at temperature of -L40°F, and lower appear to
be severe, The dewaxing shown on Table 19 using methylethyl ketone at ~-50°F
shows an oil yield in the first operation of only 20 per cent. A second
dewaxing of the partially dewaxed oil shows about the same oil yield as the
first step, These data indicate that the limitation in this series of ex-
periments is due to insolubility of the oil phase in the ketone solvent. In
general, however, the oil phase obtained from the methylethyl ketone dewaxing
exhibits a pour point below the dewaxing temperature.

Blends of methylethyl ketone and methylisobutyl ketone have been
studied as indicated on Table 19. The use of methylethyl ketone in conjunction
with methylisobutyl ketone tends to improve the pour point of the dewaxed oil
over that obtained at the same dewaxing temperature with methylisobutyl ketone
alone, These data show that, while the pour point tends to improve with in-
creasing methylethyl ketone concentration, the yleld of dewaxed oil decreases.
A 3:1 methylisobutyl ketone to methylethyl ketone ratio provides a good yield
coupled with a desirable relationship between pour point and dewaxing temper-
ature,
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5. Effect of Cooling Rate and Dewaxing Temperature. Several
preliminary experiments have been conducted Lo Show the effect of cooling
rate and dewaxing temperature on wax filtration and yield. The conventional
dewaxing procedure used in these studies comprises cooling of a solvent-oil
blend in a conventional cold box set to operate at -75°F. Containers having
capacities of a quart to a gallon of the solvent-oil blend exhibit a cooling
rate of approximately one degree per minute over the critical range of +30°
to =75°F, The Sample is allowed to soak at -75°F, for at least one hour,
although in many cases 16 to 20 hour socak periods were used for convenience,
There is no evidence that the additional soak time at ~75°F affects either
yield or ease of filtration,

The wax is filtered through a medium porosity sintered glass
Pyrex filter with 15 millimeters mercury pressure in the filter flask and
atmospheric pressure above. There is no attempt to press the filter cake,
Variation in filtering time is indicative of the difficulty of filtration,
In general, filtration time is increased by lowering filtration temperature,
or by using shock cooling techniques. However, variation of wax structure
and type among the range of paraffiniec materials dewaxed at -75°F causes
more variaticn in filtering time than the variation between the normal
cooling rate of about one degree per minute and the shock cooling rate of
five degrees per minute, The yield of o0il and the resultant pour point of
the oil phase is not materially altered by cooling rate over the range of
cooling at one degree F. per minute to shock cooling (5°F ner minute) rates.

The effect of temperature on vield and pour point for a paraffinic
neutral is illustrated on Table 20, Dewaxing of MLO 7L33-4-10 was conducted
at -110°F, (dry ice temperature) at an 8:1 methylisobutyl ketone to oil
ratio, Filtration technique in this study is the same as that employed at
~75°F, The yield of oil phase from this dewaxing was 26,2 per cent and the
pour point of the oil phase was less than -85°F, The wax phase from the
-110°F dewaxing was allowed to warm to -75°F and after a 16-hour soak at
this temperature was refiltered, An additional yield of 28,6 per cent of
the original charge was recovered as oil yield, This fraction had a ~85°F
pour point, The total yield of oil from the two filtrations at -110° and
~75°F respectively is then 54.8 per cent of the original charge. A second
charge of the same stock, MLO 7433-4-10, was shock cooled to -110°F and
held there for three hours, The fluid was then allowed to warm to -75°F,
and filtered. The resultant oil phase is 6l,3 per cent of the charge and
exhibits a -80°F, pour peint, It is interesting to note that cocling to
~110°F and warming to -75°F did not adversely affect the yield, but did
improve the pour point of the oil phase over simple dewaxings at -75°F with
the same methylisobutyl ketone solvent,

6. Effect of a Polymeric Dispersant on Dewaxed Mineral 0ils. A
polymeric dispersant has been found to be an sffective portion of the additive
package for high temperature lubricant applications for mineral oils, The
polymeric dispersants also improve the viscosity-temperature characteristics
of the mineral oil base stock, The effect of several Acryloid polymers on
deep dewaxed mineral oils is  shown on Table 21, The -LO°F viscosity values
are measured properties in all cases, In all cases the dewaxed mineral oil
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with and without the Acryloid polymer is clear at -40°F, in the viscometer.
That is, there is no visual evidence of insoluble material, In all cases
the amount of thickening caused by the Acryloid is less, percentage-wise,

at -L0° than at 210°F, In every case, the minimum effect on low temperature
viscosity for a given increase in high temperature viscosity is shown by the
Aeryloid 966. This material has been used in an ester solvent to avoild
difficulties from wax in the carrier oil.

Conventional military hydraulic fluids such as Spec, MIL-H-5606,
Spec, MIL-F-17111, and Spec, MIL-1-6387 show about the same or a higher
percentage of the viscosity due to the polymer at low temperatures than at
high temperatures.

The Acryloid blends of MLO 73kl fractions all exhibit a tendency to
change in -L40°F. viscosity with time in the viscosity bath. In all cases the
variation shown represents about two to three hours soak time at -L0°F in
the viscometer, The =LO°F viscosity values of the MLO 73L4 fractions without
heryloid give a constant viscosity value over the same soak period. The
polymeg solutions show no visual evidence of insolubility in the viscometers
at -LO°F,

The Acryloid blends of MLO 7358, MLO 737h, and MLO 7376 fractions,
however, do exhibit stable -LO°F viscosity values. With these fractions,
high temperature thickening of 50 to 80 per cent can be achieved with
Acryloid 966 with less than 10 per cent thickening at -L0°F. These polymer-
thickened deep dewaxed paraffinie mineral oil blends exhibit unique viscosity
properties for the mineral oil class,

7. Deep Dewaxed Mineral 0ils as Base Stocks for Formulations. The
deep dewaxed paraffinic mineral olls offer a promising base stock for both
hydraulic fluids and lubricants over the range of -40° tc +700°F. The
paraffiniec mineral oils have been shown to be equivalent in thermal stability
to the naphthenic mineral oils which have been extensively tested in the
laboratory, in mock-up eguipmenta and in actual hydraulic pumps in the high
temperature range of 500° t¢ TOO'F,

Data are presented on Table 22 to compare the viscosity properties
of the fluids of suitable volatility to meet the 700°F high temperature
requirements., Based on pour goint, the lower limit of operation is 0°F for
the aromatie hydrocarbon, =30"F for the naphthenic mineral oil, and -65°F,
for the paraffinic mineral oil.

Based on a value of 13,000 centistckes limiting viscosity, the
aromatic hydrocarbon is a +25°F fluid, the naphthenic mineral oil a O°F
fluid, and the deep dewaxed paraffinic mineral oil a -LO°F, fluid, Based
on thermal stability studies, the aromatic hydrocarbon has a life of the
order of 20 hours or more at 750°F while the naphthenic and paraffinic
mineral oils achieve this life at 700°F,
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A comparison of lubricant properties are shown on Table 23. Spec.
MIL-L=-7808 and the more viscous ester-based fluid used in the turbo-prop
engines are shown as reference points, Based on a Spec., MIL-L-7808 volatility
level, the deep dewaxed paraffinic mineral oil can be used to formulate a
tluid of about the same viscosity and low temperature properties as the turbo-
prop engine oil., This means that, based on the Spec. MIL-L-7808 fluid, the
present paraffinic mineral oil would have a ~-40°F capabiiity campared with
the -65°F capability of the current ester-base fluids. Again, as in the
case of the hydraulic fluids, these paraffinic mineral oils have a capability
of operation for reasonable times at 700°F even in an oxidizing environment.
Operation at temperatures above 700°F would appear feasible on the basis of
a one-pass dr limited-pass lubricant system,

D. EXPERTMENTAL HIGH TEMPERATURE HYDRAULIC FLUIDS. Three types of
mineral oil-base high temperature hydraulic fiuids have been formulated as a
result of the research effort on super-refined mineral oils. The aromatic
hydrocarbon-base fluid (MLO 72LlL-type) appears to be suitable for the temper-
ature range of +30° to 750°F, The potential commercial availability of this
material is good, but current availability is very limited, Only small ex-
perimental samples of this material have been distributed for test purposes.
The advantages of MLO 72Ll-type fluids over the naphthenic and paraffinic
mineral oil formulations appears to be limited to applications in which
temperatures of 700°F and above are encountered, or where radiation dosages
are severe,

The naphthenic super-refined formulation MLO 7243 or MLO 7277 (both
designations refer to the same fluid) is formulated from commercially availa=-
ble stocks., This material has a useful temperature range of 0° to 700°F and
comprises a highly refined naphthenic white oil base stock, an oxidation
inhibitor, an antiwear additive and an antifoam additive. Chemical and physical
properties of this fluid are summarized on Tables 24, 25, 26, and 27.

This formulation has been supplied in l-gallon to 50-gallon lots for
research and development programs in the areas of seals, hydraulic pumps,
hydraulic systems, servo-valves, accessory lubricants, etc.

A total of 3L0 gallons representing 22 specific samples of MLO 7277
have been prepared by this Laboratory and supplied to 15 different organi-
zations, All of the data and comments received thus far from development
studies with this fluid indicate excellent agreement with the laboratory
studies conducted by this Laboratory.

These data include 50-hour tests in a high temperature hydraulic
test stand conducted by Vickers Incorporated at a pump temperature of 550°F,
All of these data continue to emphasize the 700°F potential of this fluid as
a good lubricant and a stable fluid in a closed or airless system,

The third fluid is a paraffinic mineral oil-base fiuid, The capa-
bility of a deep~-dewaxed super-refined paraffinic mineral oil fluid MLO TL85
is illustrated on Table 28, This composition has been prepared in the
laboratory and, therefore, is not available in large quantity for test
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Table 21

LOW TEMPERATURE PROPERTIES OF ACRYLOID-DEWAXED OIL BLENDS

BASE STOCKS ARE NARROW BOILING FRACTIONS OF THE INDICATED PARAFFINIC (DEEP DEWAXED) STOCKS
TEST FLU'OS = MLO 73Lh = A PARAFFINIC NEUTRAL OBTAINED FROM ESSO RESEARCH AND ENGINEERLNG COMPANY
MLO TESB = A PARAFFINIC NEUTRAL OBTAINED FROM WOLFS HEAD OIL REFINING COMPANY

MO TL75 AND MLO TL76 = PARAFFINIC NELUTRALS OBTAINED FROM KENDALL REFINING COMPANY
TEST FLUID % Vi5C. INCR. DUE
FRACT. AGRYLOID GENTISTOKES V1SCOSITY AT TO AGRYLO1D AT
MLO NO. NO. TYPE WT.% | 210°F, 100°F, -1,0°F, 210°F, ~L0°F,
73hk 10 - - lta 16 22,} (10,000) - -
10 AG 917 5.0 7.28 26.6 13,600-15,700 75 36~57
10 AC 966 5.0 6.18 30,7 11,400-12,300 56 1423
11 - - Li.55 26,0 15,800 - -
1 AC 966 6.0 T.52 36.9 17, 000-2), 000 65 B-52
12 - - .79 28,7 20,200 - -
12 A 966 5.9 T.67 b0.5 22,500-34, 100 60 11-70
13 - - 5.23 33.1 29,000 - -
13 AC 966 b0 T.23 40.5 { 29,500-35,600 39 2-23
1} - - 5,69 38.2 43,100 - -
1Y AC 966 3.5 n 5.9 41,700-lh,000 3L -3+2
7358 7 - - .12 23,3 13,500 - -
7 AG 917 5.0 7.63 Li.h 17,700 85 27
7 AC 966 5.8 7.35 37.7 15,100 78 9
7 AG 160 5.2 9,06 b7.l 22,300 120 60
11 = - 5»55 5505 5?,600 - -
11 AG 966 3.9 To52 b6.1 35,700 1 -5
T37h 17 - - L.61 26,9 15,400 - -
17 A 966 5.8 7.7k 0.7 16,000 66 I
7376 2 - - h.35 25,7 20,600 - -
2 AC 966 6.0 T.91 42,7 20,900 82 | 1
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Table 23

PROPERTIES OF JET ENGINE LUBES FORMULATED FROM
DEWAXED PARAFFINIC STOCK

DEWAXED DEWAXED PARAFFINIG
SPEC. TURBO-PRO? PARAFFINIC- PLUS DISPERSANT
FLUID TYPE MiL-L~7808 LuBE BASE FLUID AGRYLOID
MEASURED CS. VISC. Al
LoGeF. 1.2 2.1 1.2% 2.0 2.0
210°F. 3.6 2.58 2.61 T«Th 7-35
100°F. 1.0 36.3 26.9 0.7 37.7
=LO°F. 1890 (12,000) 15,400 16,000 15,100
FLASH PGINT, °F. Lo blio 400 100 koo
FIRE POINT, °F. 510 510 L50 50 450
POUR POINT, °F. <75 <b5 60 50 60
VISGOSITY INDEX 162 156 92(110)3¢ 147 149
ASTM SLOPE
210° 70 =bO°F. 0.703 0.6%3 0.T47 0.642 0.650
13,000 CS. ATTAINED
AT TEMP., °F. 65 (-140) ~37 -37 =37

346 VISCOSITY INDEX CALCULATED FROM 210° AND =LO°F. ViISCOSITIES.
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purposes. However, a companion blend, MLO 7460, is also shown on Table 28,
These two blends are super-refined and matched in high temperature and

overall stability properties. They differ only in low temperature properties,
MLO 7LBS has been dewaxed while MLO 7L6C has not., The three f£luids MLO 7277,
MLO 7485, and MLO 7L60 all exhibit the same general high temperature lubricity
and stability characteristics in applications involving closed or airless
systems,

The major difference is the useful range of -65° to +700°F in
the case of MLO 7485, Thus far, a total of eight samples of MLO 7L60 have
been formulated and distributed to four organizations. This represents a
rreparation of 73 gallens.

Part of the super-refining operation {distillation) in the prepa-
ration of these samples has been conducted in pilot plant equipment at this
Laboratory. The distillation equipment used for this purpose has been
described in WADC TR 55-3C Part VI,

1. Evaluation of MLO TL6O in Vickers High Temperature Pump
Program. A total of 30 gallons of MLO 7L60 fluid has been supplied to
Vickers Incorporated for inclusion in a high temperature hydrauliec system
program. In this program, MLO 7460 has been tested at 550°F oump temper-
ature for 32 hours in one test and for 50 hours in a second test. The
property changes of the MLO 7460 test fluid in the Vickers tests are shown
in Table 29, The viscosities and neutralization numbers from Test 2 indicate
no change in the fluid during the 50-hour test at 550°F, Slight changes in
neutralization number but no appreciable change in viscosity are noted in
Test 1.

A flocculent precipitate which appeared to increase with test time
is noted for Test 1, OSamples of the used oils from Tests 1 and 2 have been
returned to this Laboratory for evaluation., The viscosity and neutralization
number values as indicated by Vickers have been confirmed, The presence of
a flocculent precipitate in the sample from Test 1 was also confirmed, Yo
precipitate is observed or was reported for Test 2,

A 250 milliliter representative sample of used oil from Test 1 has
been centrifuged to separate the precipitate from the oil. A total of nine
milliliters of sludge and occluded cil was obtained from the centrifuging.

It was obvious from the flocculent nature of the sludge that this nine milli-
liters contained primarily occluded oil. The nine-milliiiter slurry was

washed thoroughly with 50 milliliters of petroleum naphtha and then centrifuged
and the naphtha layer removed. This procedure was repeated with an additional
50 milliliters of naphtha to insure complete removal of the oeceluded oil, The
gludge was dried in an oven at 100°C, The sludge represents 0,13 weight per
cent of the original oil., Evaporation of the wash naphtha indicates that none
of the sludge was naphtha solutle,

The sludge was insoluble in all common solvents, An ash determination

showed the sludge to be 56.3 weight per cent ash with a gray-white color. The
ash was insoluble in the common mineral acids. A test for 8102 was made with
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sulfuric and hydrofluoric acid in a platinum crucible, This test indicated
the ash to be B86.5 weight per cent Si0,. MLO 7L60 contains 0.001 weight per
cent silicone antifoam additive, This"is not sufficient to account for any
appreciable portion of the S5i0, found. The precipitate could not have been
formed from MLO 7460 constituents, The deposit probably came from the pump
test system where it had collected from previous tests with silicon-containing
fluids, This is a good illustration of the necessity of purging test systems
thoroughly, so that carry-over of the previous test fluid is eliminated
completely.

The used fluid from Test 1 also had a characteristie odor not
encountered with thermally treated mineral oils. The odor did resemble a
halogenated material such as trichloroethylene degreasing solvent. The
precence of a contaminant such as trichloroethylene or the silicon-containing
sludge may have been responsible for the slight neutralization number noted
in the used samples of fluid from Test 1.

Formulations MLO 7277 and MLO 7L60 both contain an amine type
oxidation inhibitor. The finished formulation, because of the amine type
inhibitor, will darken upon prolonged exposure to light at room temperature,
or uypon heating to elevated temperatures, The color change does not ad-
versely alter the effectiveness of the inhibitor or the overall properties of
the fluid,

E. 1LONG TIME STABILITY STUDIES, The useful fluid life at elevated
temperatures is dependent on thermal and oxidative stability in most cages.
These properties, in general, can be measured in the laboratory within con-
venient time intervals because of the increased reaction rate associated with
the high temperatures, Studies of such limiting high temperature stable life
are being measured for both oxidative and thermal envircnments as discussed
in this report.

The stable life at room temperature, 70° to 80°F , or in unheated
storage throughout the world (1L0° to -65°F ) is a more elusive number to
determine. In many cases, extrapolation of the high temperature stability
using measured temperature coefficients of reaction rate predicts almost
infinite stable life under these conventional storage conditions.

Often the long time storage of fluids and lubricants is affected
by secondary reactions completely different from the reaction measured in
the high temperature accelerated thermal and oxidative tests. The storage
stability problem with Spec., MIL-L-7808 type fluids is an excellent example
of this vhenomenon., In the case of Spec, MIL~-L~7808 fluids, a so-called low
temperature oxidation (below 200°F ) occurs at a rate not predicted from the
high temperature (3L7°F ) oxidation studies.

This Laboratory has shown that this low temperature storage problem
is closely related to the purity of the phosphorous-containing antiwear ad-
ditive and the water content of the fluid. The dependence of such a reaction
on water content suggests an explanation for the discontinuity of the oxi-
dation rate with temperature at about 212°F, Continuocus operation above 212°F
would tend to keep the water content low and minimize the rate of reactions
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Table 24

TYPICAL PHYSICAL PROPERTIES OF
MLO 7277 HYDRAULIC FLUID

Fluid Designation MLO 7277
Centistcke Viscosity

at T00°F, 0.6

at 500°F, 1.1

at 210°F, 8.4

at 100°F, 79

at 30°F, 1,500

at 0°F, 10,000
ASTM Slope (210° to 100°F,) 0.759
€.0.C. Flash Point, °F, Lhs
€.0.C. Fire Point, °F, L95
ASTM Pour Point, °F, ~30
Density, dﬁo 0.878
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Table 25

PROPERTIES FOR MLO 7277

TEMPERATURE, °F. 0 100 200 300 1,00 500
COEFFICIENT OF ExEANSsON

(cC/CC/°F. % 104¥e bl 4.8 5.4 5.5 6.l
THERMAL CONDUCTEVETY

[(BTU/FT.2/HR,/(°F. PER FT.}] 0,0775 | 0.0732 | 0.0729 0, 0705 0. 0682 0,0659
SPECYFIC HEAT

(BTU/LB. - °F.) 0.42} 0.471 0.519 0,566 0.615 0.660
BLLK MODULUS

{P.5.1. X 1079)

AV. VALUE FOR D-10,000 P.S.1. 3.2 2.1 2.2 1.7 1.2 0.7
DENSITY, {GMS./ML.) 0,908 0.873 0.838 0,802 0,768 0.732
VAPOR PRESSURE, (MM. He) - - - <0,1 2.0 17

* AVE
L4 = AV. FOR 0° TO 100°F.
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Table 27

OXTIDATION AND CORROSION CHARACTERISTICS OF MLO 7277
HYDRAULIC FLUID AT 347°F.

Test procedures and techniques in accordance with Spec, MIL-L-7808.
Test conditions include: Test temperature = 347 + 3°F j Test time = 72
hours; Air rate =5 + 0,5 liters per houry Test fluid charged = 100
mls,; and catalysts = a l-inch square each of copper, steel, aluminum,

and magnesium,

—
Test Fluld Spec. MIL-L-7808 MO 7277
Overall liquid loss, wt.% 2 2
% change in centistoke viscosity

at 100°F. +2 +7
Neut. no. (mg. KOH/gm. oil)
Original c.1 0.0
Final 1.3 0.2
Wt., % oil insoluble material 0.3 0.3
Final catalyst conditicn
Appearance
Copper Dull Dull
Steael Dull Dull
Aluminum Dull Dull
Magnesium Dull Dull
Wt. loss (mg./sq. cm,)
Copper +0.03 +3.02
Steel 0.02 +3.02
Aluminum 0.01 +0.05
Magnesium 0.02 0,05
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Table 28

TYPICAL PROPERTIES OF TWO EXPERIMENTAL MINERAL OIL LUBRICANTS
FORMULATIONS INCLUDE AN ANTIOXIDANT, AN ANTIWEAR ADDITIVE, AND AN ANTIFOAM AGENT.

TEST FLUID M0 7485 MLO TLEO
DEWAXED SUPER-REFINED SUPER-REFINED PARAFFINIC
BASE STOCK PARAFFINIC MINERAL QIL MINERAL OIL
CENTISTOKE V1SCOSITY AT
T00°F, 0.5 0.5
EOD°F. - 0.8
00°F, 1.2 -
210°F, b. .0
100°F, 27 21
-h4o°F, 15,400 -
ASTM SLOPE (210° TO 100°F.z 0.77 0.76
ASTM SLOPE (210° TO =L4O°F, 0.75 -
VISCOSITY INDEX 92 9
110% -
13,000 CS. ATTAINED AT
TEMP., °F. -37 _
C.0.C. FLASH POINT, °F. hoo 25
.0.C. FIRE POINT, °F. 150 465
POUR POINT, °F. ~70 +25
DENSITY, ﬁo 0.86 0,86

+# DETERMINED BY USING THE VlSﬁgSITY—TEMFEHATURE GHARACTERISTICS
F

OVER THE RANGE OF 210° TO
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Table 29

PROPERTIES OF SAMPLES TAKEN DURING HIGH TEMPERATURE PUMP TEST

Data taken from Quarterly Progress Report No, 2, AF Contract No, 33(616)-
6398 issued by Vickers Incorporated.

Sample Pump Test Time, Hrs. |C'stoke Viscosity at Neut. Number
No. at 500°F,A4} Totel | 100°F, | 210°F. | nmg, KOB/gm, oil

N Mgneral il MLO 7L60 - Eest No, 1

167 3% 0.0 ’ 0.0 22.08 L.22 0.05

1680: 9.5 | 1.1 21.8L l .17 0,102

1681y 1L.0 ‘ 19.6 21,64 | L0 0,150

1685+ 21.0 ‘ 27.6 21,11 | 1,08 0,190

17004 29,0 37.2 21,45 bo17 0.230

1711 32,2 l L1.2 22,31 I L.2l 0.180
MLneral 0il MLO 7L60 - Test No, 2

171k .0 | 0.0 220 | . 0,02

1717 8.0 11.5 21,4 | hol 0,03

172342 1L,0 18.6 22,0 L.2 -

1735 21.0 26,5 22,1 h.2 0,03

17kl 28.0 34,5 22,2 4.2 -

1745 32.0 39.5 22,2 L.2 0,0l

1751 39,0 L7.5 21.9 h.2 -

1765 L8.5 ‘ 59.3 22,3 L2 -

1767 50,0 l 61.8 22,1 L.2 0,03

# & flocculent precipitate was noticed in the daily fluid samples, The
amount of precipitate increased in proportion tc the time the fluid
was at high temperature,

wiThis sample showed separation of a material which formed liguid
droplets,
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involving water in the mechanism, Similar low temperature reactions affecting
stability can occur due to the chemical action of additives with other ad-
ditives, water, metals, packaging materials, or base stocks to form insolubles
or accelerate overall property changes at storage temperature levels,

1. Storage Stability. The determination of useful fiuid life
under storage as well as operational conditions is being studied under the
current contract. One approach to the determination of fiuid 1life under
mild conditions is the critical examination of samples of fluids, lubricants,
base stocks, and additives that have been stored for long periods of time
under known conditicns.

A number of fluid samples have been stored by this Laboratory in
an unheated storage building for periods of 2 to 17 years, Temperatures
prevailing inside the building range from about 0° to 100°F, Storage samples
from 55-gallon drums, 5-gallon cans, one-gallon cans, and glass bottles are
included in the study. In essentially all cases of storage, some breathing
through the threaded caps is presumed. DNone of the samples were stored in
pressure Sealed containers,

About €0 samples have been chosen from storage for a preliminary
evaluation. These samples represent esters, mineral oils, hydrocarbons, and
silicones as well as blended formulations using these materials as base
stocks, One of the obvicus limitations of a study of this type is the amount
of information available on the sample before the storage period. Preliminary
evaluation of these storage samples will include viscosity measurement,
neutralization numbers, lubricity level, low temperature fluidity, homogeneity,
and oxidative stability.

Several minerzl oils and hydrocarbons are shown in Table 3¢, Two
fluids, PRL 1871 and PRL 2843, are mineral oil-base stocks for Spec. MIL-H-
5606 and Spee. MIL-F-17111 type fluids., These base stocks have been stored
for 12 and 17 years, respectively, Viscosity, neutralization number, and low
temperature properties indicate no change in fluid properties due to storage.
Cxidation tests will be conducted with these fluids to determine the extent
of change in inhibitor susceptibility.

A series of synthetic hydrocarbons are also shown after 7 to 15
years storage, Three samples, PRL 3L40, PRL 3473, and PRL 3439 are poly-
olefins ccntaining one olefiniec linkage per molecule, These materials, in
general, show some increase in neutralization number and viscosity values,
These changes are typical of oxidation and polymerization reactions which
are commonly encountered with clefinic hydrocarbons, Studies by this Labo-
ratory indicate that the polyolefins are not adequately inhibited by
conventional oxidation inhibitors.

It should be noted that there were no insolubles in these poly-
olefins after extended storage. The two hydrogenated olefins (PRL 3L7l and
PRL, 2310) show excellent storage stability based on viscosity properties and
neutralization number. The hydrogenated olefins (branched chain paraffins)
show excellent additive response, The stability of the hydrogenated clefins
is equivalent to that of the well-refined mineral oils shown in Table 30.
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A series of complete formulations based on highly-refined naphthenie
mineral oil base stocks are shown after | to 16 years of storage on Table 31,
The base stocks used for these fluid formulations are similar in type and
quality to PRL 1871 and PRL 28L3 shown on Table 30, All of the finished fluid
formulations are homogeneous and free of sediment. There is no evidence of
change in viscosity or low temperature fluidity with storage. OSixteen of the
17 hydraulic fluid samples show 1ittle or no increase in neutralization number,

Sample PRL 2913 exhibits a relatively high neutralization number,
However, no original neutralization number is available for this blend. This
formulation PRL 2913 is prepared from a special Acrylold which was processed
for this application by a high temperature vacuum stripping operation. The
stripped polymer is suspected to be the source of the high neutralization
number, The lack of initial properties fails to show the role of storage in
the high neutralization number.

Spec, MIL-H-5606, Spec, MIL-F-17111, and Spec., 0.S5. 1113E fluids
contain tricresyl phosphate antiwear additive. In most cases, original anti-
wear values were not determined for these fluids. However, characteristic
antiwear values for these three fluids are essentially identical as measured
by the Shell four-ball wear tester. Preliminary wear studies on three storage
samples show no change in lubricity values with storage. These mineral oil-
base fluids show excellent storage stability for extended periods. The
effectiveness of the oxidation and corrosion inhibitors and the stability of
the storage samples to oxidation have not yet been determined,

Storage data are also available for 19 esters which have been in
storage from 10 to 16 years (Table 32). In general, these esters represent
early samples of dibasic acid esters, That is, these materials were not
prepared to current property levels for lubricants, Instead they were pre-
pared primarily as plasticizer quality materials, Again, in most cases, the
original properties available for the fluid are not extensive., Much of the
early data indicate that, in the case of neutralization number, values of the
order of 0,2 to 2.0 Were not uncommon in the samples available.

Ester viscosity values show no excessive changes during storage.
Most of the -LO°F. viscosity determinations were conducted with cloudy samples.
Under these circumstances agreement befcore and after storage is excellent,
Over half of the storage samples exhibit a final neutralization number of C.2
or less, Only three of these esters exhibit neutralization numbers in excess
of 1.0. These data suggest that storage stability of the esters without an
additive package is good. Recent data suggest that storage stability of the
ester formulations may be a function of the ester quality as well as the ad-
ditive package. These data suggest that a wide variety of dibasic acid
esters show adequate storage stability for extended periods (>10 years)
providing initial ester quality is high,

A series of 12 ester-base formulations representing 8 to 11 years
of storage are shown on Table 33, All except three of these formulations
contain a phosphorous-type lubricity additive. About half cof the blends were
formulated by this Laboratory while the other half are commercial samples,
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Traces of insoluble material have been observed in some of these formulations,
Work is proceeding on the quantitative measurement of the fluid insolubles and
on the source of the insolubles. None of the diester base stocks evaluated
after storage show evidence of insolubles. These data suggest that the choice
of the additive package triggers the formation of insolubles.

Viscosity data on the storage samples indicate that no appreciable
changes have occurred for fluids formulated with dibasic acid esters, Sample
PRL 2979, which is a polyester prepared from a dibasic acid and a glycol
containing a secondary alcohol group, shows a slight change in viscosity.
Several higher molecular weight polyesters of this same general type have
shown similar tendencies to vary in viscosity with storage time, The inereased
neutralizaticn number in the PRL 2979 fluid with storage is further evidence
of a change in structure. It should be noted that this composition is the
only formulation showing a substantial increase in neutralization number that
does not contain a phosphate lubricity additive.

The difference in storage stability between PRL 3039 and a com-
mercial sample of PEL 3161 illustrates the effect of tricresyl phosphate
concentration. Both fluids are prepared from equally stable dibasic acid
esters and have the same ingredients in the additive package. The major dif-
ference is the concentration of tricresyl phosphate.

None of the long time storage samples of PRL 3039, which is a Spec,
MIL-L-6387 ester-base hydraulic fluid, show a neutralization number increase,
Test fluid PRL 3161 does show an increase in neutralization number and the
formation of fluid insolubles with storage. Test fluid PRL 3161 is the
prototype of the Spec, MIL-L=-7808 jet engine lube which has also shown a
tendency toward poor storage stability.

Storage stability of a typical Spec., MIL-L-7808, until recently,
has been of the order of six months. By contrast, these data suggest a storage
stability of the order of eight years for the Spec. MIL-L-6387 fluid.

The substantial effect of tricresyl phosphate concentration on
storage stability has been discussed in WADC TR 55-30 part 2, In that report,
the effect of tricresyl phosphate on storage stability, oxidation stability,
hydrolysis stability, and stability under a combination of oxidative and
hydrolytic effects are discussed. The role of hydrolysis in storage stability
and/or oxidation at test temperatures below 200°F are emphasized, An acceler-
ated storage stability test involving oxidation and hydrolysis at 200°F shows
a stable life of 80 hours for a PRL 3161-type fluid containing 5.0 weight per
cent tricresyl phosphate but a stable life of greater than 336 hours for a
PRL 3161-type fluid containing only 1.0 weight per cent of tricresyl phosphate.
.These differences in accelerated tests are in good agreement with the differ-
ences noted in the actual storage data.

A1l of the test flulds containing a dialkyl acid phosphate, high
concentrations of tricresyl phosphate, or both, also show poor storage stability
based on neutralization number increase. Test fluids PRL 2988, PRL 30L0, PRL
3059, PRL 3069, and PRL 3084 are fluids containing an extreme-pressure (E.P)
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lubrication additive package designed to meet Spec, MIL-L-T7499 extreme-
presgsure, synthetic-base lubricating oil. The two formulations PRL 2988 and
PRL 3040 which contain no phosphorcus-type lubricity additive show high
initial neutralization numbers but relatively small changes in neutralization
number,

The Spec, MIL-1.-74$9 type formulations, as a whole, show relatively
good storage stability. That is, these materials show storage stability as
good ag or better than typical Spec. MIL-L-7808 flulds which do not contain
E.P, lubriecity additives.

The effect of storage on lubricity is shown for several of the
ester-base formulations, The Spec. MIL-L-6387 fluid, PRL 3039, shows the
same lubricity properties before and after storage., The antiwear properties
for PRL 3039 extend through the 10-kilogram load range of the four-ball wear
tester but not to the }j0-kilogram load, The increase of tricresyl phosphate
concentration from 1 to 5 per cent causes an increase in antiwear effective-
ness through the LO-kilogram load range as well as some benefits in antiseize
properties on the four-ball E.P. tester, The use of an acid phosphate as an
E,.P, additive is demonstrated in the results from formulaticns PRL 3312 and
PEL 3313, The presence of the acid phosphate is noted in the antiseize and
antiweld properties.

In the case of PRL 3161, there is no evidence of change in wear and
E.P. properties, The lack of change in E.P, properties would tend to show
that the increase in acid number is not due to a substantial formation of
acid phosphate but does represent, primarily, a splitting of the ester. The
lubricity data for PRL 3312 and PRL 3313 indicate no appreciable change in
E.P., properties and good antiwear properties after storage, These data again
indicate that there is no substantial loss in acid phosphate concentration
upon storage, The acid number in these cases may result from either the
formation of a more acidic phosphate than the monocacid dialkyl phosphate or
from a splitting of the organic ester into an acidic constituent. The Spec.
MIL-L-7L96 fluid evaluated for lubricity properties before and after storage
shows evidence of good final lubricity values.

The effects of storage on several improved lubricity silicones are
shown on Table 3. These samples have been stored for periods of 3 to 6
years., The specific fluid compositions are not known to this Laboratory.
Two of the five samples show a viscosity increase on storage and one of these
shows an increase in neutralization number. Additional testing of these improved
lubricity silicones along with a storage evaluation program on conventional
methyl and methylphenyl silicones is continuing.

F. THERMAL STABILITY. A number of thermal stability tests have
been employed by various laboratories in evaluwating hydrauvlic fluids, lubri-
cants, and working fluids, These tests involve different test environments
and are rated on the basis of various property change values, As a result,

a single fluid has been found to be (1) completely unstable at 700°F ; {(2) of
satisfactory stability for 10 to 20 hours use at T00°F ; and (3) stable for a

3
week or more at 700°F, These data suggest the need for standardization of
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thermal stability tests and the use of pertinent property changes for test
evaluation. A series of thermal stability tests are being conducted by this
Laboratory to determine the basic trends in thermal behavior of fluids in a
semi-quantitative manner,

The two basic thermal stability tests used in previous studies by
this Laboratory are being employed in this investigation. In the PRL
pressure cylinder test, the fluid to be evaluated is placed in a stainless
steel pressure cylinder under a nitrogen atmosphere. This test may be con-
ducted with or without metal catalysts for the desired time at test
temperatures up to $00°F. The gaseous decomposition products in this test
are confined in the pressure cylinder in intimate contact with the nitrogen
and the ligquid charged,

The PRL thermal stability test in glass apparatus is carried out
in a modified glass test tube with an air condenser, A nitrogen atmosphere
is sealed in the unit by a U-~tube containing test fluid, This technigque
allows nitrogen and decomposition products to escape through the liguid seal
when the internal pressure exceeds the surrounding atmospheric pressure by
about four inches of test fluild, This thermal stability test in glass may
be conducted with or without metal catalysts for the desired time at temper-
atures up to 800°F, In this test, volatile decomposition products are
removed from the high temperature area and may be collected for analysis as
gases or in cold traps.

1, Improved liguid Seal for the Glass Thermal Stability Apparatus,
One of the problems encountered with the glass thermal stability apparatus
under severe conditions and high rates of deterioration is a fluctuating
pressure in the test unit causing pressure changes in the tube which exceed
the four inches of test fluid in the U-tube, In many cases this pressure
fluctuation causes air flow back into the thermal stability unit from the
atmosphere, The presence of air and the resultant oxidation interferes with
the thermal stability test. A desirable apparatus in this regard is a unit
which will allow passage of gaseous products to the atmosphere if the
sressure differential exceeds about four inches of fluid but a seal capable
of preventing leakage of air back into the test unit at pressure differentials
of half an atmosphere. A satisfactory seal of this type is shown on Figure 1
aleng with the conventicnal U-tube seal, By using a capillary tube inserted
to a 0,3-inch depth in a large reservoir of mercury as indicated, a pressure
drop of four inches of fluid (0.3 inch of Hg) will cause gas leakage from the
test unit, H rever, 2, inches of mercury pressure drop (26,7 feet of test
fluid) are rec .-ed for air leskage into the test unit. The use of this
liquid seal has satisfactorily stopped air leakage even under severe bumping
caused by a high rate of thermal deterioration to form a volatile liquid
product,

a, Property Measurements. A number of property measurements have
been made to indicate thermal deterioration. These measurements include
volume of gases formed, boiling range of the thermally treated product, vis-
cosity of the product, analysis of the volatile products by gas chromatography,
and chemical and physieal property changes of the liguid tailored to meet the
specifiec requirements of the fluids,
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2, Gas Phase Versus Liquid Phase Reactions. The preliminary
thermal stability tests conducted in the PRL pressure cylinder and glass
test apparatus show some differences in gas formation versus changes in the
liquid propertles due to the geometry of the test equipment. That is, these
differences are independent of test time and test temperature but dependent
on the relative volumes occupied by the heated gas and liguid phases.

A series of tests have been conducted in various thermal stability
test equipment using mineral oils and esters to emphasize and evaluate the
problems noted in the preliminary studies, It is obvious that problems of
intra- as well as inter-laboratory reproducibility are dependent upon a
better understanding of the thermal degradation reactions occurring. A
series of tests conducted at 700°F in the PRL pressure cylinder are shown
on Table 35 for a hydrogenated paraffinic mineral oil test fluid, In these
tests, the fluid charge was varied from 20 milliliters to 1 milliliter and
all tests were of 20 hours duration. The effect on liquid properties and
on the metal catalysts is essentially unchanged by variations in the liquid
charge.

The rate of gas formation for any specific test from Table 35 is
linear with test time., These data are illustrated on Figure 2, That is, the
rate of gas formation for any given test is constant for the entire test
period. However, the rate of gas formation is not a simple function of the
overall test conditions but rather a function of the amount of gas space
available in the test unit. Decreasing the fluid charge in the pressure
cylinder, resulting in increased volume of gas space, results in an increasing
rate of gas formation based on moles of gas per mole of oil per hour, The
total moles of gas formation per hour appears to be essentisally the same over
the range of 20 to 5 milliliters fluid charge. Below five milliliters of
flvid charged, there is some decrease in the total rate of gas formation in
moles per hour, These data clearly suggest the independence of rate of gas
formation on the fluid charged and on the remaining unreacted fluid at any
test time,

The rate of gas formation in this thermal stability test appears
to be essentially a zero order reaction., It is interesting to note, however,
that the liquid property changes vary only slightly with fluid charge indi-
cating substantially different mechanisms for the gas formation reaction and
the liguid property changes,

The behavior of the gas pressure build-up in the pressure cylinder
reaction has been checked with naphthenic, paraffinie, and aromatic mineral
0il fractions, The similarity of the behavior of the gas phase reaction in
the pressure cylinder for these fluids is illustrated on Tables 35, 36, and
37 and Figures 2, 3, and L. In all cases these data confirm those discussed
previously. All of these data have been conducted in the PRL pressure cylin-
der of fixed geometry.
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Large volume tests with paraffinic mineral oil MLO 7301 have been
conducted in a rocking autoclave, In this series of tests, a temperature of
750°F was employed to enable the tests to be conducted in a short test
period and continue the tests to the point where approximately 1 mole of gas
per mole of fluid is produced. An Aminco Rocking Auvtoclave of 2700 milli-
liters capacity was used for these tests, The results of these 750°F tests
are shown on Table 38. Fluid charges of 300 and 1000 milliliters were used
to vary the heated free space, Two runs at 1000 milliliters fluid charge
were made with the rocker turned on and one run was made with the autoclave
in a stationary position. The rate of gas formation for the staticnary and
rocking tests is essentially the same, In all of these tests the rate of
gas formation was constant throughout the test as shown on Figure 5. Again
the rate of reaction in the gas phase appears to be directly proportional
to the free space., These data are in excellent agreement with the data from
the pressure cylinder, It should be emphasized that in the large scale bomb
tests, the decomposition to form gas and produce low viscosity products was
carried much farther than the conventional 20-hour tests at 700°F.

A number of tests have been conducted at 750°Fa in the pressure
cylinder, These data are shown on Table 39. The reaction rate as indicated
by gas formation is directly proportional to the free space. These obser-
vations are in geod agreement with the data at 700°F in the pressure cylinder
and at 750°F in the large rocking autoclave.

A number of tests in the pressure cylinder were conducted to de-
termine the effect, if any, of increased surface area on the decomposition.
The results of these tests are shown on Table 0. These tests show only
relatively minor variations in test results attributable to the amounts and
types of surface area, In general, the reaction rate in the gas appears to
be primarily a function of the available free space, The rate of gas formation
in the presence of the increased surface area is constant over the test time,
There does appear to be a general trend toward less severe changes in the
liquid product with the high catalyst area tests.

To explore further the effect of free space on the gas phase re-
action, a series of tests were conducted with essentially no heated free
gspace, Two pressure cylinders were used to conduct these tests. One eylinder
was filled with liquid and immersed in the 700°F bath. The second cylinder
was comnected with the first through a 1/8-inch tube and maintained at room
temperature above the bath, This second cylinder provides a lower tempera-
ture gas space for expansion and decomposition products from the heated
eylinder., Results of tests with no heated gas space show a reducticn in rate
of gas formation over the values obtained in the tests with large volumes of
heated free space.

All of the data on the rate of gas formation at 700°F with MLO
7301 (paraffinic neutral)} have been used to plot a curve of heated gas space
versus gas reaction rate in moles of gas per mole of fluid per hour, These
data are shown on Figure 6.

- 60 =



These differences in rate of thermal decomposition to form gas occur in

tests where the changes in liquid product are essentially the same in 311
cases, These data suggest that the reaction behavior of the hydrocarbon
residues in the gas phase differs from the reaction patterns in the liquid
phase at high temperatures. The approximation of a zero order reaction in
the gas phase indicates that the concentration of molecules which can undergo
further pyrolytiec scission is not substantially reduced by the gas phase
reactions encountered in these tests,

_ a, Analysis of the Gas From High Temperature Thermal Stability
Tests, The gas phase of many of the thermal stability tests has been
evaluated quantitatively using gas chromatography. This analysis has been
applied only to the materials still in the gas phase at room temperature.
The analyses were made using a Perkin-Elmer Single-Stage Vapor Fractometer,
Model 15LC., Quantitative analysis is affected by the thermal response values
which are applied to the measured areas under the curves logged by.the indi-
vidual gas e¢cmponents,

Three adsorption columns were used in this study. Column V is
20 feet long and packed with type 5A molecular sieves., It is used for the
analysis of hydrogen, oxygen, nitrogen, methane, and carbon monoxide.
Colum W is a 7.5-foot column packed with 13X type molecular sieves, It is
used to analyze for ethane and ethylene. Column Y which is a 27-foot column
packed with hexamethyl phosphoramide on an inert carrier is suitable for the
analysis of the individual hydrocarbon components from methane through the
five-carbon atom molecules and carbon dioxide,

Columns V and W are used at 100°C. while column Y is used at 30°C.
When a combination of columns V and W are used to analyze the same gas, the
areas under the curves are corrected for thermal response and the resultant
values added together to obtain 100 per cent of the gas for guantitative
purposes., When columns V and Y are used together, in addition t¢ the thermal
response factor, allowance must be made for the differences in temperature of
the columns, The five gases analyzed in column V appear as a single peak in
columm Y. This peak can then be used as a common factor to determine quanti-
tatively the individual gases analyzed for by both columms., This method for
using columns V and Y has been successfully checked with a gas mixture of
known ecompogition.,

The gagses analyzed were sampled at room temperature, This gas
analysis does not inelude apprecilable quantities of hydrocarbons in the range
of Cg to Cyg which are gaseous products at T00°F, The distribution of the
Cg to C18 hydrocarbons is indicated by distillation data of the residual
liquid produets from the thermal stability tests, An approximation of the
relative amounts of gaseous materials at room temperature and volatile liquids
boiling below TO0°F can be obtained from a comparison of the pressure in the
thermal stability apparatus at 700° and at 70°F (room temperature), Using
the perfect gas laws as an approximation, an absolute pressure of one p.s.i.
at room temperature is equivalent to 2,2 p.s.i. at 700°F., The difference
between the corrected pressure at 700°F. from the gases noted at room temper-
ature and the pressure at 700°F noted in the test is due to volatile liquid
producte, predominantly C5 to 018 hydrocarbons.
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Analysis of the gaseous samples from the thermal stability tests
of a hydrogenated paraffinic bright stock, a paraffiniec neutral, a naphthenic
rneutral, an aromatic hydrocarbon, and two polyclefins are shown on Tables L,
L2, L3, Lk, U5, and L6. In general, the hydrogenated paraffinic bright stock
(MLO 7289), hydrogenated paraffinic neutral (MLO 7301), and super-refined
naphthenic neutral (MLO 7357) show similar thermal stability behavior. In all
cases, these three flulds show about the same ratio of gas pressure at 70 °F
to gas pressure at 700°F, These data indicate that about half of the pressure
noted at 700°F 4s accounted for in the detailed analysis of the gas sample.
The other half of the pressure is due to the formation of GS to 018 hydro-
carbons by thermal cracking.,

There are indications that, for these fluids, the volatile products
are formed in the same ratios over a wide range of test temperatures and
degrees of severity, Tests ranging in severlty from the formation of G.02
moles to 1,00 moles of gas formed at 700°F, for each mole of fluid charged
show essentially the same range of gaseous product distribution., Similarly,
tests conducted at 650°, 700°, and 750°F which show a wide variation in
rate of gas formation show essentially no variation in the ratic of gaseous
products formed.

Tn all of the tests with naphthenic and paraffinic mineral oils,
methane is the predominant product with substantial quantities of hydrogen,
ethane-ethylene, and propane with trace quantities of propylene and Ch and 05
hydrocarbons.

The hydrogenated paraffinic bright stock, MLO 7289, consistently
shows evidence of small volumes of carbon monoxide, The source of the
carbon monoxide is attributed to oxygen-containing impurities present in the
fluid charged, The combined amount of carbon dioxide and carbon monoxide
for the super-refined neutrals MLO 7301 and MLO 7357 is very low and may be
attributed to traces of dissolved air and oxygen-containing impurities,

Two thermal stability tests on Table 39 have been conducted with
an atmosphere of air instead of nitrogen. The oxygen available in the air
combines with carbeon to form predominantly carbon monoxide, The oxygen from
the air in both of these tests is all accounted for as carbon monoxide and
carbon dioxide,

The volatile thermal decomposition products of the aromatic hydro-
carbon differ substantially from those of the naphthenic or paraffinic
mineral oil. Data presented on Table hh at 700°F were cbtained with columns
V and W, while the data at 650° and 750°F were obtained with gas chroma-
tography columns V and Y, The expected difference in gas phase reaction rate
is noted over the temperature range of 650° to 750°F, The quantitative gas
analysis data for 650° and 750°F show the relatlve quantities of the gaseous
products to be the same. In the case of the 700°F tests, the difference in
relative amounts of the gases 1in these analyses compared w1th those at 650°
and 750°F are attributed directly to inherent differences in the use of
different chromatographic columns,
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The gaseous products hydrogen, methane, ethane-ethylene, and propane
comprise essentially all of the volatile products below C produced in the
thermal stability test units with MLO 7218, It should be emphasized that, for
the naphthenic and paraffinic mineral oils, these same gaseous components
represented only half or less of the volatile products below 018 in sirze,

The series of five 20-hour tests shown on Table Ll were a1l con-
ducted as consecutive tests on the same fluid charge, The gas was vented at
room temperature after each 20-hour test at 700°F and the pressure cylinder
purged with nitrogen. It should be noted that each 20-hour increment
produced the same gasecus products in the same proportions. The data shown
on Figure 7 indicate that the rate of gas formation is essentially constant
over the entire 100-hour test period. The total 100-hour test period at
700°F produced a total of 0,37 moles of gas per mole of fiuid charged,

The data for the two polyolefin types indicate still different
thermal behavior from that of the mineral oils and aromatic hydrocarbon. A
number of thermal stability tests were run with polybutene oil MLO 7323,
Thermal stability tests show no appreciable differences between the olefinic
and the completely saturated polybutene oil. From a comparison of gas
pressures at 70° and 700°F , there is indication that only about one-third
of the total gas pressure generated is due to materials which are gases at
70°F, The analysis of the gaseous products shows that Ch hydrocarbons pre-
dominate, There is little hydrogen but substantial quantities of methane and
€5 hydrocarbons, These products suggest depolymerization as a rapid reaction
with carbon to carbon pyrolysis of the resultant monomer, It should be
emphasized that the polybutene oil gave the same final gas pressure at TO0°F
in 12 minutes that is obtained in 20 hours with typical high quality paraf-
finic and naphthenic mineral oils.

A second polyolefin (MLO 7346) has alsc been evaluated in the
thermal stability test. This polyolefin was obtained from the Atlantic
Refining Company. The specific monomer used to prepare this material is
not known to this Laboratory. Tests at 650°, 700°, and 750°F indicsate that
this material is muech more thermally stable than MLC 7123 polybutene, The
thermal stability of MLO 7346 approaches that of conventional mineral oils
of the paraffinic and naphthenic types. The ratio of gas pressure at 70°
and at 700°F also approaches that noted for the paraffinic and naphthenic
mineral oils, It is interesting to note that hydrogen, methane, and C
hydrocarbons are present in about equal concentration in the gas and comprise
most of the total gas volume,

Both of the polyolefins show an appreciable quantity of carbon
moncexide in the decomposition gases. As in the case of the bright stock
discussed previously, this carbon monoxide is attributed to oxygen-containing
impurities present in the oil. In the case of the polyolefins, oxygen assimi-
lation is relatively rapid and is not effectively prevented by conventional
oxidation inhibitors,
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The polyolefins exhibit some difference in rate of thermal
degradation with time when compared with the mineral oils and esters, It
has been indicated that based on gas formation, thermal decomposition rate
is essentially constant with continued test time (essentially a zero order
reaction) for the mineral oils and aromatic hydrocarbons. In the e¢ase of
the polyolefins, the initial rate of gas formation drops off with continued
test time as shown on Figure 8,

b. The Effect of Temperature on the Formation of Gaseous Products.
The quantitative analysis of the gaseous products indicates that the eompo-
sition of the gas recovered at room temperature is essentially independent
of the temperature of the thermal test over the range of 650° to 750°F, This
trend in gas composition has already been demonstrated for paraffinic and
naphthenic mineral oils, aromatic hydrocarbons, and polyolefins., The rate
of gas generation has also been shown to be a function of the heated gas
space involved in the thermal stability tests. If the test fluid and the
test system geometry are held constant and the temperature varied, relative
reaction rates of the gas can be determined as a function of temperature.
The effects of temperatures of 650°, 700°, and 750°F on the various fluids
are summarized on Table 47, and the rates for each fluid plotted at the three
temperatures on Figures 9, 10, 11, 12, 13, 1L, and 15. TFor these tests, a
20=~milliliter charge was employed. The time necessary to produce a 300 p.s.i.
pressure in the test apparatus or 20 hours test time, whichever occurred
first, was used as the test time,

¢. Rate of Thermal Decomposition. The pressure readings at the
test temperature were used as a measure of reaction rate, The thermal
decomposition rate shown on the tables in this sectlon 1s calculated from the
average slope of the pressure versus time curve, The rate of formation of
gas is expressed as moles of gas per hour or moles of gas per hour per mole
of fluid, In all cases the perfect gas laws are used to determine the moles
of gas present, The values for moles of actual gas are close approximations
for the materials that are gaseous at 70°F but deviate somewhat more for
the volatile Cp to Cqg hydrocarbons. These values do provide useful compara-
tive data for %he determination of overall changes due to thermal breakdown.

In the terminology used, a breakdown to form one mole of gas per
mole of original fluid is shown as 1.0 on the tables. This value of 1,0 is
equivalent to 100 per cent degradation based on the formation of one
volatile fragment per molecule of original fluid, However, a single mole of
paraffinic or naphthenic mineral oil, containing on the order of 20 to 30
carbon atoms per molecule, can produce more than one mole of hydrogen, methane,
ethylene, or ethane under thermal degradation,

The reaction rates based on gas pressure build-up have been used to
determine the temperature interval for rate doubling. The rate doubling
temperature is a relative expression based on temperature coefficient of
reaction rates. The rate doubling temperatures over two consecutive 50°F
temperature intervals are summarized on Table L8.
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All of the data are given for the same test conditions for each
fluid at the indicated temperatures. There is a general trend toward less
temperature effect on reaction rate with increasing temperature., This trend
is typical of that noted for the thermal cracking of gas oils to gasoline at
higher cracking temperatures. Over the 100°F temperature interval studied,
the aromatie hydrocarbon shows the lowest rate of increase in thermal cracking
of the materials studied. The paraffinic neutral MLO 7301, on the other hand,
shows the highest rate of thermal cracking over the same temperature interval,
It is interesting to note that at 650°F the paraffinic neutral MLO 7301
(Table 42) and the aromatic hydrocarbon MLO 7218-16 (Table L) have about the
same rate of gas formation. At 750°F , however, the rate of gas formation
for the paraffinic neutral is more than five times that of the aromatic hydro-
carbon,

A comparison of three paraffinic mineral oils including neutral,
bright stock, and resin shows an interesting trend in decomposition (Table
L7), For any given temperature, the rate of decomposition increases with
inereasing molecular weight. That is, at any given temperature, gas formation
per mole of fluid charged is highest for the resin and lowest for the neutral,

3. Quantitative Evaluation of the Ligquid Product From Thermal
Stability Tests. The foregoing discussion relates to the thermal reaction to
form gas. In any hydraulic application, thermal conditions will of necessity
have to be limited to temperatures at which the gaseous products represent a
small portion of the total produets. That is, to be useful in a hydraulic
cycle, the fluid will have to remain predominantly a liquid under operating
conditions. The property changes of the liquid portion of the product from
the thermal stability tests, therefore, require a critical evaluation,

Viscosity change, neuntralization number, and degree of unsaturation
(bromine mumber) have been used to characterize the liguid product from the
thermal stability tests. In most cases these properties do not, in themselves,
provide an adequate quantitative picture of the liquid products of thermal
deterioration, A vacuum fractionation has been used to round out the quanti-
tative understanding. For this purpose, a small scale vacuum distillation
apparatus is used,

a, Apparatus and Procedure for Small Scale Vacuum Distillations,
A diagram of the apparatus used in these small scale distillations is shown
on Figure 16. The 50 milliliter flask and condenser are made as one piece of
glass. The product receiver is a 10 milliliter buret graduated in 0.1 milli-
liter units, The pressure is measured by a mercury manometer and a MecLeod
gage attached in parallel., The gages and vacuum pump are protected from
volatile products by a dry ice-acetone trap maintained at -110°F. The koldup
in the distillation flask and condenser is about 0.5 milliliter, Approxi-
mately 10 milliliters of ceramic beads are used in the still pot to prevent
bumping under vacuum, The distillation flask is heated with a "Qlas-Col"
heating mantle and the top and neck of the flask are insulated with aluminum
foil to a point above the mercury reservoir of the ASTM distillation ther-
mometer,
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Table 35

EFFECT OF VARYING GAS SPACE ON THE THERMAL DECOMPOSITION
OF A PARAFFINIC NEUTRAL

ALL TESTS CONDUGTED IN THE PRL STAINLESS STEEL PRESSURE GYLINDER

TEST GOND!TIONS INCLUDE: TEST TEMPERATURE = 700°F * 10°F 5 TEST TIME = 20 HOURS; TOTAL
VOLUME OF CYLINDER = l}6 ML.y AND CATALYSTS = A 0.5-INGH DIAMETER BALL BEARING EACH OF M-10
TOOL STEEL, 52-100 STEEL, AND NAVAL SRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM 4§
PURGED WITH NITROGEN. THE SYSTEM IS THEN SEALED AND THE TEST STARTED. THE NITROGEN
PRESSURE IN THE PRESSURE CYLINDER 1S ABOUT 2B POUNDS AT TOD“Fs

TEST FLUID A SUPER-REF INED PARAFFINIC NEUTRAL (MLO 7301)
TEST CONDITIONS ¢
TEST FLU!D CHARGED, M. 20 15 10 5 3 1
FREE SPACE, ML. .
AT TEST TEMPERATURE 17 23 30 26 Es 42
AT ROOM TEMPERATURE 23 28 33 28 0 L2

DECOMPOS ETICN DATA:
GAS FORMATION

MOLES OF GAS/HR. (x103) 0,212 o305 0a312 002l2 0,145 0.066
MOLES OF GAS/MOLE OF Oa1L/HR. 0.0063 | 0.0132 | 0.0181 | 0,0281 | 0.0296 | 0.0345
TOTAL MOLES GAS/MOLE OF OIL 0.12 0.27 0.3 0.63 0.52 0.62
SYSTEM PRESSURE, PeSeloba
MAXIMUM OF TEST TEMP. 220 22, 180 133 7E 41
RESIGUAL AT ROOM TEMP. 32 29 2l 20 5
SLOPE, FoSaloGo/HR. 9.6 10.0 8.1 5.2 2.9 1.2
FLYUID PROPERTIES
% CHANGE IN CS. VISG. AT 100°F. -61 61 62 52 - -
NEUT. NO. (M. KOH/GM. CIL)
OR G NAL 00 0.0 00 0.0 0.0 0.0
FINAL 0.0 0.1 0.1 0.1 0.0 0.0
CATALYST WT. LOSS{MG./5Q. CM.)
M-10 TOOL STEEL 0.0l 0.02 0.02 +o,02 +0,02 0.0l
52-100 STEEL 0400 0400 0o0 +H.0 0.02 +0,02
NAVAL BRONZE 0,00 0,00 +0.02 +0,06 0o0 0.0l
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ALL TESTS CONDUCTED IN THE PRL PRESSURE CYLINDER.

TEST COND!TIONS: TEST TEMPERATURE = 700° X {0°F ; TEST TIME = 20 HOURS 3 YOLUME CF OYLe
I NDER=L6 ML,z AND CATALYSTS = A 0.5—~INCH DIAMETER BALL BEARING EACH OF M-10 TGOL STEEL,
52-100 SFEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM 1§

PURGED WITH NITROGEN. THE SYSTEM !S THEN SFALED AND THE TEST STARTED. THE NITROGEN
PRESSURE {N THE PRESSURE CYLINGER IS ABOUT 28 LBS. AT 700°F,

TEST FLUID s A SUPER-REFINED PARAFFINIC NEUTRAL
A = 20 M., CHARGE §17 M. GAS SPACEi

(MO 7301)
S ML. CHARGE (36 ML. GAS SPACE
O = 15 M.. CHARGE (23 ML. GAS SPACE 3 M. CHARGE (39 M.. GAS SPAGE
© =10 M.. CHARGE (30 M. GAS SPACE 1 M. CHARGE {42 M.. GAS SPAGE)
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Table 36

EFFECT OF VARYING GAS SPAGCE ON THE THERMAL DECOMPOSITION
OF A NAPHTHENIC NEUTRAL

ALL TESTS CONDUGTED IN THE PRL STAINLESS STEEL PRESSURE CYL!NDER

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 700 % 10°F § TEST TiME = 20 HOURS; TOTAL VOLUME
OF CYLINDER = L6 ML.5 AND CATALYSTS = A 0.5~INGH DIAMETER BALL BEARING EAGH OF M-10 TOOL
STEEL, 52-100 STEEL, AND NAVAL BRONZE. FRICR TO THE START OF THE TEST, THE SYSTEM 1§
FURGED WITH NITROGEN. THE SYSTEM 1S THEN SFALED AND THE TEST STARTED. THE NITROGEN
PRESSURE IN THE PRESSURE CYLIMDER 18 ABOUT 28 POUNDS AT TO0°F.

TEST FLUID A SUPER-REFIKED NAPHTHENIC NEUTRAL {MLO 7357)
TEST CONDITIONS ¢ 1
TEST FLUID CHARGED, M. | 10 5 3 1
FREE SPACE, M.
AT TEST TEMPERATURE 17 30 36.5 ﬁs 42
AT ROOM TEMPERATURE 23 3% 38 0 b2
DECOMPOSITION DATA ¢
GAS FORMATION
MOLES OF GAS/HR. (X103) 0.241 0.383 0.258 0.156 0,068
MOLES OF GAS/MOLE OF O1L/HR. 0.0055 0.0195 0.021;8 0.0269 0.029)
TOTAL MOLES OF GAS/MOLE OF OIL D.12 0.0 0.51 0.58 0.85
SYSTEM PRESSURE, P.3.1.4.
MAXIMUM AT TEST TEMP. 267 222 129 85 1,8
RESIOUAL AT ROOM TEMP. 50 33 16 12 745
SLOPE, P-8.0.G./HR. 11.0 9.9 5.6 3.1 1.3
FLUID PROPERTIES
% CHANGE N CS. VISC. AT 100°F. =57 =80 —59 w -
NEUT. NO. (M. KOH/GM. Oil)
OR1GINAL 0.0 0.0 0.0 0.0 0.0
FINAL 040 0.0 0.1 0.0 0.0
| CATALYSY WT. LOSS {MG./5Q. CM.)
M-10 TOOL STEEL +0,0l +0,18 +0,0} 40402 0400
52-100 STEEL +0.02 +040Y +0.02 .00 0.00
NAVAL BRONZE 0.00 +0,02 +0.16 +0.0} 0.0L

- 68 =




ALL TEST CONDUCTED IN THE PRL PRESSURE GYL INDER

TEST CONDITIONS :  TEST TEMPERATURE = 700° £ 10°F 3 TEST TIME = 20 HOURS; YOLUME
OF CYLINDERS <3 AND CATALYSTS = A 0.5-INCH DIAMETER BALL BEARING EACH OF
M-10 TOOL STEEL, 52-100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST,
THE SYSTEM IS PURGED WITH NITROGEN. THE SYSTEM (S THEN SEALED AND THE TEST
STARTED. THE NITROGEN PRESSURE IN THE PRESSURE CYLTNDER. IS ABOUT 28 LBS. AT
700°F,

TEST FLUID: A SUPER~REFINED NAPHTHENIC NEUTRAL (M.O 7357)

A= 20 M.. CHARGE in M.. GAS SPACE ¥ = 3 M.. CHARGE (Ea M.. GAS SPAGE

O=10 ML. CHARGE (30 ML. GAS SPACE @ =1 M. CHARGE 92 M. GAS SPACE
>c=2850r1.. CHARGE (36 ML. GAS SPAGE

[ | ] | T

240 /

il
a
P

i /
iy 4
4

Pressure, pss.isg.
I

120 /
i /V ]
T

e Zr
] I

0 4 g8 12 16 20
Test Time, Hours

Figure 3. EFFECT CF VARYING GAS SPACE ON RATE
OF GAS FORMATION
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Table 37

EFFECT OF VARYING GAS SPACE ON THE THERMAL DECOMPCSITION
OF A PARTIALLY HYDROGENATED AROMATIC HYDROCARBON

ALL TESTS CONDUCTED IN THE PRL STAINLESS STEEL PRESSURE CYLINDER

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 700 % 10°F 5 TEST TIME = 20 HOURSj3 TOTAL VOLUME OF
CYLINDER = L6 M..; AND CATALYSTS = A 0.5-INCH DIAMETER BALL BEARING EACH OF M-10 TOOL STEEL,
52-100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM |S PURGED WITH
NITROGEN. THE SYSTEM IS THEN SEALED AND THE TEST STARTED. THE NITROGEN PRESSURE IN THE
PRESSURE CYLINDER |S ABCUT 28 POUNDS AT 7Q0°F.

TEST FLUID A PART!IALLY HYDROGENATED AROMATIC HYDROGARBCK (MLO 7218)
TEST CONDITIONS ¢
TEST FLUID CHARGED, M. 20 15 10 5 1
FREE SPACE, M...
AT TEST TEMPERATURE 17 23.5 30 36.5 L2
AT ROOM TEMRERATURE 23 28 33 38 L2
DECOMPOS I TION DATA 2
GAS FORMATION
MOLES OF GAS/HR. (X103) 0.228 Da3l2 8421 0.111 0.129
MOLES OF GAS/MOLE OF OIL/HR. 0.0032 0.00}8 0.0041 0.0052 0.0615
TOTAL MOLES OF GAS/MOLE OF OIL 0,07 0.13 0,12 0.16 0. 8Y
SYSTEM PRESSURE, PoSedaGs
MAXIMUM AT TEST TEMP. 218 263 138 82 76
RESIDUAL AT ROOM TEMP. 102 103 06 22 2l
SLOPE, P.5.1.G./KOUR 10.Y 1.2 6.8 2.1 2.4
FLLU$D PROPERTIES
% CHANGE IN CS. VISC. AT 100°F. - -1b -1} ~15 -
NEUT. NC. {MG. KOH/GM. OIL)
ORIGINAL - 0.0 0.0 0.0 -
FINAL - 0.1 0.3 0.1 -
GATALYST WT. LDSS (MG./SQ. CM.)
M-10 TOOL STEEL - +H.08 +0.0) +0.08 0.00
52~100 STEEL - +0.08 +.02 +0,0} 0,02
NAVAL BRONZE - +0,06 0,00 +0.10 000
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ALL TESTS CONDUCTED (N THE PRL PRESSURE GYLINDER

TEST CONDITICNS s TEST TEMPERATURE = 700° X 10°F 3 TEST TIME = 20 HOURS3 VOL UME
ﬁ?’t?t?ﬂﬁfﬁ?gﬁﬁmt_; AND CATALYSTS = A 0.5-INGit DIAMETER BALL BEARING EAGH OF

M-10 TOOL STEEL, 52-100 STEEL, AND NAVAL BRONZE. PRIOH 10 THE START OF THE TEST,
THE SYSTEM IS PURGED WITH NITROGEN. THE SYSTEM IS THEN SEALED AND THE TEST
STAETED. THE N1TROGEN PRESSURE IN THE PRESSURE GYLINDER 18 ABQUT 28 LBS AT
TO0°F.

TEST FLUIG: A PARTIALLY HYOROGENATED AROMATIC HYDROGARBON {M.O 7218-16)

£ =20 M.. CHARGE (17 M.. GAS SPACE X =5 M. . CHARGE EﬁS M.. GAS SPACE;
[l = ]5 ML. CHARGE {23 ML. GAS SPACE & =1 M.. CHARGE h2 M.. GAS SPACE
O =10 M. CHARGE 30 ML. GAS SPACE
280 | ! T J |
” /
| — A e
7
1o
5 160 A
oA
A, . ]
a?
£ (s 1//9////
a2 120 0 -
4]
QO
SEE / / -
o0 _ r/z/////n -
o e
. | | | 1
9] A 8 12 16 20

Test Time, Hours

Figure 4. EFFRCT OF VARYING GAS SPACE ON RATE
OF GAS FORMATION
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Table 38

LARGE VOLUME THERMAL STABILITY TESTS

ALL TESTS CONDUGTED IN AN AMINGCO ROCKING AUTOGCLAVE

TEST GONDITIONS INCLUDE: TEST TEMPERATURE = 750 & 10°F 5 TOTAL VOLUME OF AUTOCLAVE =
2650 MLS. PRIOR TO THE START OF THE TEST, THE SYSTEM IS PURGED WITH NITROGEN. THE SYSTEM
IS THEN SEALED AND THE TEST STARTED. THE NITROGEN PRESSURE IN THE AUTOCLAVE IS ABOUT
20 POUNDS AT T5C°F.

TEST FLUID A SUPER=REFINED PARAEFINIC NEUTRAL (M.O 7301)
TEST CONDITIONS 2
TEST TiME, KOURS 3,8 1008 11.3 6 (1)
TEST FLUID CHARGED, ML. 300 1000 1060 1000
FREE SPACE, M.,
AT TEST TEMPERATURE - 2260 1350 1350 1350
AT ROOM TEMPERATURE 2350 1650 1650 1650

DECOMPOSITION DATA @

GAS FORMATION

MOLES OF GAS/HR. (X103 116 138 13 112
MOLES OF GAS?MOLE(OF O}L/HR. 0,236 0.08) 0,035 0.068
TOTAL MOLES GAS/MOLE OF OIL 1.0 1.0 1.0 0.5
SYSTEM PRESSURE, PoS.l.G.
MAXIMUM AT TEST TEMP. 195 1030 1025 520
RESIDUAL AT ROOM TEMP. 29 220 195 120
SLOPE, PuSolaGa/HR. 2 83 B 68
FLUID PROFERTIES
% CHANGE [N CS. VISC. AT 100°F. -85 =96 ~96 ~-88
NEUT. NO. (M. KOH/GM. OIL)
OR IGINAL 0.0 0.0 0.0 0.0
FINAL 0.1 0.1 0.1 0.0

(1) THIS TEST CONDUGTED WITH AUTOCLAVE IN STATIONARY POSITION.
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ALL TESTS GONDUCTED AN AN AMINCO ROGKiNG AUTOCLAVE.

Cof

ONS:

POUNDS AT 750°F,

TEST FLUID = A SUPER-REFINED
& iND O

1200

1000

o]
o
o

600

Pressure, p.s.i.g.

8

200

Al

TEST TEMPERATURE = 750 + 10°F ; TOTAL VOLUME OF
PRIOR TO STARY OF TEST, THE SYSTEM IS PURGED WITH NITROBEN.
SEALED AND THE TEST STARTED,

1350 ML.
2260 ML,

PARAFFINIC NEUTRAL (MLO 7301).

1000 ML. GHARSE
300 ML. CHARGE

GAS SPACE
GAS SPACE

CYLINDER = 2650 M.,
TAE SYSTEM 1S THEN
THE NITROGEN PRESSURE IN THE AUTOCLAVE |S ABOUT 30

1 i 1000 ML, CHARGE (1350 ML. GAS SPACE
= FOR THIS TEST, THE AUTOOLAYS WAS Hii o STaTiGlARY
— | ! | T
A
[,

FORMATION IN A IARGE VOLUME TEST

73 -

12

’,/’//, e
///,//’ >
| l | { I ]
0 2 N 6 8 10
Test Time, Hours
Figure 5, FEFFECT OF VARYING GAS SPACE ON RATE OF GAS



Table 39

THERMAL DECOMPOSITICN BEHAVIOR OF A PARAFFINIC NEUTRAL AT 750°F,

ALL TESTS CONBUCTED IN THE PAL STAINLESS STEEL PRESSURE GYLiNDER.
TEST GONDITIONS INCLUBE: TEST TEMPERATURE = 750 £ 10°F 3 TOTAL VOLUME OF CYL!NDER = L6 M3
AND CATALYSTS = (0.5-<INCH DIAMETER BALL BEARING EACH OF M-10 TOOL STEEL, 52-10C STEEL, AND

NAVAL BRONZE. PRICR TO THE START OF THE TEST, THE SYSTEM IS PURGED WiTH NITROGEN.

SYSTEM 18 THEN SEALED AND THE TEST STARTED.

I8 ABOUT 30 POUNDS AT 750°F.

THE

THE NITROGEN PRESSURE IN THE PRESSURE CYLINDER

TEST FLUID

A SUPER-REFINED PARAFFINIC NEUTRAL (MLO 7301)

TEST CONDITIONS ¢

TEST TiME, HOURS
TEST FLUID CHARGED, M.

FREE SPACE, M..
AT TEST TEMPERATURE
AT ROOM TEMPERATURE

DECOMPOSITION DATA ¢

BAS FORMATION
MOLES OF GAS/HR. (X103}
MOLES OF GAS/MOLE OF OIL/HR.
TOTAL MOLES GAS/MOLE OF OIL

SYSTEM PRESSURE, PaSo1sBs
MAXIMUM AT TEST TEMP.
RESIDUAL AT RCOM TEMP.
SLOPE, P.S.1.6./HR.

FLUID PROPERTIES
% CHANGE IN CS. VISG. AT 100°F.
NEUT. NO. {MG. KOH/&M. O1L)
ORIGINAL
FENAL

CATALYST WT. LOSS (MG./$G. CM)
M-10 TOOL STEEL

52=100 STEEL
NAVAL BRONZE

2.8
20

17
23

1,98
0,059
0.16

0000
0.02
0.02

2.5
20

17
23

2.20
0.065
0016

286
105

0.0
0.0
0.0

@

= ooe

2.5t1)
20

2.8
20

2,51
20

20
26

A —

2,30

0.267

1.02
200

2
s

(1) TEST GONDUCTED WiTHOUT PURGING WiTH NITROSEN.

THE START OF THE TEST.

- -

THAT 1S, AIR WAS

PRESENT IN THE CYLINDER AT




Table A0

EFFECT OF CATALYST ARFA ON THE THERMAIL, DECOMPOSITION
OF A PARAFFINIC NEUTRAL

ALL TESTS CONDUCTED IN THE PRL STAINLESS STEEL PRESSURE CYLINDER

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 700 + 10°F 3 TEST TIME = 20 HOURS; TOTAL VOLUME
OF GYLINDER = 46 M.. PRIOR TO THE START OF THE TEST, THE SYSTEM IS PURGED WITH NITROGEN.
THE SYSTEM IS THEN SEALED AND THE TEST STARTED. THE NITROGEN PRESSURE IN THE PRESSURE
CYLINDER 1S ABOUT 28 POUNDS AT TOO0°F.

TEST FLUID A SUPER-REFINED PARAFFINIC NEUTRAL (M.O 7301)
TEST GONDITIONS :
STAINLESS
CATALYST NONE | STEEL CHAIN | STEEL SHOT | ALUMINA | STEEL PLUG
AREA, 5Q. CM. - 15 2050 6230 -
TEST FLUIG CHARGED, ML. 20 10 10 10 5
FREE SPACE, ML,
AT TEST TEMPERATURE 20 2y 2l 2} 17
AT ROOM TEMPERATURE 26 27 27 27 18.5
DEGOMPOSITION DATA :
GAS FORMATION
MOLES OF GAS/HR. (X103) 0.3%05 00250 0.198 0.282 0.133
MOLES OF GAS/MOLE OF OIL/KR. 0.00%1 0.0145 0.0116 0.016] | 0.0155
TOTAL MOLES OF GAS/MOLE OF OIL 0.18 0.30 0.2} 0.36 0.31
SYSTEM PRESSURE, P.8.1.G.
MAXIMUM AT TEST TEMP. 260 185 154 209 11
RESIDUAL AT RCOM TEMP. 10 27 23 22 2k
SLOPE, PeSaleGa/HR. 11,9 8.15 £.h2 9.1 6.1
FLUID PROPFRTIES
% GHANGE iN CS. VISGC. AT 100°F. ~T6 -6} -55 - -56
NEUT. NO. (M&. KOH/GM. OIL)
OR 1GINAL 0.0 0.0 000 0.0 0.0
FINAL 0.0 0.3 0.1 0.1 0.0

- 75 =



ASVHI SVD WHI NI HIVY NOILOVAY NO HOVAS SVO ONIZHVA A0 IDHALN

anoy J1ad TTo Jo aTow J=d sed JO S3TOW

90*0

S0°0

oo

£0'0

¢0’0

T0°0

*g sandTg

o| %

ot

o
(Y]

o
PeaY

o

{10¢L O'W) TVHLNAN JINIIIVEVS TINIJIL-YINS ¥ 1047 L83L

°Z 3uNS13 338" “SNOI1LIONOD 1SIL ¥O4
*YIANITAS JUNSSIHd Wd IHL NI O3LOGANOD S1S3L TW

0s

*Tu ‘soeds sed pejeay

-6 -



Table 41

EFFECT CF TEMPERATURE ON THE THERMAL DECOMPOSITION
OF A PARAFFINIC BRIGHET STOCK

ALL TESTS CONDUCTED IN THE PRL STAINLESS STEEL PRESSURE GYLINDER

TEST CONDITIONS INCLUDE: TEST TIME AND TEMPERATURE AS INGIGATED; TEST FLUID CHARGED = 20 ML..j
TOTAL VOLUME OF THE CYLINDER = 46 ML.; GAS SPACE = 17 M.. AT TEST TEMPERATURE AND 23 M. AT
RGOM TEMPERATURE; AND CATALYSTS = A 0.5~INCH DIAMETER BALL BEARING EACH OF M=10 TOOL STEEL,
52-100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM IS PURGED WITH
NITROGEN. THE SYSTEM 18 THEN SEALED AND THE TEST STARTED. THE NITROGEN PRESSURE IN THE
;gg§§une CYLINDER IS ABOLT 26 P.S.l.G. AT 650°F , 28 P.S.i.6. AT TOO°F , AND 30 PuSeleG. AT

TEST FLUID SUPER=REF INED PARAFFINIC BRI?HT STOCK (M0 7289)
TEST TEMPERATURE, °F. 650 700 (1 750
TEST TIME, HOURS 20 20 10 3,3
DECOMPOS ITION DATA :
GAS FORMATION
MOLES OF GAS/HR. (X103) 0.031] 04240 04240 1.58
MOLES OF GAS/MOLE OF OIL/HR. 0.0013 0.0099 | 06,0099 04065l
TOTAL MOLES GAS/MOLE OF OIL 0402 0.21 0.22 0,22
SYSTEM PRESSURE, PeSel.Gs
MAXIMUM AT TEST TEMP. 53 255 270 28y
RESIDUAL AT ROOM TEMP. 7 5 39 iy
SLOPE, PaS.}.Ge/HR. 1.37 10.9 10.9 75
ANALYSIS OF RESIDHAL GASEQUS PRODUCT, %
HYDROGEN 11.8 9.9 16.6
METHANE 39,2 37,2 k5.8
CARBON MONOXIDE 2.8 0.8 2.3
CARBON DIOXIDE 03 0.2 -
ETHANE-ETHYLENE 2743 2942 21.1
PROPANE 13.6 177 1041
PROPYL ENE 1.3 1.5 1.7
ISOBUTAKE 049 1.5 0.4
N—BUTANE 2.0 2.9 1.2
T30— AND N—-1-BUTENE 0.3 0.3 0.3
TRANS=2-BUTENE 0.1 TRAGE TRACE
€15=2=BUTENE TRAGE TRACE TRAGE
ISOPENTANE 0.1 0.2 TRAGE
N=PENTANE 0.1 0.2 TRAGE
FLU1D PROPERTIES
% CHANGE (N CS. VISC. AT 100°F. =30 - -90 -8
NEUT. NO. (MG. KOH/GM. 0IL)
OR |G INAL 0.0 - 0.0 0.0
FINAL 0-0 - 0-3 0-1
CATALYST WT. LOSS {M8./SQ. CM.)
M=10 TOOL STEEL +0.02 - +0.02 +0.06
52-100 STEEL 0.02 - +0.02 +H.06
NAVAL BRONZE +0.1]; - 0,22 +0.0l

(1) TEST WAS INTERRUPTED AFTER 20 HOURS. CYLINDER WAS GOOLED TO ROOM TEMPERATURE, VENTED,
AND PURGED WITH NITROGEN. TEST WAS THEN CONTUNUED FOR AN ADDITIONAL 10 HOURS.
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EFFECT OF TEMPERATURE ON THE THERMAL DECOMPOSITION

Table 42

CF A PARAFFINIC NEUTRAL

ALL TESTS CONDUCTED IN THE PRL STAINLESS STEEL PRESSURE CYLINDER

TEST CONDiTIONS INCLUDE

TEST THE AND TEMPERATURE AS INDIGATED; TEST FLUID GHARGED = 20 ML.;

TOTAL VOLUME OF THE CYUINDER = L6 M..; GAS SPAGE = 17 ML. AT TEST TEMPERATURE AND 23 ML. AT
RGOM TEMPERATURE: AND CATALYSTS = A 0.5~INCH DIAMETER BALL BEARING EACH OF M-10 TOOL STEEL,

52-100 STEEL, AND NAVAL BRONZE.
NITROGEN.

THE SYSTEM 1S THEN SEALED AND THE TEST STARTED.

PRIOR TO THE START OF THE TEST, THE SYSTEM I8 PURGED WITH
THE NITROGEN PRESSURE IN THE

PRESSURE CYLINDER IS ABOUT 26 PoSalefie AT 650°F , 28 PuScloGe AT TOO®F , AND 30 PoSaeteBa AT

T50°F.
TEST FLUID & SUPER-REF INED PARAFFIN{? NEUTRAL (MLO T7301)
TEST TEMPERATURE, °F 650 700 ) 750
TEST TIME, HOURS 96 20 10 2.8
DECOMPGS ITION DATA 8
GAS FORMATION
MOLES OF GAS/HR. (X10%) 0.015 00230 - 1.98
MOLES OF GAS/MOLE OF OIL/HR. 0.0004 0.0068 - 0.059
TOTAL MOLES GMS/MOLE OF OIL 0.0l 0.28 - .16
SYSTEM PRESSURE, PuS.l.Ge
MAXIMUM AT TEST TEMP. 82 228 - 286
RESIDUAL AT ROOM TEMP. 8 3l - 39
SLOPE, PoSelaBo/HRs 0.66 104 - 9l 8
ANALYS|S OF RESIDUAL GASEOUS PRODUCT, %
HYDROGEN 35,3 - 2lj.0 20,0
METHANE bli.6 - 51,0 6.0
CAREON MOMOXIDE - - -
CAREON DIOXIDE - - -
ETHANE~ETHYLENE - 13.0 20,0
PROPANE - B.g 9.2
PROPYLENE ~ 0a 1.8
tSOBUTANE - Us3 0.5
N~BUTANE - 1.2 1.1
TS0~ AND N-1-BUTENE - a3 0.3
TRANS-2-BUTENE - TRAGE 0.2
¢15-2-BUTENE - TRAGE -
[SOPENTANE - 0.1 0.2
N=PENTANE - 0ol TRAC
FLLID PROPERT!ES
% GHANGE IN CS. VISC. AT 100°F -3} - -50 43
NEUT. NOo {M&. KOH/GM. OIL)
CRIGINAL 0.0 - 0.0 0.0
FINAL 040 - 0.0 0.1
CATALYST WTo LOSS {MGo/SQo CM.)
M-10 TOOL STEEL +0.06 - +).02 000
52-100 STEEL 0002 - +H),06 0.02
NAVAL BRONZE 40,0 - I 0.00 0.02

(1) TEST WAS SNTERRUPTED AFTER 20 HOLRS.
AND PURGED WiTH NITROGEN

CYLINDER WAS COOLED TO
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ROOM TEMPERATURE, VENTED,
TEST WAS THEN CONTINUED FOR AN ADDITIONAL 10 HOURS.




Table 43

EFFECT OF TEMPERATURE ON THE THERMAL DECOMPGSITICN

TEST GONDITIONS !NCLUDE:

OF A NAPHTHENIC NEUTRAL

ALL TESTS CONDUCTED IN THE PRL STA!NLESS STEEL PRESSURE GYLINDER
TEST TIME AND TEMPERATURE AS INDICATEDS TEST FLUID GHARGED = 20 Mi.j

TOTAL VOLUME OF THE CYLINDER = L6 M..3 BAS SPACE = 17 ML. AT TEST TEMPERATURE AND 23 ML. AT

ROOM TEMPERATURES AND CATALYSTS = A 0o5=
52-100 STEEL, ANG NAVAL BRONZE.

INCH DIAMETER BALL BEARING EACH OF M~10 TOOL STEEL,

PRIOR TO THE START OF THE TEST, THE SYSTEM IS PURGED WITH

NITROGEN. THE SYSTEM [S THEN SEALED AND THE TEST STARTED. THE NITROGEN PRESSURE IN THE
;RE%SURE CYLINDER 1S ABOUT 26 P.S.lo6a AT 650°F , 28 PoSalo8. AT TOBOF , AND 30 PoSoleG. AT
50°F.
TEST FLUID A SUPER-REFINED NAFRIHENIC NE¥]RAL (M0 7357)
TEST TEMPERATURE, °F 650 700 750
TEST TIME, HOURS 103.5 18 12 2.8
DECOMPOS ITION DATA =
GAS FORMATION
MOLES OF GAS/HR. {x10%) 04026 0.298 | 0.269 1.90
MOLES OF GAS/MOLE OF OIL/HR. 00006 0,007 * 0.0067 0.0470
TOTAL MOLES GAS/MOLE GF OIL 0.06 0.14 0.15 0.13
SYSTEM PRESSURE, P.S.l.G.
MAXIMUM AT TEST TEMP. 126 286 299 286
RESIDUAL AT ROOM TEMF. 15 52 118 42
SLOPE, P.S.1.G./HR. 1.1 13.6 12.3 90.5
ANALYSIS OF RESIDUAL GASEQUS PRODUCT, %
HYDROGEN 1846 16,7 16.1 17.8
METHANE 5501 §9.2 WToh 5609
CARBON MONOXIDE - - - -
CARBON DIOXIDE - - - -
ETHANE-ETHYLENE 16.8 18.9 17.0 15.7
PROPANE 6.9 11,0 1.3 bob
PROPYLENE 0.6 1ok 1.h 1.1
ISOBLTANE 0.2 0.h 0.7 0.3
H“'BUTANE 006 1oh 200 009
TS0~ AND n—=1=BUTENE 0.2 Galy 0.6 0.3
TRANS=2-BHTENE - 0.1 TRAGE TRAGE
615~2=BUTENE - TRACE | TRACE TRAGE
|SOPENTANE 0e2 0.1 0.1 TRACE
N-PENTANE 0.2 0.1 0.1 TRACE
FLUID PROPERT!ES
% CHANGE IN CS. VI8C. AT 100°F. 52 - =Tl -62
NEUT. NO. {(MG. KOH/&M. OIL)
ORIGINAL 0.0 - 0.0 0.0
FINAL 0.1 - 0.0 0.1
CATALYST WT. LOSS {M8./SQ. GM.)
M-10 TOOL STEEL +0.08 - +0.0} +0,0}
52100 STEEL 0.0} - 0.01 0.00
NAVAL BRONZE +0.0} - +0.08 0.0}

(1) TEST WAS INTERRUPTED AFTER 1B HOURS.

AND PURGED WITH NITROGEN.

CYLINDER WAS COOLED TO ROOM TEMPERATURE, VENTED,

TEST WAS THEN CONTINUED FOR AN ADDITIONAL 12 HR.
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EFFECT OF TEMPERATURE ON THE THERMAL DECCMPOSITION
OF A PARTIALLY HYDROGENATED AROMATIC HYDROCARBON

Table 44

ALL TESTS CONDUGTED IN THE PRL STAINLESS STEEL PRESSURE CYLINDER
TEST GOND!TIONS INCLUGE: TEST TIME AND TEMPERATURE AS INDICATED; TEST FLUID CHARGED = 20 M.
TOTAL YOLUME OF THE GYLINDER = )6 ML.; GAS SPAGE = 17 M.. AT TEST TEMPERATURE AND 23 M. AT
RODOM TEMPERATURE; AND CATALYSTS = A 0.5-INCH DIAMETER BALL BEARING EACH OF M=10 TOOL STEEL,

52-100 STEEL, AND NAVAL BRONZE.

PRIOR TO THE START OF THE TEST, THE SYSTEM IS PURGED WITH

NITROGEN. THE SYSTEM [S THEN SEALED AND THE TEST STARTED. THE NITROGEN PRESSURE IN THE
PRESSURE CYLINDER IS ABOUT 26 P.S5.1.G. AT 650°F , 2B P.S.1.6. AT TOO°F , AND 30 P.S5.1.G. AT
T50°F.
—————
TEST FLUID A PARTIALLY HYCROGENATED AROMATIC HYBROCARBON (MLO 7218)

TEST TEMPERATURE, °F. 650 | €= === m - — 700 b m = m e - 750
TEST TIME, HOURS 26 20 | 20 20 20 | .5
DECOMPOSITTON. DATA i j
GAS FORMATION
MOLES OF GAS/HR. (X103} 0.032 | 0,228 4 0419 0.220 | 0.206 .202 1 0.692 ¢
MOLES OF GAS/MOLE OF OIL/HR. 0.000h | 0.00%2 ! 0.00 0.C031 | 0.0029. 0028 1 0.0%0%
TOTAL MOLES GAS/MOLE OF OIL 0.02 0.07 | 0.06 0.07 0.07 06 | C.06
SYSTEM PRESSURE, P.S.1.G.
MAXIMUM AT TEST TEMP. 73 2118 | 237 27 260 255 288
RESIDYAL AT ROOM TEMP. 22 102 91 107 9 92 109
SLOPE, PuSelaGa/HR. 2.2 16.4 l 940 10.0 9.k 9.2 51
ANALYS|S OF RESIDUAL GASEOUS
PRODUCT, % l |
HYDROGEN 32, 643 ¢ 3haT 2.6 36,2 31.1 32,
METHANE 50.1 0.9 I 62.l 23.9 l 59,6 6.1 5h.ﬁ
CARBON MONOXIDE - - - - - - -
CARBON DIOX!DE - - - - - - -
ETHANE-ETHYL ENE 9.0 2.8 ‘ 2.8 3.5 .2 4.8 7.2
PROPANE 5- 0 - - - - - 5-7
PROPYLENE 0. - | - - - - 0.4
ISOBUTANE o.E - - - - - 0.2
N—BUTANE 1. - - - - - 0.9
150~ ANG N-1-BUTENE 0.2 - | - - - - 0.2
TRANS~2~BUTENE TRACE - - - - - TRAGE
C158-2-BUTENE TRACE - I - - - - TRACE
ISOPENTANE 0.2 - - - - - 0.1
N=PENTANE 0.2 - | - - - - 0.1
FLULD PROPERTIES
% CHANGE IN CS. VISC. AT I
100 °F, -4 - - - - - -19
NEUT. NO. (M&. KOH/GM. OIL) l
ORIGINAL 0.0 - - - - - 0.0
FINAL 0.1 - I - - - - 0.0
CATALYST WI. LOSS (MB./SQ. CM.)
M-10 TOOL STEEL +0.0l; - | - - - - +0.10
52-100 STEEL 0,04 - - - - - +0,08
NAVAL SRONZE +0.0l - - - - +0,10

{1) TH(S TEST WAS RUN FOR A TOTAL OF 100 CONSECUTIVE HOURS IN 20-HOUR INCREMENTS.

AFTER EACH 20~

HOUR TEST THE CYLINDER WAS COOLED TO ROOM TEMPERATURE, VENTED, AND PURGED WITH NITROGEN.
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Table 45

EFFECT OF TEMPERATURE ON THE THERMAL, PECOMPOSTITION
OF A POLYCLEFIN

ALL TESTS CONDUCTED IN THE PRL STAINLESS STEEL PRESSURE CYL!INDER
TEST COND!TIONS INGLUDE: TEST TIME AND TEMPERATURE AS INDICATED; TEST FLUID CHARGED = 20 M..}
TOTAL VOLUME OF THE CYLINDER = 46 ML.; GAS SPACE = 17 ML. AT TEST TEMPERATURE AND 23 M.. AT
ROOM TEMPERATURE; AND CATALYSTS = A4 0.5-INCH DIAMETER BALL BEARING EAGCH OF M=10 TOOL STEEL,

52-100 STEEL, AND NAVAL BRONZE.

NITROGEN. THE SYSTEM 1S THEN SEALED AND THE TEST STARTED.
PRESSURE CYLINDER 1S ABOUT 26 P.S.1.G. AT 650°F , 28 P.S.1.G. AT TOO°F , AND 30 P.S.l.G. AT

750°F .

PRIOR TO THE START OF THE TEST, THE SYSTEM (S PURGED WITH
THE NITROGEN PRESSURE IN THE

TEST FLUID
TEST TEMPERATURE, °F.
TEST TIME, HOURS

650
20

6

A POLYOLEFIN (M.0 735)
700

0
1.5

DECOMPOSITION DATA:

GAS FORMATION
MOLES OF GAS/HR. (x103)
MOLES OF GAS/MOLE OF O(L/HR.
TOTAL MOLES GAS/MOLE OF OJL

SYSTEM PRESSURE, PoS.l.G.
MAXIMUM AT TEST TEMP.
RESIDUAL AT ROOM TEMP.
SLOPE, P.S.!.G./HR.

ANALYSIS OF RES|DUAL GASEOUS PRODUCT, %

HYDROGEN
METHANE

GARBON MONOXIDE
CARBON [10X1DE
ETHANE=-ETHYL ENE
PROPANE

PROPYL ENE
ISOBUTANE
N—BUTANE

TS0— AND k-1-BUTENE
TRANS-2~BTTENE
C1S=2—BUTENE
ISOPENTANE
N~PENTANE

FLUID PROPERTIES

% CHANGE IN CS. VISC. AT 100°F.

NEUT. NO. (M&. KOW/GM. OiL)
OREG INAL
FINAL

CATALYST WT. LOSS (M8./SQ. CM.)
M=10 TOOL STEEL
52100 STEEL
NAVAL BRONZE

GIDGB
0.0021
0.0l

99
3.0

[ T N O A U O T SO N N I A

|
N
[

oo
&
b = =

+0.04
+0.02
+0.12

0503
0.0151
0.12

2;0
22.5
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Table 46

EFFECT OF TEMPERATURE ON THE THERMAL DECOMPOSITION
OF A POLYBUTENE

ALL TESIS CONDUGTED IN THE PRL STAINLESS STEEL PRESSURE CYLINDER

TES| CONDITIONS INCLUDE: TEST TIME AND TEMPERATURE AS (NDICATED; TEST FLUID GHARGED = 20 M..
[OTAL VOLUME OF THE CrLINDER = L6 M..; GAS SPACE = 17 M.. AT TEST TEMPERATURE AND 23 M.. AT
ROOM TEMPERATURES AND GATALYSTS = A 0.5-INCH DIAMETER BALL BEARING EAGH OF M-10 TOOL STEEL,
c4-i0) STEEL, AND NAVAL BRONZE. PRIOR 10 THE START OF THE TEST, THE SYSTEM (S PURGED WITH
NTTROGEN. THE SYSTEM IS THEN SEALED AND THE TEST STARTED. THE NITROGEN PRESSURE IN THE
PRESSURE CYLINDER 1S ABOUT 23 PuS.l.6. AT 550°F , 25 PuS.1.G. AT 600°F , AND 26 P.S.1.G. AT

65097,

-
’

e
TEST FLUID A POLYBUTENE (M.O 7123)

TEST TEMPERATURE, °F. 550 600 650 7
TEST TIME, HOURS 28 6 1.3 0

DECCMPOS ITION DATA ¢

GAS FORMATION
MOLES OF GAS/HR. (x103) 0.088 0.699 }.20
MOLES OF GAS/MOLE OF OIL/HR. 0.0026 0.0206 0.12]
TOTAL MOLES GAS/MOLE OF OIL .08 0.15 0.16

SYSTEM PRESSURE, P.S.1.G.
MAXIMUM AT TEST TEMP, 12% 232 27
RESIDUAL AT ROOM TEMP. 10 20 1
SLOPE, P.5.1.G./HR. 3.5 29.2 183

ANALYS1S OF RESIDUAL GASEOUS PRODUCT, %

HYDROGEN
METHANE

CARBON MONOX!DE
CARBON 010X DE
ETHANE—ETHYL ENE
PROPANE
PROPYLENE
ISOBUTANE
H-BUTANE

TsO- AND N-1-BUTENE
{RANS—-2-8UT ENE
CIS—2-BUTENE
[SOPENTANE
N-PENTAKE

[ O T T I |
[ I R I I |

L2 R R R N R A I A I B |

[ A T O A |
[ T T N I

FLUID PRCPERTIES
% GHANGE IN CS. VISG. AT 100°F, ~32 -51 -8
NEUT. NO. (MG. KOH/GM. OIL)

ORIGINAL 0.0 040 0.0
FTNAL 0.2 0.2

CATALYST WT. LOSS {MG./SC. CM.)
M=10 TOOL STEEL +0.02 0.00 +0.06 +0
< 52.100 STEEL 0.02 +0.06 +0.10 +0
NAVAL BRONZE +0,08 0.00 +0.0L +0

0.17

g

b — na
ODOD\DG\’\@MD'\;&\HW
» -
€0 RN

-

R R N ROD B Oh—3\n R

]
= & & 8 & @

.02
.08
I06
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Pressure, pesei.gs

ALL TESTS CONDUCTED N THE PRL PRESSURE CYLINDER

TEST CONDITIONS‘ TEST TEMPERATURE = 700° £ 10°F 3 TEST TIME = 20 HOURS; VOLUME OF CYl-
D CATALYSTS = A 0.5—INCH DIAMETER BALL BEARING EACH OF M-10 TOOL STEEL,

52—100 STEEL AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM IS

FURGED WITH NITHOGEN. THE SYSTEM 18 THEN SEALED AND THE TEST STARTED. THE NiTROGEN

PRESSURE IN THE PRESSURE CYLINDER. IS ABOUT 28 LBS. AT T00°F.

TEST FLUID: A POLYBUTENE OIL (M.O T123)

® = 25 M. CHARGE 510 M.. GAS SPACE O =10 M.. CHARGE {30 M.. GAS SPACE
O =20 M. CHARGE 117 M.. GAS SPACE <= 5 M. CHARGE (36 M.. GAS SFACE
0 = 15 M.. CHARGE (23 M.. GAS SPACE @= 1 M. CHARGE (42 M.. GAS SPACE
280 ™ | T f T T
240
200 e |
Fa¥
160 e
n ] _
120 [L//(/o/
/ 190 P.S.I.(‘;
AT 20 HRS.
N ‘ //
40 : IR
| ——1%6 P.5.1.6.
) AT 21 HRS.
0 i | | | }
0 1 2 3 4 5 6

Test Time, Hours

Figure 8, EFFECT OF VARYING GAS SPACE ON RATE OF GAS
FORMATION
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Table 47

EFFEGT OF TEMPERATURE ON THE THERMAL DEGRADATION
OF VARIOUS FLUIDS

ALL TES1S CONOUCTED IN THE PRL STAINLESS STEEL PRESSURE GYLINDER

TEST CONDIT1ONS [NSLUDEs TEST FLUID CHARGED = 20 M..j JOTAL VOLUME OF FHE CYLINDER = L6 M..;
GAS SPACE =17 M.. AT TEST TEMPERATURE AND 23 M.. AT ROOM TEMPERATURE: AND CATALYSIS = A
Co5~INCH DIAMETER BALL BEARING EACH OF M~10 TOOL SIEEL, 52-100 STEEL, AND NAVAL BRONZE.
PRIOR TO THE START OF IHE FEST, THE SYSVEM IS PURGED WiTH N!TROGEN. THE SYSTEM IS THEN
SEALED AND THE 1ES1 STARIED.

- - “RAITE OF GAS FORMATION
{MOLES GAS PER MOL OIL PER HOUR)

TEST FLUID 550°F, | 600°F, 626‘F. TO0®F.] 750°F.
SUPER--REF INED PARAFFINIC NEUTRAL (M0 7301) - ~ | 0.000L | 0.0068 |0.059
HYDROGENATED PARAFFINIC SRIGHT STOCK (MO 7289) - = 0.0013" 0.0099 {0.065
PARAFFINIC LIGHT RESIN (MO 7308) - - | 040023 | 0.0212 {0.163
SUPER~REF INED NAPHTHENIC MEUTRAL (M.O 7357) - - | 0.00c6 | 0.0074 '0.0L7
PARTIALLY HYDROGENATED AROMATIC HYDROCARBON {M.O 7218) - - | 0.0004 | 6.00%2 [0.010
A POLYCLEFIN {M.O 7346} - - | 0,0021 [ 0.0151 [0.092
A POLYBUTENE (MO 7123) 0,00261 o.ozo&l 0.12} I - | -
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Pressure,; p.s.i.g.

ALL TESTS CONDUGCTED IN THE PRL PRESSURE CYLINDER

TEST CONDITIONS : TEST TEMPERATURE AND TIME AS INDICATED; FLUID CHARGED = 20 M..;
TOTAL VOUOME OF CYLINDER = 6 M..; AND CATALYSTS = A 0.5~INGH DIAMETER BALL

BEARING EACH OF M-10 TOOL STEEL, 52~100 STEEL, AND NAvVAL BRONZE.
THE SYSTEM 1S THEN SEALED
AND THE TEST STARTED. NITROGEN PRESSURE IN THE CYLINDER IS ABOUT 26 P.S.1.G. AT
650°F , 28 P.S.1.G. AT 700°F., AND 30 P.S.1.G. AT 750°F.

TEST FLUID: SUPER~REFINED PARAFFINIC BR!GHT STOGK gMLo 7289)

START OF THE TEST, THE SYSTEM 13 PURGED WITH NITROGEN.

TEST TEMPERATURE: X = T50°F 3 0 = TOO°F ; A= 650°F,

PRIOR TO THE

280 | / | !

X

-

/

240

p o

200 N

160 X ’//

(o]
120}—x /

801 x

40 S

|
\

6-_-_________.-—1

0 [ | 1

0 4 g 12
Test Time, Hours

16

20

Figure 9, EFFECT OF TEMPERATURE ON RATE OF GAS FORMATICN
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ALL TESTS CONDUGTED IN THE PRL PRESSURE GYLINDER

TEST CONDITIONS = TEST TEMPERATURE AND TIME AS INDICATED; FLUID GHARGED = 20 M..s TOTAL VOLUME
OF CYCTNDER = 1 M. s AND CATALYSTS = A G.5-iNCH DIAMETER SALL BEARING EACH OF M-10 JOOL STEEL,
52-100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM 1S PURGED WITH
NITROGEN. ~THE SYSTEM IS THEN SEALED AND THE TEST STARTED. NITROGEN PRESSURE IN THE GYLINDER
IS ABOUT 26 P.S.!aBa AT 650°F , 28 P.S.1.G. AT JOOOF s AND 30 PuS.l.G. AT 750°F.

TEST FLUID: A SUPER-REFINED PARAFFINIC HEUTRAL éMLO 7301)
RATURE: X = 750°F; O = T00°F 5 A = b50°F,
=80 l [ | T

!

240

oS —

200 /

[ —————

160 /////
120 / /////’

Pressure, p.s.i.g.
x

o

80

X
40 f/
ffr//Asf A A 82 P56, -
o AT 96 HRS.

0 4 8 12 16 20
Test Time, Hours

Figure 10, EFFECT OF TEMPERATURE ON RATE OF GAS FORMATION
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ALL TESTS CONDUGTED IN THE PRL PRESSURE GYLINDER

TEST CONDITIONS : TEST TEMPERATURE AND TIME AS INDICATED; FLUID CHARGED = 20 M..; TOTAL VOLUME
OF CYCTNDER = L6 M..; AND CATALYSTS = A 0.5-INCH DJAMETER BALL BEARING EACH OF M-10 TOOL STEEL,
52-100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM IS PURGED WITH
NITROGEN. THE SYSTEM IS THEN SEALED AND THE TEST STARTED. NITRCGEN PRESSURE IN THE GYLINDER
IS ABOUT 26 PuS.leGe AT 650°F , 28 P.Sel.Gs AT TOO®F , AND 30 P.S.1.Go AT 750°F,

TEST FLUID: A SUPER-REF INED NAPHTHENIC NEUTRAL (M.0 7357)
TEST TEMPERATURE: X = 750°F; © = T00°F.; A = 650°F,
2807 | I [ I ] 1

/o

X

240

s SN

200 iﬂﬁ
N f :

160 s

X
120 I 0
o)
o

80

Pressure, p.s.i.g.

4t TEST INTERRUPTED AND ALLOWED TO CGOME
TO ROOM TEMPERATURE. TEST RESUMED AT
T00°F. I

40

e AT 103-HRS. ]

] I | ]
0 4 8 12 16 20
Test Time, Hours

Figure 11, EFFECT OF TEMPERATURE ON RATE OF GAS FORMATION
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ALL TESTS CONDUCTED IN THE PRL PRESSURE CYLINDER

TEST CONDITIONS s TEST TEMPERATURE AND TIME AS INDIGATER; FLUID CHARGED = 20 ML.; TOTAL VOLUME
OF CYLINGER = b M3 AND CATALYSTS = A 0.5~INCH DIAMETER BALL BEARING EAGH OF M=10 TOOL STEEL
92-100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM 1S PURGED WITH
NITROGEN. THE SYSTEM IS THEN SEALED AND THE TEST STARTED. NITROGEN PRESSURE IN THE CYL INDER
IS ABOUT 26 P.S.1.G. AT 650°F » 28 P.S.14Ga AT TOO°F , AND 30 P.S.1.6. AT T50FF,

TEST FLUID: A PARTIALLY HYDROGENATED AROMATIC HYDROGARBON (MO 7218-16)
TEST TEMPERATURE: X = 750°F ; O = T00°F ; A = 650°F.

280 T y | | T ' {

X

240 —X 4;ii

200 ///

. % /
w360 f
-
w
A | —
*
g / o
=
b 120 /
@
&
80 ] 4
X
B /m_
" | A7 28 RS
/
40 /' o
| | | | l
0 4 g 12 16 20

Test Time, Hours
Figure 12. FEFFECT OF TEMPERATURE ON RATE OF GAS FORMATION
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ALL TESTS CONDUCTED IN THE PRL PRESSURE CYLINDER

TEST GONDITIONS = TEST TEMPERATURE AND TIME AS INDICATEDs FLUID CHARGED = 20 MiL.; TOTAL VOLUME
TF CYLINDER = & MLoj AND CATALYSTS = & 0.5~INCH DIAMETER BALL BEARING EACH OF M=10 TOOL STEEL,
52-100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM IS PURGED WITH
NITROGEN. THE SYSTEM IS THEN SEALED AND THE TEST STARTED. NITROGEN PRESSURE [N THE CYLINDER

IS ABOUT 23 P.S.l.Ge AT 550°F , 25 PuSaleGe AT 600°F., AND 26 P.S.1.G. AT 650°F.

TEST FLUID: A POLYBUTENE OIL {ML.O Ti23)

TEST TEMPERATURE: X = &50°F 3 O = 600°F , A =550°F.

x | | [ | 1
240—x
(=]
200—x
0
o]

% 160 |
ol
. x
“
a. n _
:
H
8 120 9
£ 125 P.S.1.6.

1_ AT 28 HRS. 4

! ””’/’,,»~;"

% / -~
/ _
| | } | {

0 4 8 12 16 20
Test Time, Hours

Figure 13. EFFECT OF TEMPERATURE ON RATE OF GAS FCRMATION
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ALL TESTS CONDUCTED IN THE PRL PRESSURE CYLINDER

TEST GONDITIONS s TEST TEMPERATURE AND TiME AS INDICATED; FLUID CHARGED = 20 M..3 TOTAL VOLUME
OF CYLTNDER =116 ML.; AND CATALYSTS = A 0.5~INGE DIAMETER BALL BEARING EACH OF M=10 TOOL STEEL,
52-100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM IS PURGED WITH
NiTROGEN. THE SYSTEM IS THEN SEALED AND THE TEST STARTED. NITROGEN PRESSURE IN THE GYL ENDER

IS ABOUT 26 P.S.1.G. AT 650°F , 2B P.S.146e AT 700°F , AND 30 PuS.l.Ge AT 750°F,

TEST FLUID: A POLYCLEFIN OIL (MO 73L6)

TEST TEMPERATURE: % = 750°F 3 ©O=T700°F § A = 650°F.

280 x| | l
| Vs
200

16C)L7
| _
|

Pressure, p.s.i.z.

80*/ //
/ B
/

40

0 4 8 12 16 20
Test Time, Hours

Figure 14, EFFECT OF TEMPERATURE ON RATE OF GAS FORMATION
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ALL TESTS CONDUCTED IN THE PRL PRESSURE CYLINDER

TEST CONDITIONS ¢ TEST TEMPERATURE AND TIME AS INDICATED; FLUID CHARGED = 20 Mi.3 TOTAL VOLUME
OF CYLINDER = 16 Mi.3 AND CATALYSTS = A 0.5~INCH DIAMETER BALL BEARING EACH M-10 TOOL STEEL,
52+100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM I8 PURGED WITH
NITROGEN. THE SYSTEM 1S THEN SEALED AND THE TEST STARTED. NITROGEN PRESSURE IN THE GYLINDER
IS ABOUT 26 PuS.l.G. AT 650°F , 28 P.S.1.G. AT TO0°F , AND 30 P.S.1.6. AT 750°F.

TEST FLUID: A PARAFFINIG LIGHT RESIN (MO 7308)
TEST TEMPERATURE: X = T50°F 3§ O =T00°F ; A= 650,
280 { | | i

i

'
LV |
|

120

240

¥* 3 TEST INTERRUPTED AND ALLOWED TO
COME TO RCOM TEMPERATURE. TEST
RESUKMED AT T0O0°F.

Pressure, p.s.i.g.
I
—_

N

o]

-

_,,_-—-"""—”—- AT 90 HRS. |

80

,—-""—J}—’—’,”"’—"—”””—‘

40

\

0 ] ! ! i
0 4 8 12 16 20
Test Time, Hours

Figure 15, EFFECT OF TEMPERATURE ON RATE OF GAS FORMATION



Table 48

TEMPERATURE INCREASE REQUIRED TO DOUBLE RATE OF GAS FORMATION
ALL TESTS CONDUCTED IN THE PRL STAINLESS STEEL PRESSURE CYL INDER

TEST COND!VJONS INGLUDE =

TEST FLUID GHARGED = 20 Mio3 TOTAL VOLUME OF THE CYLINDER = 46 M.

GAS SPACE = 17 ML. AT TESI TEMPERATURE AND 23 ML. AT ROOM TEMPERATURE; AND CATALYSTS = A
0.5~INCH DIAMETER BALL BEARING EACH OF M-10 TOOL STEEL, 52-100 STEEL, AND NAVAL BRONZE.
PRIOR TO THE STAR! OF TME TEST, THE SYSTEM IS PURGED WITH NITROGEN. THE SYSTEM IS THEN
SEALED AND THE TEST STARTED.

TEMPERATURE RANGE

TEMPERATURE INCREASE, °F , REQUIRED TO DOUBLE
RATE OF GAS FORMATION

SUPER~REF INED PARAFFINIC NEUTRAL (MLO 7301)

HYDROGENATED PARAFFINIC BRIGHT STOCK

(M.O 7289)

PARAFFINIC LIGHT RESIN (MLO 7308)

SUPER~REFINED WAPHTHENIG NEUTRAL (MO 7357)

PARTIALLY HYDROGENATED AROMATIC HYDROCARBON

A POLYOLEFIN (M0 T3L46)
A POLYBUTENE (MLO T123)

(ro 7218)

550°-600°F | 600°=650°F | 650°=700°F | 700°-750°F

- - 12.1 16.3
- - 17,1 26.6
- - 15.6 16.9
- - tha2 27.0
- - 17.6 5.1
- - 17.3 27.8
1697 27::8 - -
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Under conventional operating conditions, the product from the
thermal stability test is heated at atmospheric pressure to 500° to 550°F,
The products boiling below this point are removed at a rate of 0,2 to 1,0
milliliter per minute, This initial heating at atmospheric pressure serves
as a degassing operation as well as to remove volatile liquids that may
contaminate the oil in the vacuum pump. The degassed sample is then cooled
and the vacuum pump attached. The remainder of the sample is distilled at a
pressure of less than 0.1 millimeter Hg (0.03 to 0.1). During the distil-
lation, a product rate of 0.2 to 1.0 milliiiter per minute is maintained,
The distillation is discontinued when 95 per cent of the liquid product
charged is taken overhead, or a normal boiling point of 1000°F is exceeded,
or cracking causes an increase in pressure exceeding the 0.1 millimeter Hg
pressure, During the course of the distillation, the boiling point and
pressure are recorded for every 0,2 milliliter increment of product obtained.

Duplicate tests using this procedure give normal boiling p01nt
curves as a function of volume per cent distilled that are within 10°F of
each other, This small scale fractionation unit has also been checked
against the boiling point of pure esters, the beiling point curves of
mineral oil fractions obtained from pllot plant distillation egquipment
(WADC TR 55-30 part VII), and large scale ASTM distillations. The values
from the small sczle unlt are in good agreement with all three of the larger
scale procedures.,

b. Products From Tests with Paraffinic and Naphthenic Mineral
Oils, Distillation curves for a series of parafflnlc and naphthenic mineral
0ils before and after thermal stability tests at 700°F are shown on Figures
17, 18, 19, and 20. The paraffinic and naphthenic neutrals illustrate the
trend noted with mineral oils upon thermal degradation, The thermal degra-
dation product comprises a fraction boiling below the charging stock, a
fraction boiling in the same range as the original charging stock, and a
fraction boiling higher than the original material., These data 1nd1cate that
thermal degradation acts to make molecules which are smaller and molecules
which are larger than those in the original mineral oil fraction. In the
case of the hright stock and parafflnlc resin, the boiling point of the origi-
nal material exceeds the 1000° to 110C°F 1imit of the distilliation equipment.
The low boiling products of thermal degradation can be demonstrated, but the
higher beiling products cannot be illustrated by this distillation technlque.

The distillation range of the thermal deterioration products
clearly illustrates the problem involved in using viscosity measurement as
a measure of thermal degradation. The volatile products formed in the low
boiling ranges dominate the viscosity change. For example, the addition of
10 per cent of a one centistoke viscosity fluid to a mineral oil of 100
centistokes will result in a blend of oil having about Ll centistokes, A
contamination of 20 per cent of a fluid of one centistoke in a 100 centistoke
fluid will give an overall fluid viscosity of about 15 centistokes.

- 9 -



If the 100 centistoke fluid is first contaminated with 10 per cent
of a 500 centistcke fluid and then 10 rer cent of a cne centistoke fluid is
added, the overall viscosity of the blend is about L7 centistokes, These
data further illustrate the extreme sensitivity of overall viscosity to
small quantities of volatile non-viscous products.

The products of thermal decomposition for the paraffinie and
naphthenic mineral oils shown on Figures 17 and 18 contain approximastely 10
per cent of material which is in the 0.5 to 2.0 centistoke viscosity range
based on beoiling point, The viscosity of the fluid after thermal degradation
in an actual application would be dependent upon the volatility level of the
first products that are retained in the system,

It is estimated from the boiling point curves on Figures 17 and
18 that the 90 per cent of the liquid with 10 per cent of the most volatile
products removed would have a viscosity value within 20 per cent of the
original mineral oil, The viscosity relationships of the various fractions
of thermal degradation products of mineral oils will be determined on several
fluids to illustrate quantitatively the yield of various liquid products.

In the gas phase reaction at 700°F , differences in reaction rate
could be demonstrated for the quantity of fluid charged (volume of heated gas
space), Distillation of the liquid products from the series of 700°F
thermal stability tests involving 5,10,15, and 20 milliliter charges in the
FRL pressure cylinder are shown on Figures 21 and 22 for a paraffinic and
naphthenic neutral, respectively., These two series of tests show essentially
the same liquid product for the same charging stock despite the volume of
filuid charged. This liguid behavior differs considerably from that of the
gas phase,

The gas phase reaction shows a constant rate as a function of time,
The gas pressure as a function of unreacted fluid aprears to follow a zero
order reaction mechanism, The behavior of the liquid product for a paraffin
and a naphthene mineral oil is shown as a function of test time at 700°F  on
Figures 23 and 24, These data show that the same reaction products, based
on boiling point curves, exist after 6 or 20 hours test time.

Plots of the per cent of fluid degraded {no longer in the initial
boiling range) versus test time for the paraffinie and naphthenic mineral oil
are shown on Figures 25 and 26, These figures show a curve for the total
fluid degraded as well as separate curves for the higher boiling products and
the lower boiling products, All of these degradation products appear to
approach an asymptote or constant concentration for a given set of test con-
ditions. This behavior can be explained by either of two theories. First,
the unstable molecules at the specific test conditions have all been degraded
and the remaining materials in the original boiling range are stable under
the test conditions. Second, the reaction forming thermal degradation products
may be an equilibrium, or approaching a steady state, in which the reaction
products are merely replacing the reactants.
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To determine the mechanism of the reaction, the material having
the original boiling range of the paraffinic mineral oil was taken from the
products of the 700° and 750°F thermal stability tests. This corresponds
to the fractions between 32 and 85 per cent overhead from the 700°F test
and between 70 and 92 per cent overhead from the 750°F test, These two
materials were subjected to additional 20-hour thermal stability tests at
700°F, in the PRL pressure cylinder under nitrogen. The results of these
tests are shown on Table LS and Figures 27 and 28. In both cases, the
products formed are essentially the same as those formed from the original
mineral oil charging stock., These data suggest that there are no extremely
stable molecular species in the paraffinic and naphthenic mineral oils
evaluated,

The fractions of the thermally treated products which have been
revaluated may in fact be reaction products of thermal degradation in which
the active thermal decomposition fragments combined to form hydrocarbon
molecules of about the same molecular size as the original mineral oil,

The behavior of the thermal degradation of these mineral oils suggest the
establishment of an equilibrium. The removal of the high and low boiling
products destroys the equilibrium and forces a shift in the reaction toward
the reestablishment of the equiiibrium conditions.

The thermal stability of paraffinic and naphthenic mineral olls
has been investigated as a function of temperature over the range of 650° to
750°F. Boiling point curves for the liquid products of four such mineral
oils are shown on Figures 29, 30, 31, and 32 as a function of temperature.
The length of the tests, in most cases, was determined by the maximum gas
pressure build-up allowable in the PRL pressure cylinder,

It has been shown that the changes in the liquid viscosity properties
do not follow directly the gas pressure build-up. These curves, therefore,
show the types of reaction products formed over the temperature range of 650°
to TEOOF. In fact, the data show that the same reaction is taking place and
the same reaction products are being formed at 650°, 700°, and 750°F. In all
cases, lower and higher boiling constituents are formed in addition to the
boiling range originally present. The data on thermal deterioration of the
liquid product as a function of time, shown on Figures 23 and 2L, indicate that
the data for six hours at 700°F could be substituted equally well for the 20-
hour tests at TOOOF shown on Figures 29 and 30. These data illustrate that
insufficient facts are available to assay critically the effect of temperature,
per se, on the liquid products formed.

¢. Products from Tests with a Partially Hydrogenated Aromatic Hydro-
carbon, The liquid products of the thermally degraded partially hydrogenated
condensed ring aromatic hydrocarbons have also been evaluated. These materials
have shown somewhat more overall stability at 700° and 750°F than the con-
ventional paraffinic and naphthenic mineral oils. The product from an 18-hour
thermal stability test at 700°F is compared with the original aromatic hydro-
carbon fraction (MLO 7218-16) on Figure 23. These data show essentially no
production of volatile liquid products and the formation of less than five per
cent of material boiling higher than the original fraction.
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As shown in Table 37, gas formation for the 700°F tests with MLO
7218-16 follows the conventional pattern for the hydrocarbons tested. That
is, gas pressure in the pressure cylinder increased linearly with time.
Because of the excellent stability of the 1iquidproducts6 a series of thermal
stability tests were run on the same liquid charge at T700°F, After each 20-
hour increment, the test was cooled and the gas vented, The test was then
continued for an additional 20 hours. Following this sequence, a total of 100
hours of test time at 700°F was obtained. The overall property changes for
this test are shown on Table L.

The results of the distillation of the liquid product from this 100~
hour test are compared with 6- and 18-hour tests on Figure 3. These data
show some slight increase in degradation for the 100-hour teést over the 6~ and
18-hour tests. However, after 100 hours at 700°F , the formation of volatile
liquid products is about five per cent and the formation of higher boiling
products about 10 per cent (see Figure 35). The MLO 7218-16, on this basis,
shows better stability of the liquid product at 700°F +than do the paraffinic
and naphthenic mineral oils at 650°F (see Figures 29 and 30).

The effect of temperature on thermal stability of the liguid products
of MLO 7218-16 is shown in Figure 36 over the range of 650° to 750°F, These
data show again the improved stability of the aromatie hydrocarbons compared
to the paraffinic and naphthenic mineral oils over this entire temperature
range, In general, the aromatic hydrocarbon MLO 7218-16 tends to make more
higher boiling constituents than volatile liquid components,

These data confirm the preliminary results which indicate that by
altering the degree of condensation and hydrogenation of condensed ring
aromatic hydrocarbons, the trends of the liquid properties upon thermal degra-
dation at 700°F are substantially changed. A highly condensed aromatic
hydrocarbon with little hydrogenation can be made to increase in viscoslty at
T00°F with time under thermal conditions. Increased hydrcgenation and de-
creasing condensation of the ring result in viscosity decrease in 700°F
thermal stability tests. A proper choice of degree of hydrogenation and con-
densation will result in a fluid which shows little change in fluid viscosity
under severe 700°F thermal stability test conditions, Test fluid MLO 7218-16
approaches this optimum condition for 700°F thermal stability.

d, Products From Tests With A Polyphenyl Ether. The polyphenyl
ethers are a class of aromatic compounds showing exeellent high temperature
thermal stability. A four-gallon sample of polyphenyl ether designated as
MLO 59-1L2 has been obtained from the Wright Air Development Division for
study. This material has been evaluated in the PRL pressure cylinder type
thermal stability test over the range of 700° to 900°F. The results of these
tests are shown on Table 50, The tests at 800°F show little change in pressure
or fluid properties. Tests at 850°F begin to show an appreclable rate of gas
formation, The viscosity for the 850° and 900°F thermal tests of MLO 59-1l2
increases over that of the unused fluid,
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Distillation curves for the liquid products from the 850° and 900°F
tests are shown on Figure 37, These data show 10 per cent volatile liquid
product and 25 per cent heavier liquid in the case of the 850°F, thermal sta—
bility test and about the same percentage of reaction products for the S00°F
test, It should be noted that this total of 35 to LO per cent of thermal
degradation product beiling at temperatures outside the range of the charging
stock was produced with very little gas formation., This behavior can be con-
trasted with the aromatlc hydrocarbon MLO 7218 which produced substantial
quantities of gas at TOO and '?50 F  but with much less change in the charactier
of the liquid product. A third type of thermal behavior noted is that of the
paraffinic and naphthenic mineral oils which produced substantial quantities
of gases as well as substantial charges in the 1ligquid boiling range.

e. Prroducts From Tests With a Polybutene 0il. The liquid product
from thermal stability tests with a polybutene polymerie oil, MLO 7123, has
been evaluated using the distillation technique. The polybutenes show evi-
dence of breaking down thermally to produce bubtene MONOMe , The threshold
of thermal deterioration of the polybutenes is about S500°F which is 150°F
lower in temperature than the correspending threshold of a paraffinic or
naphthenic mineral oil, The change in beiling range of the liguid product
from a thermal test with polybutene is shown on Figure 38. The beiling point
curve for the starting material is shown for comparison. It should be noted
that the curve is not defined beyond the 75 per cent point or at about 900°F
normal boiling point,

At an operating pressure of 0.05 millimeter Hg and a measured over-
head temperature of about L5C°F , sufficient cracking is taking place in the
gtill pot to adversely affect the minimum pressure that can be maintained in
the system. Therefore, the formation of higher boiling fractions cannot be
clearly shown in the case of the polybutenes because of experimental diffi-
culties, The formation of volatile ligquid products can be demonstrated,
however, The formation of monomer as the predominant gaseous product and of
low boiling liquid products suggests a depolymerization of the polymer to the
MONCMer ,

The effect of increasing temperature on the formation of low beoiling
products is shown on Figure 39 for temperatures of 550° to 700°F. It can be
seen that there is no marked change in the residual liquid products with in-
creasing temperature. The rate of the reaction 1s accelerated by increased
temperature.

G. EFFECT OF OXIDATION INHIBITORS AND INHIBITOR COMBINATICNS ON
ESTER FLUIDS. The use of 5-ethyl-10,10-diphenylphenazasiline (5,10,10) alone
and in combination with other inhibiiors as an oxidation inhibitor for a
Spec. MIL-L-$236 ester-base lubricant has been suggested by recent research
and development work by the Wright Air Development Division. The 5-10-10 in
combination with phenyl-alpha-naphthylamine (PAN) in a trimethylol propane
ester has shown up well in qualitative Spec. MIL-L-7808 and Spec. MIL-L-9236
oxidation and corrosion tests, as well as mock-up high temperature bearing
tests and LOO°F. engine tests in the J-57 jet engine,
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OF.

Vapor Temperature at 760 mm. Hg,

DISTALLATIONS CONDUCTED IN A SMALL SCALE VAGUUM APPARATUS

PROCEDURE : MATERIAL BOILING BELOW 55C°F REMOVED AT ATMOSPHERIC PRESSURE. REMAINDER
OfF VATERTAL DISTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE. PRODUCT RATE = 0.2 TO
1.0 M.. PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD, WHEN VAPOR TEMPERATURE
EXCEEDS 1000°F (NORMAL B+ PT.), OR CRACKING OCCURS.

TEST FLUID: A SUPER-REFINED PARAFFINIC NEUTRAL (M.O 7301)

X = ORIGINAL TEST FLUID
O = PRODUCT FROM 20—HOUR THEAMAL STABILITY TEST AT 700°F.
(FOR THERMAL STABILITY TEST CONDITIONS, SEE TASLE 35.)
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Figure 17 DISTILLATION OF THE PROCUCT FROM A THERMAL
STABILITY TEST
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Vapor Temperature at 760 mm. Hg,

DISTILLATIONS CONDUCTED IN A SMALL SCALE YACUUM APPARATUS

PROCEDURE : MATERIAL BOILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE. REMA INDER

AL DISTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE. PRODUCT RATE = 0.2 TO
1.0 M. PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD, WHEN VAPOR TEMPERATURE
EXCEEDS -1000°F (NORMAL B. PT.), OR CRACKING OCCURS.

TEST FLUID: A SUPER-REFINED NAPHTHENIC NEUTRAL (MLO 7357)

X = ORIGINAL TEST FLUID
O = PRODUCT FROM 20-~HOUR THERMAL STABILITY TEST AT T00°F.
1200 (FOR THERMAL STABILITY TEST GONDITIONS, SEE TABLE 36.)
1000 )f
2
X
.--x/x
% —-'X"'_‘x'—-x—_x_x
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Figure 18, DISTILLATION OF THE PRODUCT FROM A THERMAL
STABILITY TEST
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Vapor Temperature at 760 mm, Hg, °F.

DISTILLATLONS CONGUCTED IN A SMALL SCALE VACUUM APPARATUS

PROGEDURE : MATERIAL BCILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.

OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE. PRODUGT
RATE = 0.2 TO 1.0 M.. PER MINUTE. OISTILLATION STOPPED AT 95% CVERHEAD, WHEN
VAPOR TEMPERATURE EXCEED 1000°F {NORMAL B. PT.), OR CRACKING OCCURS.

TEST FLUID: A SUPER~REFINED PARAFFINIC BRIGHT STOCK (MLO 7289)
X =  ORIGINAL TEST FLUID
O= PRODUCT FROM A 30-HOUR THERMAL STABILITY TEST AT 7C0°F.
{FOR THERMAL STABILITY TEST COND!TIONS, SEE TABLE Li.)
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Figure 19, DISTILLATION OF THE PRODUCT FROM A THERMAL
STABILITY TEST
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Vapor Temperature at 760 mm. Hg, °F,

1200

1000

800

600

400

200

DISTILLATIONS CONDUGCTED iN A SMALL SCALE VACUUM APPARATUS

PROCEDURE : MATERIAL BOILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.
REMATNDER OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER Be PRESSURE. PRODUGT
RATE = 0,2 T0 1,0 M., PER MINUTE. DJSTILLATION STOPPED AT 95% OVERHEAD,WHEN VAPOR
TEMPERATURE EXCEEDS 10C0°F (NORMAL B. PT.), OR CRACKING OGCCURS.

TEST FLUID: A PARAFFINIC LIGHT RESIN (M.O 7308)

X = OR!GINAL TEST FLUID
O = PRODUCT FROM 12-HOUR THERMAL STABILITY TFST AT T00°F.
{FOR THERMAL STABILITY TEST CONDITIONS, SEE TABLE 35,)
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Figure 20¢ DISTILLATION OF THE PRODUCT FROM A THERMAL
STABILITY TEST
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. DISTILLATIONS CONDUCTED IN A SMALL SCALE VAGUUM APPARATUS,

PROCEDURE: MATERIAL BOILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE. REMAINDER OF
MATERIAL DYSTILLED AT LESS THAN 0,1 MILLIMETER He PRESSURE. PRODUCT RATE = 0,2 TO 1.0 ML.
PER MINUTE. DISTILLATION STOPPED AT 95% OVERKEAD, WHEN VAPOR TEMPERATURE EXCEEDS 1000°F
{NORMAL B. PT.), OR CRACKING OCCURS.

TEST FLUID: A SUPER REFYNED PARAFFINIC NEUTRAL {(MLO 7301).

PRODUCTS FROM 20-HOUR THERMAL STABILITY TESTS AT 700°F.
(FOR THERMAL STABLITY TEST CONDITIONS, SEE TABLE 35.)

X = GHARGE FOR THERMAL STABSLITY TEST 5 ML. (36 ML. GAS SPACE
D= CHARGE FOR THERMAL STABILITY TEST = 10 ML, (30 ML. GAS SPACE
= CHARGE FOR THERMAL STABILITY TEST = 15 ML, (23 ML. GAS SPACE

O . :
1200 CHARGE FOR THERMAL STABILITY TEST 20 ML, (17 ML. GAS SPACE
;://
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Figure 21, DISTILLATION OF PRODUCTS FROM THERMAL STABILITY
TESTS WITH A DIFFERENT GAS SPACE
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Vapor Temperature at 760 mm. Hg, °F.

DiSTILLATIONS CONDUGTED IN A SMALL SCALE VACUUM APPARATUS.

PROCEDURE: MATERIAL BOILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE. REMAINDER
OF MATERIAL GISTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE, PRODUCT RATE = 0,2

TO 1.0 ML, PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD, WHEN VAPOR TEMPERATURE
EXCEEDS 1000°F {NORMAL B. PT.), OR GRACKING OGGURS,

TEST FLUID: A SUPER-REFYNED NAPHTHENIG NEUTRAL (MLO 7357).

PRODUCTS FROM 20-HOUR THEAMAL STABILITY TESTS AT 700°F.
(FOR THERMAL STABILITY TEST CONDITIONS, SEE TABLE 36.)

X = GHARGE, FOR THERMAL STABILITY TEST = 5 M. {36 ML. GAS SPACE
O = GHARGE FCOR THERMAL BTABILITY TEST = 10 ML. {30 ML. GAS SPAGE
O= CHARGE FOR THERMAL STASILITY TEST = 20 ML. (17 ML. GAS SPACE)
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Figure 22, DISTILLATION OF PRODUCTS FROM THERMAIL STARILITY
TESTS WITH DIFFERENT GAS SPACE
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DISTYLLATIONS CONDUCTED 1N A SMALL SCALE VAGUUM APPARATUS,

PROCEDURE: MATERLAL BOYLING BELOW 550°F REMOVED AT ATMOSPHERIGC PRESSURE. REMAINDER OF
MATERVAL D'STILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE. PRODUCT RATE = 0.2 TO 1.0 ML,
PER MINUTE, DISTILLATION STOPPED AT 95% OVERHEAD, WHEN VAPQR TEMPERATURE EXCEEDS 1000°F
(NORMAL B.PT.}, OR GRACKING OCCURS. _

TEST_ELNilt A SUPER-REFINED PARAFFINIC NEUTRAL éMLO 7%01). PRODUGTS FROM THERMAL STARILYTY
TESTS AT 700°F. FOR TIME NOTED. (FOR THERMAL STABILITY TEST GONDNTIONS, SEE TABLE L2.)

R = 6-HOUR TEST

O = 12-HOUR TEST

O = 20-HOUR TEST
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Figure 23. DISTILLATICN OF PRODUCTS FROM THERMAL STABILITY
TESTS OF DIFFERENT TEST TIME
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D1STYILLATION CONDUCTED IN A SMALL SCALE VACUUM APPARATUS.

PROCEDURE: MATERIAL BOILING BELOW S50°F REMOVED AT ATMOSPHERIC PRESSURE. REMAINDER OF
MATERIAL DISTILLED AT LESS THAN 0,1 MILLIMETER He PRESSURE. PRODUCT RATE = 0,2 T0O 1,0 M..
PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD, WHEN VAPOR TEMPERATURE EXCEEDS 1000°F
(NORMAL B. PT.), OR CRACKING OCCLURS.

TEST FLUID: A SUPER-REFINED NAPHTHENIC NEUTRAL (MLO 7357).

PRODUCT FROM THERMAL STABILITY TESTS AT TOO°F. FOR TIME NOTED, (FOR THERMAL STABILITY TEST
CONDITEONS, SEE TABLE 143.)

X = G-HOUR TEST
£ = 20-HOUR TEST

1200 r

1000 I‘ / x}(
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Figure 24, DISTILLATION OF PRODUCTS FROM THERMAL STABILITY
TESTS OF DIFFERENT TEST TIME
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Table 49

EFFECT OF PRIOR TREATMENT ON THE THERMAL STABILITY OF A PARAFFINIC NEUTRAL

ALL TESTS CONDUGTED N THE PRL STAINLESS STEEL PRESSURE CYLINDER.

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 700 + 10°F § TEST TIME = 20 HOURS; TEST FLUID CHARGED =
70 ML.3 TOTAL WOLUME OF CYLINDER = L6 Mi.; AND TATALYSTS = A 0,5-1NCH DIAMEYER BALL BEARING EACH
OF M-10 STEEL, 52 - 100 STEEL, AND NAVAL BRONZE. PRIOR TO THE START OF THE TEST, THE SYSTEM 1§
PURGED WITH NITROGEN. THE SYSTEM 1S THEN SEALED AND THE TEST STARTER. THE NITROGEN PRESSURE N
THE PRESSURE CYLINDER 13 ABOUT 28 POUNDS AT TO0°F,

A SUPER-REFINED PARAFFINIC NEUTRAL.

32 TO 85% QVERHEAD FROM DISTILLATION PRODUCY FROM A 20-HR. TEST AT
TOO®F, WITR MLO T301,

MLO TLBlL = 7O TO 92% OVERHEAD FROM DISTILLATION PROOLCT FROM AN 11,8-HR. TEST AT
T50°F, WITH MLO 7301,

TEST FLUIDS: MLG 7301
- MLO 7163

i

TEST FLUYD MLO 7301 MLO TLB3 MLO 7L8Y
DECOMPOSITION DATA
GAS FORMAT ION
MOLES OF GAS/HR. (X 10%) 0,212 0,222 0,212
MOLES OF GAS/MOLE OF OIL/KR, 0.0063 0,06067 0.0063
TOTAL MOLES OF GAS/MOLE OF OfL 0.12 0.17 0,12
SYSTEM PRESSURE, P.S.1.G.
MAXiMUM AT TEST TEMP, 220 286 220
RESIDUAL AT ROOM TEMP, 32 52 Lo
SLOPE, P.S.1,G. /4R, 9.6 10,2 9.6
FLUID PROPERTIES
% CHANGE IN CS. VISC. AT 100°F, -61 =70 =60
NEUT. NO. (MG KOH/GM, CIL)
ORIGENAL 0,0 0.0 0.0
FINAL 0.0 0.0 0.1
CATALYST WT. LOSS (MG./5G. CM.)
M-10 TOOL STEEL 0.04 +0,06 +0,04
52 — 100 STEEL 0,00 +0noé +0,02
NAVAL BRONZE 0.00 +0,0 0.00
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TEST FLUID: A SUPER-REFINED PARAFFINIC NEUTRAL {(MLO 7301).

PRIOR THEATMENT: A 20-HOUR THERMAL STABILITY TEST AT 700°F,
{FOR THERMAL STABILITY TEST CONDITIONS, SEE TABLE L494)
X = 32 T0 85 PER CENT OVERHEAD (MLO TL483) FROM DISTILLATION OF PRODUCT
FROM A 20-HOUR THERMAL STABILITY TEST AT 700°F.
O = MLO 7hB3 AFTER A 20-HOUR THERMAL STABILITY TEST AT 700°F,

1200

1000 —
: 1
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b 4
\X

3

b
\

ﬁ

600 l/{

=
3

Vapor Temperature at 760 mm, Hg, °F.

200

0 20 Lo 60 80 100
Volume % Distilled

Figure 27, EFFECT OF PRICR TREATMENT ON THE THERMAL STABILITY
OF A PARAFFINIC NEUTRAL
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TEST FLUID: A SUPER-REFINED PARAFFINIC NEUTRAL {MLO 7301},

PRIOR TREATMENT: AN 11.75-HOUR THERMAL STABILITY TEST AT 750°F,
TFOR THERMAL STABILITY TEST CONDITLONS, SEE TABLE L9.)
X =70 T0 92 PER CENT OVERHEAD (MLO TUBY) FROM DISTHLLATION OF
PRODUCT FROM AN 11,75-HOUR THERMAL STABILITY TEST AT 750°F.
O = MLO T8l AFTER A 20~HOUR THERMAL STABILITY TEST AT 700°F.
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Figure 28, EFFECT OF PRIOR TREATMENT ON THE THERMAL
STABILITY OF A PARAFFINIC NEUTRAL
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Vapor Temperature at 760 mm.Hg, °F.

1200
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0

DISTILLATIONS CONDUGTED TN A SMALL SCALE VACUUM APPARATUS

PROCEDURE: MATERIAL BOIL ING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.

OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER Ma PRESSURE.
PRODUCT RATE = 0.2 TO 1.0 M.. PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD,
WHEN VAPOR TEMPERATURE = 1000°F (NORMAL B. PT+), OR CRACKING OCCURS.

TEST FLUID: A SUPER-REFINED PARAFFINIC NEUTRAL {M.O 7301)

PRODUCTS FROM THERMAL STABILITY TESTS FOR TIME AND TEMPERATURE SHOWN.
(FOR THERMAL STABILITY TEST CONDITIONS, SEE TABLE }2,)

X = 96-HOUR TEST AT 650°F.
O.= 20-HOUR TEST AT T0O°F.
D= 2.75~HOUR TEST AT 750°F.

77

o]

0 20 40 60 80 100

Volume % Distilled

Figure 294 DISTILLATION OF PRODUCTS FROM THERMAL STABILITY
TESTS AT VARIOUS TEMPERATURES
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Vapor Temperature at 760 mm. Hg, °F.

0ISTILLATIONS CONDUCTED EN A SMALL SCALE VAGUUM APPARATUS

PROGEDURE : MATERIAL BOELING BELOW 550°F REMOVED AT ATMOSPHERIG PRESSURE.
REMAINDER OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER He PREGSURE.
PRODUCT RATE = 0,2 TG 1.0 ML. PER MINUTE. ODISTILLATION STOPPED AT 95% CVERHEAD,
WHEN VAPOR TEMPERATURE = 1000°F (NORMAL B. PT.), OR CRAGKING OGCURS.

TEST FLUID: A SUPER=REFINED NAPHTHENIC NEUTRAL (MLO 7357)

PROOUCTS FROM THERMAL STABILITY TESTS FOR THME AND TEMPERATURE SHOWN.
{FOR THERMAL STABIL{TY TEST CONDITIONS, SEE TABLE L3a)

X = 103.,5-HOUR TEST AT 650°F.
O = 20-HOUR TEST AT 70C°F.
1200
X
1000 /2’:3
X
800
[+
B
&00F %
/0
400
200
0
0 20 40 60 80 100

Volume % Distilled

Figure 30, DISTILIATICN CF PRODUCTS FROM THERMAL STABILITY
TESTS AT VARIOUS TEMPERATURES
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Vapor Temperature at 760 mm. Hg, °F.

DISTILLATIONS CONDUGTED IN A SMALL SCALE VACUUM APPARATUS

PROCECURE : MATERIAL BOILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.

OF MATERTAL DISTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE.
PRODUGT RATE = 0.2 70 1.0 M.. PER MINUTE. GISTILLATION STOPPED AT 95% OVERHEAD,
WHEN VAPCR TEMPERATURE = 1000°F. (NORMAL B. PT.), OR CRACKING OCCURS.

TEST FLUID: A SUPER~REFINED PARAFFINIC BRIGHT STOCK {MLO 7289)

PROOUGTS FROM THERMAL STABILITY TESTS FOR TIME AND TEMPERATURE SHOWN
(FOR THERMAL STABILITY TEST CONDITIONS, SEE TABLE 41.)

X = 20-~HOUR TEST AT 650°F.
O = 30~HOUR TEST AT T00°F.
O= 3.25-HOUR TEST AT 750°F.

1200
x"’////’
/
1004
x”””
v/ 1{?/0/
x/’///, /”/,,%Y’ﬂy
o / A
/A
/1 /
oL/
0
400
>
2OGI
0
0 20 40 60 1200] 100

Volume % Distilled

Figure 33, DISTILLATION OF PRODUCTS FROM THERMAL STABILITY
TESTS AT VARIOUS TEMPERATURES
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Vapor Temperature at 760 mm, Hg, °F.

DISTILLATIONS CONOUCTED IN A SMALL SCALE VAGUUM APPARATLUS

PROCEDURE s MATERIAL BOIL!NG BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.
HEMATNDER OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER Ha PRESSURE.

PROOUCT. RATE = 0.2 TO 1.0 M. PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD,
WHEN VAPOR TEMPERATURE = 1000°F (NORMAL B. PT.), OR CRACKING OCCURS.

TEST FLUID: A PARAFFINIC LIGHT RESIN (M0 7308)

PRODUGTS FROM THERMAL STABILITY TESTS FOR TIME AND TEMPERATURE SHOWN
(FOR THERMAL STABILITY TEST CONDITIONS, SEE TABLE U1.)

X = 90-HOUR TEST AT 650°F.
Q = 12-HOUR TEST AT TOO°F.
g = {,75~HOUR TEST AT 790°F.
1200
i
1C00 ///x/ {f
x/i;f//4
800 //
/ [
i
600 /ZT g
b
200
0
C 20 40 60 80 100

Volume % Distilled

Figure 32, DISTILLATION OF FRODUCTS FROM THERMAL STABILITY
TESTS AT VARIOUS TEMPERATURES
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Vapor Temperature at 760 mm. Hg., °F.

DISTILLATIONS CONDUCTED IN A SMALL SCALE VACUUM APPARATUS

PROCEDURE : MATERIAL BOILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.
HEMATNGER OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE. PRODUCT
RATE = 0.2 TO 1.0 M.. PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD, WHEN
VAPOR TEMPERATURE EXCEEDS 1000°F  (NORMAL B. PT.), OR CRACKING OCCURS.

TEST FLUID:- A PARTIALLY HYDROGENATED AROMATIC HYDROCARBON (MLO 7218«16)

X = ORIGINAL TEST FLUID
O = PRODUCT FAOM 1B-HOUR THERMAL STABILITY TEST AT 700°F.
(FOR THEAMAL STABILITY TEST CONDITIONS, SEE TABLE 37.)

1200

1000

800 - _ 3
X R O O KR KO X=X O X==%0 X—X o-Xmp O™
N

600

400

200

0 20 40 60 80 100
Volume % Distilled

Figure 33. DISTILLATION CF THE FRODUCT FROM A THERMAL
STABILITY TEST
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DISTILLATIONS COKDUGTED tN A SMALL SCALE VAGUUM APPARATUS.
PROGEDURE: MATERIAL BOILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE. - REMAINDER OF MATERIAL
UTSTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE, PRODUCT RATE = 0,2 70 1,0 ML. PER MINUTE.

DISTILLATION STOPPED AT 95% OVERHEAD, WHEN VAPOR TEMPERATURE EXCEEDS 1000°F (NORMAL 8. PT.),
OR CRACKING OCCURS.

TEST FLUID: A PARTHALLY HYDROGENATED ARCMATIC HYDROCARBON (MLO 7218-16).

PRODUGTS FROM THERMAL STA?ILITY TESTS AT 700°F. FOR TIME NOTED. (FOR THERMAL STABILITY TEST
CONDITLONS, SEE TABLE L.

X =  6-HQUAR TEST
A = 18-HOUR TEST
O = 100-KOUR TEST
1200
1000 l'
. \
g /F/
o
- X
jart] X
%)
. O
B A—p——R B A
o EEXF}f"
e |4
[
-]
» 600
b ]
o
w2
[
|
[ ]
g
£
. L0o
(o]
&
=
l‘]
200
0
0 20 L0 60 80 100

Volume % Distilled

Figure 34. DISTILLATION OF PRODUCTS FROM THERMAL STABILITY
TESTS AT DIFFERENT TEST TIME
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Vapor Temperature at 760 mm. Hg, °F,

DISTILLATIONS CONDUGTED N A SMALL SCALE VACUUM APPARATUS

PROCEDURE : MATERIAL BOILING BELOW 550°F REMOVED AT ATMOSPHER!G PRESSURE.
REMATNDER OF MATERIAL DISTILLED AT LESS THAN 0.1 MiLLiMETER He PRESSURE.
PRODUCT RATE = 0.2 TO 1.0 M. PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD,
WHEN VAPOR TEMPERATURE = 1000°F {NORMAL 8. PT.}, OR GRACKING OCCURS.

TEST FLUID: A PARTHALLY WYDRCGENATED ARGMATIC HYDROCARBON (MLO 7218-16)

PRODUCTS FROM THERMAL STABILITY TESTS FOR TIME AND TEMPERATURE SHOWN
(FOR THERMAL STABILITY TEST CONDITIONS, SEE TABLE Lh.)

X = 26-HOUR TEST AT 650°F.
O = 100-HOUR TEST AT JO0°F.
o= o 5=H0 ! o,
1200 Lj.5-HOUR TEST AT 75G°F
1000 A
8200 EV/ X
M I
[ L I : oo
600
400
200
0 ,
0 20 40 60 80 100

Volume % Distilled

Figure 36, DISTILIATION OF PRODUCTS FROM THERMAL STABILITY
TESTS AT VARIOUS TEMPERATURES
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Table 50

EFFECT OF TEMPERATURE ON THE THERMAL STABILITY OF A POLYPHENYI, ETHER
ALL TESTS CONDUCTED IN THE PRL STAINLESS STEEL PRESSURE CYLINDER.

TEST CONDITIONS INCLUDE: TEST TEMPERATURE AND TEST TIME AS INOICATED; TEST FLUID CHARGED = 20 M..;
ER = 46 ML.; AND CATALYSTS = A 0,5-INCH DIAMEVER BALL BEARING EACH OF
M-10 TOOL STEEL, 52 — 100 STEEL, AND NAVAL BRONZE., PRIQR TO THE START OF YHE TEST, THE SYSTEM
13 PURGED WITH NITROGEN. THE SYSTEM |8 THEN SEALED AND THE TEST STARTED, THE NITROGEN PRAESSURE
IN THE PRESSURE CYLINDER 15 ABOUT 48 POUNDS AT 850°F AND 57 POUNDS AT $00°F,

Test Fluid A Polyphenyl Ether (MLO 7428)
(WADC Desig. = MLO 59-142)
Test Conditions
Test Time, Hrs, 20 6
Test Temperature, °F 850 900
Decomposition Data
Gas Formation
Moles of Gas/Hr. (x 10°) 0.0L96 0.306
Moles of Gas/Mole of 04il/Hr. 0,00073 0.0048
Total Moles Gas/Mole of 0il 0,01l 0,025
System Pressure, p.s.i.g.
Maximum at Test Temp, 92 162
Residual at Room Temp. 5 12
Slope, p.s.i.g./Hr. 3.3 23.2
Fluid Properties
% Change in Cs. Visc. at 100°F +38 +75
Neut. No. {mg. KOH/gm, oil)
Original 0.l 0.1
Final 0.3 1.0
Catalyst Wt. Loss {Mg./Sq. Cm.)
M-10 Tool Steel +0.16 +0.08
52 - 100 Steel +0,12 +0.0l
Naval Bronze +0.,02 +0.02
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Vapor Temperature at 760 mm, Hg, °F,

DISTILLATIONS CONDUCTED N A SMALL SCALE VACUUM APPARATUS

PROCEDURE = MATERIAL BOIL ING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.
REFATROER OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE.
PROOUCT RATE = 0,2 70 1.0 M.. PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD,
WHEN VAPOR TEMPERATURE = 1000°F {NORMAL B. PT.), OR CRACKING OCGURS.

TEST FLUID: A POLYPHENYL ETHER (M.O 7L28)
X = DRIGINAL TEST FLUID

PRODUCTS FROM THERMAL STABILITY TESTS FOR TIME AND TEMPERATURE SHOWN
{(FOR THERMAL STABILITY TEST CONDITIONS, SEE TASLE 50, )

O = 20-HOUR TEST AT 850°F,
A = 6-HOUR TEST AT 900°F,

1200

1000

Koo,
800

600

00
N

200

0 20 40 60 80 100
Volume % Distilled

Figure 37, DISTILIATION OF PRODUCTS FROM THERMAL STABILITY
TESTS AT VARIOUS TEMPERATURES
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Vapor Temperature at 760 mm. Hg, °F.

DISTILLATIGNS GONDUGTED IN A SMALL SCALE VACUUM APPARATUS

PROGEDUREz MATER{AL BOILING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.

OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER He PRESSURE. PRODUCT
RATE = 0.2 TO 1.0 ML. PER MINUTE. DISTILLATION STOPPED AT 95% OVERHEAD, WHEN
VAPOR TEMPERATURE EXCEEDS 100Q°F (NORMAL B. PT.) OR CRACKING OCCURS.

TEST FLUID: A POLYBUTENE QIL (MO 7123)
X = ORJGINAL TEST FLUID

Q PRODUCT FROM A 20-HOUR THERMAL STABILITY TEST AT 550°F.
(FOR TRERMAL STAB'LITY TEST CONDITIONS, SEE TABLE hb.)
1200
1000
/’/B
800 /X/X /O
%
= /”//o,
x4
x=
)X~
600x ;
400 s
200
0
4] 20 40 60 80 100

Volume % Distilled

Figure 38, DISTILLATION CF THE PRODUCT FRCM & THERMAL
STABILITY TEST
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Vapor Temperature at 760 mm. Hg, °F.

DISTILLATIONS CONDUCTED N A SMALL SCALE VACUUM APPARATUS

PROGEOURE : MATERIAL BOIL ING BELOW 550°F REMOVED AT ATMOSPHERIC PRESSURE.

OF MATERIAL DISTILLED AT LESS THAN 0.1 MILLIMETER Ha PRESSURE.
PRODUCT RATE = 0.2 T0 1.0 ML. PER MINUTE. DISTILLATION SIOPPED AT 95% OVERHEAD,
WHEN VAPOR TEMPERATURE = 1000°F (NORMAL B. PT.), OR CRACKING OCCURS.

TEST FLUID: A POLYBUTENE OIL {MLO T123)

PRODUCTS FROM THERMAL STABILITY TESTS FOR TIME AND TEMPERATIRE SHOWN
FOR THERMAL STABILITY TEST CONDITIONS, SEE TABLE L5.

® = 28~HOUR TEST AT 550°F.,
A= b-HOUR TEST AT 600°F,
X = 1.29-HOUR TEST AT 650°F.
O = 0.2~HOUR TEST AT TOO®F.
1200
1000
A
800 - ,
E 7
M o ?
2
600 -
//o
400
Fay
20
0
0 20 40 60 80 100

Volume % Distilled

Table 39, DISTILLATICN OF PRCDUCTS FROM THERMAI STABILITY
TESTS AT VARIOUS TEMPERATURES
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This Laboratory has begun a program to determine the quantitative
effects of 5-10-10 and 5-10-10-PAN combinations in various esters on oxidation
stable life, oxidation rate, and oxygen tolerance, The esters used in this
study include simple dibasic acid esters as well as neopentyl esters of di-
basic acids and neopentyl type alecchols and esters of monobasic acids and
di=, tri-, and tetra-functional neopentyl type polyols, Other inhibitors
and inhibitor combinations are also being evaluated in this study,

Preliminary stable life studies of several ester types with
phenothiazine and 5-10-10 additives alone and in combination with phenyl-
alpha-naphthylamine or Primene-81R are shown on Tables 51 and 52 and Figures
40, L1, and 42, The esters used in this study include di-2-ethylhexyl
sebacate (MLO 7112), Hercoflex 600 (MLO 706L), Syntheties J-7 (MLO 7023),
and a trimethylol propane ester (MLO 738L). Comparative stable life values
between the simple dibasic acid ester and the three neocpentyl esters of
polyols and monobasic acids are typical of those found with a large number
of esters using phenothiazine as the inhibitor, That is, the stable life of
the neopentyl ester is generally considerably longer than the stable life of
the dibasic acid ester, In all cases, there is a gradual build-up of neutral-
ization number to values of two to four within the stable life, That is, this
gradual increase in neutralization number is followed in all cases by a dis-
tinct increase in the rate of neutralization number change. This rapid increase
in acidity is accompanied by rapid changes in viscosity, dirtiness, etc, and is
considered to be the end of the stable 1life or induction period.

The use of 0.5 weight per cent 5-10-10 in esters does not appear %o
be as effective as 0,5 weight per cent phenothiazine in providing stable life
at 347°F. The combination of either PAN or Primene-81R with either phenothia-
zine or 5-10-10 does appear to have a marked effect on the 347°F oxidative
behavior., These effects can best be shown with di-2-ethylhexyl sebacate which
has a relatively short stable life with phenothiazine alone. The combination
of 5-10-10 or phenothiazine with PAN or Primene-81R appears to extend the
stable life at 347°F and, in addition, lowers the neutralization number build-
up within the stable life,

The same trends are also shown by either of these inhibitor combi-
nations in the neopentyl esters evaluated., The initial stable life of these
neopentyl esters at 347°F is sufficiently long with phencothiazine alone that
extremely long tests are required to demonstrate the margin of quality of the
inhibitor combination over that of the single inhibitor, The preliminary
tests do not yet demonstrate a marked superiority for any one inhibitor system
but does suggest the use of a basic (amine) type material in conjunction with
phenothiazine or 5-10-10,

The behavior of stable life as a function of test temperature for
phenothiazine in di-2-ethylhexyl sebacate is shown in Figure 43. This re-
lationship suggests that increasing the test temperature to LOO°F from 347°F
may reduce the stable life by a factor of 5 to 10. The stable 1life range at
LOO°F  should range from one day to about a week based on preliminary test
results,
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The same esters and additive combinations evaluated for stable
life at 3L47°F have also been evaluated in extended tests at 500°F, The
500°F oxidation tests are evaluated on the basis of comparative values of
oxidation rate and oxygen tolerance, A series of 20, L0, and 60-~hour oxi-
dation tests at 500°F for di-2-ethylhexyl sebacate and three neopentyl
type esters are shown on Tables 53, 5L, 55, 56, 57, 58, and 59. These tests
include a series of tests without metal catalysts,

The rate of oxygen assimilation (oxidation rate) is tabulated for
these tests on Table 60, In the presence of metal catalysts, the oxidation
rate for the neopentyl esters is consistently higher for phenocthiazine or
5-10-10 alone than for combinations of these additives with PAN or Primene-
81R, The oxidation rate for the phenothiazine-inhibited neopentyl esters is
approximately 50 per cent higher than the comparable rates for the same
esters with 5-10-10 plus PAN or Primene-81R. That is, the neopentyl esters
inhibited with 5-10-10 plus PAN or Primene-81R assimilate only as much oxygen
in 60 hours as is assimilated in 40 hours by the typical phenothiazine-
inhibited ester,

A similar comparison based on Syntheties J=-7 oxidations at SOOOF
without metal catalysts shows less difference in oxidation rate, These data
suggest the interdependence of metal catalyst effects, and the presence of
the amine (basic) component of the inhibitor package in reducing product
acidity and oxidation rate. It has been noted that the 5-10-10-PAN combination
is nect particularly effective with di-2-ethylhexyl sebacate at 500°F but is
effective at 347°F, This again may point up the effect of acidity control by
the amine component of the additive package, At 500°F , the di-2-ethylhexyl
sebacate is above the threshold of thermal instability and acid number in
this test is caused by thermal degradation.

The effect of oxygen tolerance on property change (particularly
thickening) is plotted on Figures L}, 15, L6, L7, L8, 49, and 50 for the 500°F
oxidation data. In every case, these data show the minimum effeect on viscosity
change per unit of oxygen assimilated for the esters inhibited by phenothiazine
aione, The combination of inhibitors 5-10-10 or phenothiazine with PAN or
Primene-81R show more thickeing per unit oxygen assimilated,

These data, in all cases, show that only a relatively small increment
of oxygen assimilation is reguired to change the fluid from the point of 200 to
500 per cent thickening with litile or no sludge to the point of infinite
thickening and essentially all sludge. That is, the first 80 per cent of the
oxygen tolerance of these fluids causes relatively little property change or
sludge, It is the last 20 per cent of oxygen input which causes the major
detericration in fluid properties.

These preliminary quantitative oxidation data show several signifi-
cant trends for the use of 5-10-10-PAN and other similar inhibitor combinations.
The use of PAN or Primene-81R with phenothiazine or 5-10-10 dees appear to
extend the stable 1ife of the esters and reduce the acidity build-up within the
stable life, At 500°F 4n the presence of metal catalysts, the use of PAN or
Primens-81R with 5-10-10 or phenothiazine appears to reduce somewhat the rate
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of oxidation and to lower acidity for neopentyl esters compared with pheno-~
thiazine alone. The lower oxidation rate is, in all cases, accomganied by
a lowering in neutralization number. The oxygen tolerance at 500°F is
lower for 5-10-1C or phenothiazine combined with the PAN or Primene~-81R
(basic) ingredients than for the fiuids containing phenothiazine alone, The
overall result of decreased oxidation rate coupled with decreased oxygen
tolerance at 500°F, yield a modest improvement in the behavior of neopentyl
esters using the combination of 5-10-10-PAN inhibitor over the conventional
phenothiazine ester in the 500°F Spec, MIL-L-$236 oxidation and corrosion
test, There appear to be some differences between ester types in oxXygen
tolerance at S00°F, which may result in increasing the apparent advantages
of the above inhibitor eombinations,

1, Small Volume Oxidation Tests. Many of the materials available
for evaluation as hydraulic fluid and lubricant components are research and
development samples of limited quantity. In such cases, the completeness of
the oxidative evaluation is severely limited by the relatively large volume
(100 ml.) of test fluid conventionally used in Spec, MIL-L-78C8 and Federal
Spec. VV-1-7%91le type tests. A series of oxidative measurements have been
made at 347° and 500°F to establish equivalence between small volume tests
and the Spec., MIL-L-7808 type tests,

Studies in the development of a low volume test have been made with
a 25 milliliter quantity of test fluid, Under severe oxidative test con-
ditions, 25 milliliters approaches the minimum fiuid volume to allow for a
reasonable volatility loss, quantitative measure of oil insolubles, and still
have enough liquid sample for the determination of viscosity and neutrali-
zation number., 4 volume of 25 milliliters of test fluid is also adequate for
stable 1ife testing which requires periodic sampling on a carefully arranged
schedule,

This Laboratory has been using the same basic oxidation test
equipment for Spec, MIL-1~7808 type tests over the temperature range of
3L47° to 700°F, The apparatus is shown on Figure 51. Two condensers are
shown for use with the same oxidation tube. The water condenser is used at
temperatures of LOG°F and lower while the air condenser is used at tempera-
tures above LOO°F The basic unit with the water condenser was developed for
use in Spec, MIL-H-5606 aireraft hydraulic fluid in 1942 and has been used
for all conventional bulk oil oxidation studies by this Laboratory. The oxi-
dation tvbe has an outside diameter of 38 millimeters caompared with the tube
of 65 millimeters outside diameter currently specified in Federal Spec., VV-L-
79le, This size difference 1s not believed to be eritical in producing
differences in test severity at 3L7°F.

At 500°F , where oxidation rates are dependent on air rate, intimacy
of air-oil contact, time of air-cil contact, and partial pressure of oxygen,
differences in test system geometry cause appreciable differences in test
severity using the same air rate, time, temperature, and quantity of test
fluid., The effect of test system geometry at 500°F is further emphasized by
the small volume tests, These data point up the necessity of quantitative
measurements of oxygen assimilation to obtain intra- or inter-laboratory
reproducibility.
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TESTS ARE CONDUGTED {N ACCORDANCE WITH THE PROCEDURE AND TECHNIQUES OUTLINED
iN SPEC. MIL-L=7808.

TEST FLUID = 0.5 WEIGHT PER CENT PHENOTHIAZINE IN DI-2-ETHYLHEXYL SEBACATE,

NOTEs STABLE LIFE IS DEFINED AS THE POINT AT WHICH THERE 1S A RAPID INCREASE
TR NEOTRACTZATION NUMBER WITH TEST TIME.

| J | } 1

LS

i l ! I ] I { I

500 400 300
Temperature, °F

Figure 43, EFFECT OF TEST TEMPERATURE ON THE OXIDATION
STABTLITY OF DI-2=-ETHYLHEXYL SEBACATE
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Table 53

EFFECT OF ADDITIVE COMBINATIONS ON THE OXIDATION AND CORROSION
CHARACTERISTICS OF DI-2-ETHYLHEXYL SEBACATE AT 500°F

TEST PROCEDURE AND TEGHNIQUES IN AGCORDANCE WITH SPEC. MIL-L-7808,
TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500° & 5°f : TEST TIME = L0 HOURS: AIR RATE

LITERS PER HOUR - TEST FLU|D CHARGE = 125 MLS,; AND CATALYSTS
SQUARE EACH OF COPPER, STEEL, AND ALUMINUM

ABDITIVE SYMBOL
PTZ = PHENOTHIAZINE

5,10,10 = 5-ETHYL-10,10-D1PHENYLPHENAZASILINE

PAN = PHENYL—ALPHA-NAPHTHYLAMINE

-—-5.1'0-5
A 1-INCH

TEST FLUID DY=~2~ETHYLHEXYL SEBACATE (MLO 7112)
OXIDATION ¢NHIBITOR, WI.% 0,5 PiZ 0,5 5,10,10  §1,0 5,10,10+42,0 PAN
SAMPLE TIME, HOURS (1) 20 ;0 20 40 20 Lo
L1QUID CHARGED, GMS, - 112 - 112 - 112
APPROX. AMOUNT O SUPPLIED, GMS. (2) 26,7 52,y | 26.2 52,1 26,2 52,1
APPROX., AMOUNT 02 USED, GMS. {2) 7.2 11.5 13,9 25,C 5.8 12.9
MOLS Op USED/N26 GMS. FLUID GHARGED(3) | 0.86 1.72 | 1.65 2.96 0,69 1.53
% CHANGE N GENT!STOKE vISCOS1TY,
AFTER REMOVAL OF 01l INSOLUSLE
MATERIAL, (L) AT 100°F, +ih +16}4 +68 +T12 +67 +1590
NEUT. NO. INCREASE (MG, KOH/GM. OIL) 15.4 17,1 0.4 20,2 7.0 15,8
WT.% CIL INSOLUBLE MATERIAL - 0.9 - 1.6 - 2.4
FINAL CATALYST CONDITICN
APPEARANCE
COPPER - |cormrooeD - ouLL - puLL
STEEL - ouLL - JCORRODED - CORRODED
ALUMINLM - BRIGHT - BRIGHT - DULL
WT. L0SS (M&,/5C. GM.)
COPPER - 0,75 - 0.16 - 0.09
STEEL - 0.09 - 2.36 - 0,22
ALUMINUM - I 0,00 - 0.02 - 0.00
(1) APPROXIMATELY 25 MILLILITERS OF TEST FLUID WERE WITHDRAWN FROM THE TEST TUBE AT 20 AND AT

L0 HOURS TEST TIME.

{2} AMOUNT OF OXYGEN SUPPLIED CALGULATED AS FOLLOWS:
XK 02 CONTENT (FRACTION) X 1.43 {GM./LVTER),
FREQUENT SAMPLING OF EXHAUST GASES AND ANALYSIS FOR 0,

AIR RATE (L./HR. AT 8.T.P.) X TiME (HR.)
AMOUNT OF OXYGEN CONSUMED DETERMINED BY

(3) THE MOLS OF 05 FOR 426 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING
THE 0z ABSORBED. THE MOLECULAR WEIGHT OF 01-2-ETHYLHEXYL SEBAGATE 15 426,

(4} ©iL INSOLUBLE MATERIAL 15 REMOVED BY GENTRYFUGING OX10%2ED FLUID YMMEDI ATELY AFTER
COMPLETION OF TEST. THE OIL INSOLUBLE MATERIAL 1S WASHED WITH A LOW BOILING PETROLEUM

NAPHTHA AND DRIED BEFORE WE1GHING.

- 134 =




Q3HSYM JYV S3ITANN0SNI

110 3HL

aNO
“{¥3017/°5w8) €N°1 X (NOTLOVES) LNILNOD CO X

SHH} IWIL X (*d°L°S LY “HH/C1) 3lve Wiy

"SHNOH §°0f Lv 03sen1d 3an) wiv {6)

"ONTHD!3IM JHO438 03150 QNY VHIHJLYN WN3T0413d INITI0B MOT ¥ HLIM
1831 30 NOVLITdWQD d3LdY ATILVIOIAL GIATS 03Z101%X0 INIONIHINID AB QIAQWIY S1 VIBILVIE 318070gNT 110 ()
*OIGEOSEY €0 IHL HNIHVAHOD HOJ SISYA NOWMOD ¥ §¥ 03LVINAYL NII8 S¥H QINTJ “SWI 92h/a3sn €p goW (¢

&ou SISATYNY 0NV SISYY LSNVHXI 40 ON11GWVS IRINOIYS AS QINIWHILIC 03WNSNOD NIDAXD INNOWY

¢ $SM01704 SY 03E¥IN2TVD QIWNSENOD NIDAXD LINNOWY (2
ST 1831 SHNOH off LV ONV 02 LY 38% 1831 IHL WOHA NMYHOHLIM J6IM 01074 1831 JO SHILITTIW 62 ATILVWL X046 ddY

ﬁ |
g0 - - %9 - - 5°2 - g§°0 - - (R} Wig31vW 378NT0SNT 140 F° M
6°g 4 0°G 0°¢ 9°14 £°9 0°¢ Le0t 9°2 i°6E 6701 g°f {910 "WO/HOY “9W) ISYIUINI °ON °LNIN
6N+ | o+ %G+ 000°0k< | GO6+ | 001+ 064+ b+ 196+ | ¢64+ 9+ °4,001 LV
{4) V14319 3780I0SNL 110 JO TVAOWIH ¥I1dY

‘ALISODSIA INOLSILNIO NI I9NVHD %
92°1 L2°%0 of°o 07°}4 180 o’ 26°0 oo MeL | 960 1670 (€) 0398vHO JINT3 "SWY 924 /038N %o $IoW
IR Log 6z 0°g L*¢ £°g "¢ 0°¢1L | 6°8 A (2) “sWo “03sn 0 LNNOWY °XOuddv
9°84 - - 981 ~ - h°zg - 9°gL - - (2} "SW9 “0317ddNS 0 INNOWY °XOHSdY
zzl - - ¢el - - 121 - ¢zl - - *gW5 ‘GISUVHO QINT3 iS3L
09 of 0z 09 of 0Z o 0z 09 o 0z (1) "SuH FIUIL 314WYS
NYd 0°C + DLECLEG 07 Nvd 0°2 + Zid 0°1 mmmpmm 0z + 7Ld0°1 71d 074 %eIM “HOLIGIHNT NOILYOIXO0

(9501 OW) 43183 3dAl 10LIYHLIAHIYLINIG ¥ f009 x3140043H

ginng 183l

'S G2b = IDY¥HD QINT4 ORY

£oHH/T1 670 7 6 = 3Lvy Y1V !USHH 09 =

(STYIAW ISETVIVD ON)

INIWY AEYWIYD ¥V ‘HIQ-INIWIHD = Hig=Hd
INUWY TAHLHAYN=YHJ TV=TANIHd = AY¥d

INUTISYZYNIHJTANIHG IGO0 ) *03 =TAHLI=C = 0 ‘01 ¢

INVIVIHIONIR = 214
TOBWAS 3A1L1QCY

*§1831 IS3IHL NI EN3ISIHD SIVIIW LSATVLYD ON JyIm JHIHL  23i0N

L L1831 f°3,6 T o006 = 3HNLIVYIN3L 1§31 :30NTOM! SNO1L3ONDD 1§31

gOgL=TTIW °034S HilM IONVEYOOOY NI SINCINHOZL ONY I8N03I0Md LS3L

10009 LV 009 XITAOOUEH
A0 SOILSTHALOVHVHD NOISOHYOD ONV NOILVAIXC HHL NO SNOLIVNIGWOD FATIIAAV JAC LOHALL

76 oTqe]

~ 135 =



03HSYM IHY S37ENT08NI

10 3HL

PNOLLATIA LNOKLIM QILVEY4IS 39 LON 0N0D HOIHM SG130S ONY GIAT3 03Z101X0 40 I¥NLXIW JLVWILNI NV SYM 1ON00Hd
*ONIHTI3M JY04IE 03 IHO ONY VHLHAYN WN3I0HL3d SNIT108 MO ¥V HLIM
°183L 40 NOILITdNOD HIL4Y ATZLYIOIAG QINTS 03Z101X0 ONTONSLUINID AG 03IAOWIY S T¥INILVW I18070SNI 110
°G39Y0S8Y 20 IHL YNIHYJNOD ¥OJ SISYE NOWNOD V SY 031VINGVI N3G SYH QINTS 40 SWVHO 9zl 504 NIDAXO 40 SI0W IHL
°C0 HOJ SISATYNY ONY SISVD ISAYHY3I 30 ONISWYS ININOIE4 AS 0INIWMILIQ 0IMNSNOD NIDAXO LINMOWY
“(83L17/7W0) €978 X (NOILOVEI) INIINGD T0 X (HH) FWIL X (°d°L°S LV °HH/°1) 3L¥¥ HIV 3SMOTI03 SV 0ILYMNOWD 0311ddiS NIOAXO LNNOWY

*3W1) 1831 SHNOKH Off LY ONY 02 LY 3801 1S31 WOH4 NMYHOHLIM 3H3M 01074 IS30 40 SHILITHITTIW 62 ATILVWIXOUJdY
20°0+ _ - _ - 20°0% - £0°0+ - - 10°0 - - WAN W TV
20°0+ - - g1°2t - 06°0 - - 06°¢2 - - 13348
60°1L - - §z°o - 90°0 - - 2°0 - - ¥3dd09
("Wo “0S/"oW) SS01 “iM
IH9 148 - - 110 - 19 - - T1na - - WON 1WA WY
17na ~ - g3a0u800 | - 03008404 - - 43004800 - - REERES
03008509 - - g3oouyon | - Ting - - ai00yy00 | - - #34d0D
JONYHYIddY
NOILIONOD LSATVIVD TYNI3
(¢) mios | = - (<) atosy ~ 6°¢ - - (¢) ¢1osf - - {1} Wiy3lvi 378070SN1 110 % 1M
£°9 I’z | o°z £°g1 g°e | 874 AP R4 8711 f°gi | Lo¢ {110 “Wo/HO% o) ISYIMONE *ON *1N3N
{6) c1os | gée+ | 66+ {{s) arios] i1+ | 000%01<? oehe | Ggs () o108 poe+ | 99+ °3500F 1¥
(M) “WiyILlvW 318N70SNI 10 40 TWAOWIY ¥ILdY
“AL1S0OSIA 3¥0LSIINID NI JINVHD %
z6°1 zi®t ] 290 | o06°i fig=0 | zg°i zicidefeo gt zesteloo (¢} a3syvHO Q1IN °*SW9 92h/e3sh 2o gyom
A z°0i b Ig°0 | g°¢i g°L | ot 601 6°% Ll LTI R (2) °SWo fQ3sn €O ANNOWY °XOHddY
9°gl n'26 4 2°92 | %ees z°9z | 9°gl feec b z°92 9°gl R°es | 2°92 {z) °sWo “0317ddNS 20 INNOWY *XOHZdY
2zi - -1 ¢a - | fa - - 24 - - °SWD “039¥YHD 01017
09 oq. 0z off 02 09 ot ¥ o2 09 o ¥ ooz (i) SHNOH ‘3IWIi I78WVS
NVd 0°2 + 0190196 0°4 0150146 §°0 1 uig-ud G2 + 24d 6°1 214 §°0 %°1M SWOLISIHND NOILYQ1XO

(%90/ 0%) 831183 JdAL T0LIMHIANIYINIG ¥V “009 ¥3T140083H

ainsd 1sit
=

= JOUYHO G404 1831 fUNOH ¥3d SHILIT 6°0 TG = 3Lvd HIV ISHROH 09 = Wit 1S3L ¢ 4,6 T o006 = MnivyIdeds 1S3L

INIWY AHYWRIHd ¥ HLG=INIHIBd = ¥lg=4d
IN WY TAHLHAY N=YHd W=1ANIHd = NVd

INT SV ZYNIHATANIHA 16=0 150 §=TAH13~C = 01°01°%

INTZYIHLONIHd = 21d
J0BAAS 3ATLIOQY

WINIANTY ONY FHIILS ‘340D 30 HOVI IygvaldsS HONI=L ¥ = SISATVIVO ONY 8 §2i

$30NT3ONT SNOTLIQNOD 1831

*B0BL~T=TIW "03dS HLIM JONVOHOOO¥ N) §3INOINHOIL ONY 3BNO3D0Hd 1531

15009 1V 009 XATAODUIH
d0 SOILLSTH4LOVHYHO NOISOHH0D ANV NOILVAIXO HHL NO SNOILVNIGWOD ZEATIIAQY 40 I0AAST

SS STAR]

- 136 -



St AVIYILW IBRTOSNI 116 FHL

°038H0S4Y

(43117 °W9) £R°L ¥ (NOTLOVY) INJINOD 0 X (°SuH
“IIL 1$31 SHNOH 0

°C HO4 Si

“

Wl X

SA
ad°1°g 1Y °¥H °7)

{

*ONIHS13M 340438 03140 ONV YHIHJYW WNI0H13d SNiT108 MOT ¥ HLIM Q3HSWM

“1831 40 m04pu4mzoo HILAY ATLVIAAIA GINTd G3Z4CGIX0 ONIDNIIHINID A8 CIAOW3Y S1 VIHILWN 378N708NE HO
0 IHL_ONIYYAWO) HDJ SISVE NOWWOD ¥ SV Q3L1VINGYL N33 SYH GIRTd °"SW9 92h-HOd mumzowmm <o $70W

TYNY ONY S3ISYD LSNVHXI 40 ONIIdWYS ENINOFYA AR O3NIWHILIC 03WnsNoo 0

0vY YiY 3 SMOTI04 SY QILYTINOIVYY 03 171ddNAS NIDAXD 40 LNNOWY
1¥ NV 02 1V 3801 1S31 WOH4 NMYYOHLIM 3¥3M-QINTd ES3L 40 SHILITITTW 62 A1ILVWIXOHIdY

()
il

INNOWY

L°0 - - gei| - _ = gt - = 9°0 - - () WId31vd 3780703NE 110 £° 1M

L9 AL I I 1°6 gt | 2°¢ z°l 9¢6  2°2 Leg1 &l L°¢ (110 *woMHOoX °SW) ISYIUINI “ON °LnIN
gre+ | b+ |t 946+ | 691+ | gé+ cgoi+| 616+ | bl+ Tt |9 | 95+ 4,001 1V

(1) €77 1431V 378RT0SNT 710 40 TVAOWIY HILdY

“ALISOOSIA INOLSIINID NI JONYHO ¥

soctL | ¢L*0 | ofi°c ¢i°1 | hgeo | i%°0 oty | 2leo | &¢0 gie1 | 18°0 , 1he0 (¢) 394YHO 0IN74 “SWo 92T/03sn %0 SI0W

9°6 g°¢ L€ Lot b ogel °¢ L0y | L* 2°¢ 6104 | ¢e °¢ 2) °SW9 038N Z0 LNNOWY °XoHddY

8°9. Z - gogl =8 9°g/ 7 - 9°9. msp 8 (2) _m&w muu_dmm:m €0 INNOWY °XOHddY

nz1 - - 21 - - 221 - - ¢zl - - "SW9 “03IBBYHD ¢INDIN

09 o | oz 09 ot | o2 09 ot 1 ¢z 09 | of 0z (1) °s8H ‘WL 37dWYS

NYd 0°2 + 01%00°G 0% 1 Nvd 0°2 + 24d 0°1 HIg=Hd 0°Z + Zld 0°1 71d 0°L g* 1M ‘SHOLIBINNI NOILYOIXO

($204 OW) ¥31S3 3dAL TOLIUHIAMIVINIG ¥ = SOILIHLINAS

_0iN34. 1831

*STW GZL = 3I9HYHD 0014 LS3L ONY $°¥H/°q §°0F¢ =

INIWY A¥YWIHd ¥ CHIE=3N3WIHd = H1g=Yd
IN LWV TAHLHAYN=YH4 T¥="IANIHd = NYd

IN1VISYZVNIH ANIHS [0e0L 0 L="TAHLI~¢ = 0L 01 *¢

ANIZYIHION3HL = Z1d
108WAS IALLICAY

°91831 ISIHL NI ENISIHd SIVLIW LSATVIVO ON 3HIM JHIHL 310N

JLVE ¥IV £*SHH 09 = 3WIL 1831 £ 3,6 T o006 = JUNLv¥3d3L 1831

£30N70NE SNOILIONGD LS3L

g0gl=T=TIW "93d$ HLIM IONYQHOOOY Ni SINDINHOIL ONY 3HMOINOHd 1831

(STVIAW LSATVIVO ON) °do009 LV 4=P SOLLIHINAS
A0 SOILSTHHLOVHYHD NOISOMHOO NV NOILVAIXO HHI NO SNOILVNIGWOO HATLIAQY 40 LOHALE

9% 9TqB]

- 137 -



HL11M 03HSYM 35Y S318N70SHI

110 3HL

*038H0SSY
*(43117/°W9) €h°L X (NOELOYHY)

0 3H1 ONIHYIN0D HO4 S1SvE

*C0 BQJ SISAIYNY O

INIINOD S0 X [°WH) WL X

"ONTHO13M 340438 03140 ONY YHLHJYN WN3T0HL34 9NIT108 MO ¥

*1831 40 NOIL3TAWO0D HILAY ATILVIQIWAT QINTd 03Z101X0 INIDNJIHINID AB QIAQWIY S I¥igILwd 379070881 150 MM
NOWAOD ¥ SV 031VINAYL NI38 SVH 0iNT14 40 SWYHD 92f 404 N3BAXO 40 $70W IHI

&q S3ISYD LSNVHX3 0 ONITJWYS LN3N03Y4 A8 G3NIWE3III0 GIWASNOD NIDAXO LNNOWY

*d*1°S LY "HH/"7) ILVY-HIV $SMOTI04 SY GILVINDTYD GI11ddRS NIDAXO LNROWY me

*IWIL 1831 SHNOR Of LY ONY 0Z A¥ 3801 1531 WOHM3 NMVMOHLIM 3H3M GIN13 1531 40 $HILEY 1MW 62 ATIWiX08ddY (1
00 | -~ - oo | - - | o0+ - -~ 200+ | - - WOAN WA Y
£0°0 - - 200 - - 10°0+ - - cpel - - 73318
96°0 - - 60°0 - - Lz*0 - - 60°0 - - ¥3dd0D
{*w0 *DS/"BW} $507 °im
1HD 188 - - g - - 17M0 - - 1H9IHE - - WON TWNTY
e - - 17na - - 1na - _ - 03goyson| - - 73348
gaceydon| - - 11R0 - - a3qovson | - - 77na - - H3dd03
IONYHYIddY
NOI11GNOD LSATYIVD T¥NIA
oL - - 6°2 - - g1 | - - fi*0 - - () WIY3Iv 378NT0SNI 1O %o 1M
9o g2 | L°1 | L°g 6°¢ | g°t 1°6 ge¢ | 671 1°91 0°M |, 6°¢1L (110 “WaHOY *9w) ISVIHONI *ON °Ln3N
1¢G+ 021+ ' 6T+ | 0G6L+  0f¢+ G+ S09+ g1+ | 29+ { osgL+ ¢ge+ | 16+ *4,001 LV
(M) “vialvie 3I8NI0SNT 110 0 TVAOWIY YILiY
CALISOISIA INOLSIINID Ni JONVHD %
Lol LLeo | et | 2ot 1 180 1 6£°0 | 90°1 L0 | HEe0 | 16*1 ¢1°1 | 69°0 {£) 0398vHD QIn14 *sWe 92h/038N 20 ST0W
o o o L) [ a o o o L} A NO FZDOZ«. nxomn_mc.
101 2°L 1 6°¢ JgeoL | 6°L [ 9°¢ | L6 e T opeg | gy 01 ¥ 0°9 z) “g ‘03sn § :
9°gl Rezs | zo9z | 9°8L | f°z¢ | z°9z | 9°g1 R°Z | 2°92 | 9°gl 1026 | z°92 (2) “SW9 “0317ddNS O LNTOWY “XO¥ddY
¢z1 - - |tz - - | 2zt - - | ¢a - - “SWD “IOUVHO GINbIT
09 0 02 09 off 0z 09 of 0z 09 of 02 (1) SHMOH *3W1L 3TdWVS
NYd 0°2 + 0L°0L°G 0°1 NYd 0°Z + Z1d 0°1 ¥Ig-Hd 0°Z + ZId 0°1 id §*0 %*1M “HOLIGIHNI NOILYDIXD

(£204 0W) ¥3LS3 3dAL TOLIYHIAMIVINIS V 4)=F SOILIHINAS

ainid 1831

INIWY AUVWIHD ¥ “HEG=INTWIHd = ¥ig=yd
INIWVIAHLH YN=YHd T¥=1ANIHd = NVd

INI VI SYZYNIHE TANIHA | G=0 Lo 0= EHI=5 = 0L°0L9G

INIZVIHLIONIHY = 7id
09WAS 3ATLicOY

WHITIWNTY ONY “733LS Y3400 40 HOVI JYVNOS HONI=1 ¥ = SISATYIVD ONV
£°5W G2l = 398VHD 01N74 fYNOM W34 SHIL!T §°0 T 6= 31VH BIY £*S¥H 09 = 3WIL 1531 § 4,6 F o006 = JuNiVHISWAL 431 33ONIONF SNOILIGNOD L1S3L
BOBL=TT1W °D3dS HLEM JINYOHOODY NI SINOINHO3IL GNY 3UNAIJ0Hd LS3L

do00% LV L~ SOTLAHINAS
Jd0 SOILSTHYALOVHVHD NOISOWMOO (NV NOILYIIXO HHI NO SNOILVNIAWOO HATIIACY JO IDEALE

LS STqE[

- 138 -



Table 58

EFFECT OF ADDITIVE COMBINATIONS ON THE OXIDATION AND CORROSION

CHARACTERISTICS OF A NEOPENTYL TYPE ESTER AT 500°F
TEST PROGEDURE AND TECHNIQUES IN ACCORDANGE WiTH SPEC, MiL-L-7808,

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = 500° & 5°F ; TEST TIME = 60 HOURS; ALR RATE =
5% 0,5 LITERS PER HOUR; TEST FLUID CHARGE = 125 MILLILITERS; AND
CATALYSTS = A 1-INCH SQUARE EACH OF COPPER, STEEL, AND ALYMINUM,

ADDITIVE SyMBOL
PTZ = PHENOTHIAZINE
5510,10 = S5-FTHYL=10,10-D1PHENYLPHENAZASILINE

A NEOPENTYL TYPE DIESTER (MLC 738L)
TEST FLUID (WADC DESIG. M.0 5T-U2l)
OXIDATYON INHIBITOR 0.5 WT.% PTZ 0.5 WI.% 5,10,10
SAMPLE TIME, HOURS (1) 20 40 60 20 40 60
LIQUID CHARGED, GMS. - - 125 - - 126
APPROX. AMOUNT Oy SUPPLIED, GMS. (2) 26,2 52.4| 78.6 26.2 | 52,b| 7B.6
APPROK. AMOUNT 05 USED, GMS. {2) 7.8 1.8 17.3 5.2 | 1041 15.7
MOLS 0, USED/426 GMS. FLUID CHARGED (3} 0.83 1.26, 1.8} 0.55 1.11| 1.66
% GHANGE N CENTISTOKE VISCOSITY,
AFTER REMOVAL OF OIL INSOLUBLE MATERIAL, (l)
AT 100°F, +50 +190 +2020 +10h " +210] socin(s)
NEUT. NO. INCREASE {Ma. KOH/GM. OfL) 8.5 13,0 15.6 9.5 | 10.3; 18.8
WT. % OIL INSOLUBLE MATERIAL (L) - ~ | TRACE -~ - | soLvo(5)
FINAL GATALYST CONDITION
APPEARANCE

COPPER - - |cORRODED - — | 8RIGHT

STEEL - -  |coRRODED - - CORRODED

ALUMINUM - -~ , BRIGHT - « | BRIGHT

WT. L0SS (M3./SQ. CM.,)

COPPER - - 0.71 - - 0,07

STEEL - - 5,02 - - | 89,50

ALUMENUM - - | +0,01 - - | +0.03

e —

(1) APPROXIMATELY 25 MYLLILITERS OF TEST FLUID WERE WITHORAWN FROM TEST TUBE AT 20 AND
AT 1,0 HOURS TEST TIME,

(2) AMOUNT OXYGEN SUPPLIED CALCULATED AS FOLLOWS: AIR RATE (L./HR. AT 8.T.P.) X TIME (HR.)

X Oz CONTENT (FRACTION) X 1.43 (6M./LV\TER}. AMOUNT OXYGEN CONSUMED DETERMINED BY
FREGUENT SAMPLING OF EXHAUST GASES AND ANALYSIS FOR Op,

(3) THE MOLS OF OXYSEN FOR L26 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR
COMPARLNG THE Op ABSORBED.

(4) OIL !NSOLUBLE MATERIAL LS REMOVED BY CENTRIFUGING OXIDIZED FLUID '\MMEDIATELY AFTER

COMPLETION OF TEST., THE OIL 1NSOLUBLES ARE WASHED WITH A LOW BOILING PETROLEUM NAPHTHA

AND ORVED BEFORE WEIGHING.
[5) PRODUGT WAS AN INTIMATE MIXTURE OF OX1DIZED FLUID AND SOLIDS WHICH GOULD NOT BE
SEPARATED WITHOUT D{LUTION.

(CONCLUDED ON NEXT PAGE)
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Table 60

EFFECT OF ADDITIVE COMBINATIONS ON THE RATE OF

OXYGEN ASSIMILATION AT 500°F

TEST PROCEDURE AND TECHNIQUES IN ACCORDANCE WiTH SPEC. Mit—L-7808.

TEST CONDITIONS INGLUDE: TEST TEMPERATURE = 500+5°F.; TEST TIME = L0 OR 60 HRS.3 AIR RATE = &
+0.5 L./HR.3 TEST FLU1D GHARGE = 125 ML.; AND TATALYST = A 1-INCH SQUARE EACH OF COPPER,

STEEL, ALUMINUM, AND MAGNESIUM.

APPROXIMATELY 25 MILLILITERS OF TEST FLUID WERE WITHORAWN

FROM THE TUBE AT 20 -AND LD HOURS TEST TIME TO ALLOW THE DETERMINATION OF PROPERTIES AT THESE

INTERVALS.
RATE OF OXYGEN ASSIMILATION {MOLS OXYGEN/L26 GMS. OILAMOUR)
TEST FLUID 0 70 20 20 TO o Lo 10 60 0 T0 60
(CONCENTRATIONS IN WT.%) HOURS HOURS HOURS HOURS
A NEOPENTYL TYPE ESTER {M.O 738l)
{WADC DESIGNATION M.D 57—u2u§
4+ 0.5 PHENOTHIAZINE 0.041 0.023 0.032 0.032
+0.55, 10, 10° 0.028 0.028 0,028{1) 0.028
+ 1.0 5, 10, 16 + 2.0 PAN® 0.021 0.020 0.017 0.019
+1.0 5, 10, 10° + 2.0 PRIMENE-BIR 0.019 0.016 0.019 0.018
+ 1.0 PHENOTHIAZINE + 2.0 PRIMENE~BIR 0.020 04027 0,021(1) 0.022
+ 1.0 PHENOTHIAZINE + 2,0 PAN™ 0.019 0,051 0,034(1) 0.034
A PENTAERYTHRITOL TYPE ESTER {MLO 7023)
(SYNTHETICS J=7)
+ 0.5 PHENOTRIAZINE 0.033 0.02} 0.022 0.026
+1.0 5, 10, 107 + 2.0 PAN™ 0.0621 0.018 0.015 0,018
+ 1.0 PHENOTHIAZINE + 2.0 PANTY 0,020 0023 0.016 0,020
+ 1.0 PHENOTHIAZINE + 2.0 PRIMENE-B1R 0,017 0.019 0,018 0.018
A PENTAERYTHRITOL TYPE ESTER (MLO 706h)
(HERGOFLEX 4G0)
+ 0.5 PHENOTHIAZ INE 0.039 0,022 0.031{1) 0.031
+0.5 5, 10, 10¢ 0.042 0.053(2) - -
+1,0 5, 10, 10 + 2.0 PAN' 0.031 0.025 p.o10(t) 0,022
+ 1,0 PHENOTHIAZINE + 2.0 PRIMENE-81R 0.021 0.035 0.035(1) 0.030
DI~2~ETHYLHEXYL SEBACATE (MLO 7112)
+ 0.5 PHENOTHIAZINE 0.043 0.043 - -
+0.5 5, 10, 16 0.083 0.065 - -
+1.0 5, 10, 107 + 2.0 PAN®E 0.035 0.042 - -

}:i 5-LTHYL--10,10-DIPRENYLRHENAZASILINE,
“* PHENYL-ALPHA--NAPHTHYLAMINE.

(1) AT THE END OF 60 HOURS TEST TIME, THE PRODUCT WAS A MIXTURE OF OXIDIZED FLUID AND SOL10S WHiCH
~_ COULD NOT BE SEPARATED WITHOUT DILUTION.
{2} AT THE END OF L0 HOURS TEST TIME, THE PRODUCT WAS A MIXTURE OF OXIDIZED FLUID AND SOLIDS

WHIGH COULD NOT BE SEPARATED WITHOU

T DILUTION.
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TEST PROGEDURE AND TECHNMIQUES IN ACCORDANCE WITH SPEC. MIL-L=7808.

TEST GONDITIONS INGLUDE: TEST TEMPERATURE = 500 +5°F 3 TEST TIME = L0 HOURS; AR RATE = 5 0.5
L./HR.3 FLUID CHARGE = 125 M..3 AND CATALYST= A 1~INCH SQUARE EACH OF COPPER, STEEL, AND
ALUMINUM.  APPROXIMATELY 25 MILLILITERS OF TEST FLUID WERE WITHORAWN FROM THE TEST AT 20 HOURS
TEST TIME TO ALLOW THE DETERMINATION OF PROPERTIES.

SYMBOL TEST FLUID
MLO 7112 Di=2=ETHYLHEXYL SEBACATE
-0 — 0.5 WT.% PHENOTHIAZINE IN M.O 7112
-—f— 0.5 WI.% 5,10,10 IN MO 7112
-o— 1.0 WT.% 5510,10 + 2.0 WT.% PAN IN M.O 7112
5,10,10 = B=ETHYL~10,10~D LlPHENYLPHENAZASIL INEg PAN = PHENYL—ALPHA-~NAPHTHYLAMINE
2 2z
21,00 7 ¢
2000
2
g 1600
o
-
by
o
2 1200
G
[}
1]
o
=3
+
5 800
L]
B~
)]
Py
Loo // /
_U__z'—_—-_—_
L 0 - —
0 54

0 0.4 0.8 1.2 1.6 2.6 3.0
Mols Oxygen Absorbed/li26 gms. Fluid Charged

Figure 44. EFFECT OF ADDITIVE COMBINATIONS ON THE QXYGEN
TOLERANCE OF DI-2~-ETHYLHEXYL SEBACATE AT 500°F
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TEST PROCEDURE AND TECHNIQUES IN ACCORDANGE WiITH SPEC. MiL-L-7808,

TESY CONDITIONS INGLUDE: TEST TEMPERATURE = 500 # °F 3 TEST TIME = A0 HOURS; AR RATE = 5 10,5
L./HR.3 AND FLUID CHARGE = 125 MLS. APPROXIMATELY 25 MILLILITERS OF TEST FLUID WERE WiTHDRAWN
FROM THE TEST AT 20 AND 40 HOURS TEST TIME TO ALLOW THE DETERMINATIONS OF PROPERTIES AT THESE
INTERVALS.

NOTE: THERE WERE NO CATALYST METALS PRESENT 1IN THESE TESTS.

SYMBOL TEST FLUID
MLO 706 HERGOFLEX 600 -
" Lt 1.0 WT.% PHENOTHIAZINE IN MLO 706
—— 1,0 WT.% 5,10,10 + 2,0 WT.% PAN 1N MO T08)
— 4 — 1.0 WT.% PHENOTHIAZINE + 2.0 WI.% PRIMENE-B4R 1N MO 706}
—X— 1,0 WT.% PHENOTHLAZINE + 2.0 WT.% PAN IN MLO 706}
5,10,10 = S—-ETHYL=10,10=D[PHENYLPHENAZASILINES PAN = PHENYL=ALPHA=NAPHTHYL AMINE
21,00 SOL | D3¢
x
2000 4

1600

1200

%
800 /

1,00 2 EJ/O

XA'
0 ----l!!‘==;;;;(P
0 0.l 0,8 1.2 1.6 2.0 2.l
Mols Oxygen Abseorbed/L26 gms, Fluid Charged

3 PRODUCT WAS AN INTIMATE MIXTURE OF OXID!ZED FLUID AND SOL1DS WHIGH COULD NOT BE SEPARATED
Wi THOUT DILUTION.
3¢ TEST TERMINATED AT 40 HOURS BEGAUSE OF PLUGGED AIR TUBE.

Per Cent Viscosity Increase

EFFECT OF ADDITIVE COMBINATIONS ON THE OXYGEN TOLERANCE
OF HERCOFLEX 600 AT 500°F

Figure 45.
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Per Cent Viscosity Increase

2400
- 3
So0LiD soLiD
4 gi
n o

TEST PROGEDURE AND TEGHNIQUES ¢N ACCORDANGE WITH SPEG. MIL-L=7808

TEST CONDITION§ INCLUD}: TEST TEMPERATURE = 200 L 5°F ; TEST TIME = 60 HOURS 3
AIR RATE = 51 0o5 Lo/HRo; FLUID CHARGE = 125 MLS.3 AND CATALYST = A 1=iNCH

SQUARE EACH OF COPPER, STEEL, AND ALUMINUM. APPROXIMATELY 25 MILLILITERS OF
TEST FLUID WERE WITHDRAWN FROM THE TEST AT 20 AND AT L0 HOURS TEST TIME TO
ALLOW THE DETERMINATION OF PROPERTIES AT THESE INTERVALS.

S YMBOL TEST FLUID
M.O TO6L HERCOFLEX 60D

—Q— 0.5 WT.% PHENOTHIAZINE IN MLO 706l

— Q0 0a5 WT.% 5,10,10 IN¥ M.O T06L

—— 1.0 WI.% 5,10,10 + 2.0 WI.% PAN IN MLO 706}

—f = 1.0 WT.% PHENOTHIAZINE + 2.0 WI.% PRIMENE-B1R IN M.O 706

5,10,10 = S=ETHYL~10,10=0IPHENYLPHENAZAS ILINE3 PAN=PHENYL—ALPHA-NAPHTHYLAMINE

2000 1 P14

1600

/
l

800 /
400 /A
/ o/
0 :g-/ D‘é_o/

0 0.4 0.8 1.2 1.6 2.0 A

. Mols Oxygen Absorbed/426 gms. Fluid Charged
" Product was an intimate mixture of oxidized fluid and
501lids which could not be separated without dilution.

Figure 46. EFFECT OF ADDITIVE COMBINATIONS ON THE OXYGEN
TOLERANCE OF HERCOFLEX AT 500°F
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TEST PROCEDURE AND TECHMIQUES IN ACCORDANGE WITH SPEC. MIL-L-7808,

TEST GONDITIONS INCLUDE: TEST TEMPERATURE = 50045°F 3 TEST TIME = 60 HOURS3 AR RATE = 5 + 0,5
L,/HR. 5 AND FLU1D CHARGE = 125 MLS. APPROXIMATELY 25 MILLILITERS OF TEST FLUID WERE WITHORAWN
FROM THE TEST AT 20 AND L0 HOURS TEST TIME TG ALLOW THE DETERMINATION OF PROPERTHES AT THESE

INTERVALS,
NOTE: THERE WERE NO CATALYST METALS PRESENT IN THESE TESTS.
SYMBOL TEST FLULD
MLO 7023 SYNTHETICS J=7
— 00— 1.0 WI.% PHENCTHIAZINE IN MLO 7023
——[J— 1.0 WT.% 5,10,10 + 2,0 WT.% PAN N MLO 7023
—A— 1,0 WT, % PHENOTHIAZINE + 2,0 Wr.% PRIMENE-81R IN MLO 7023
—X— 1.0 WT.% PHENOTHIAZINE + 2.0 WT% PAN N MLO 7023
5,10,10 = §~ETHYL=10,10=D1PHENYLPHENAZASILINES PAN = PHENYL—ALPHA=NAPHTHYL AMINE
200 546¢
X
2000 ’f
[3]
/3]
4]
g
E 1600
b
o
4]
S |
© 1200
A
=
]
=
[
e
o 800
QO
Ay
Lo0 o
o
b4
0
0 0.4 0.8 1,2 1.6 2.0 2.0

Mols Oxygen Absorbed/L26 gms. Fluid Charged

Figure 47. EFFECT OF ADDITIVE COMBINATICONS ON THE OXYGEN
TOLERANCE OF SYNTHETICS J-7 AT 500°F
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Per Cent Viscosity Increase

TEST FHOCE.DLIRE AND TECHNIQUES IN ACGCORDANGE WITH SPEC. MIL~L-7808

TEST GONUITIONS+INCLUDE: TEST TEMPERATURE = 500 X 5°F 3 TEST TIME = 60 HOURSS
AIR RATE =5 X 0.5 L./FRos FLUID CHARGE = 125 Mooj AND CATALYSY = A 1~INCH
SQUARE EAGH OF COPPER, STEEL, AND ALUMINUM. APPROXIMATELY 25 MILLILITERS
OF TEST FLUID WERE WITHDRAWN FROM THE TEST AT 20 AND AT LO HOURS TEST
TIME TO ALLOW THE DETERMINATION OF PROPERTIES AT THESE INTERVALS.

SYMBOL TEST FLUID

MO 7023 SYNTHETICS T

-— 0 — 0.5 WT.% PHENOTHIAZINE IN MO 7023

—d— 1.0 WI.% 5,10,10 + 2.0 WT.% PAN (N M.O 7023

— A 1.0 WT.% PHENOTHIAZINE + 2.0 WT.% PRIMENE-BIR N MLO 023
— X — 1.0 WT.% PHENDTHIAZINE + 2.0 WT.% PAN IN M.O 7023

510,10 = 5=BTHYL~10,10=D [ PHENYLPHENAZAS IL INE3 PAN = PHENYL—ALPHA=NAPHTHYLAMINE
2400 :

2000

1600

1200

800

/7

0.7 y: ) T.6 2.0 2udi
Mols Oxygen Absorbed/426 gms. Fluid Charged

Figure 48. EFFECT OF ADDITIVE COMBINATION3 ON THE OXYGEN
TOLERANCE OF SYNTHETICS J-7 AT 500°F
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Per Cent Viscosity Increase

TEST PROCEDURE AND TECHNIQUES IN ACCORDANGE WiTH SPEC. MIL-L-T808.

TEST CONDITIONS (NCLUDE: TEST TEMPERATURE = 500 +5°F ; TEST TIME = 60 HOURS3
AIR RATE = 5 +0.5 L./HR.3 FLUID CHARGE = 125 M.T; AND CATALYST = A 1-iNCH
SQUARE EAGH OF GOPPER, STEEL, AND ALUMINUM. APPROXIMATELY 25 MILLILITERS
Gf TEST FLUID WERE WITHDRAWN FROM THE TEST AT 20 AND AT LO HOURS TEST
TIME 7O ALLOW THE DETERMINATION OF PROPERTIES AT THESE INTERVALS.

SYMBOL TEST FLUID
MLO 738 A NEOPENTYL TYPE ESTER RECEIVED FROM WRIGHT AIR
DEVELOPMENT CENTER (WADG DESIG. MLO 57-42l)
—_— O 0.5 WT.% PRENOTHIAZINE IN MO 738k
—_— — 0.5 WT.% 5,10,10 IN MLO 7384
—O— 1.0 WI.% 5,10,10 + 2.0 WI.% PAN IN MLO 738l
— v — 1.0 WI.% 5,10,10 + 2.0 WI.% PRIMENE-B1R IN MO 738}
"'""—A —_— 1.0 WT.% PHENOTHIAZINE + 2.0 WT.% PRIMENE=B1R IN MLO 758]4
— X — 1.0 WI.% PHENOTHIAZINE + 2.0 WI.% PAN IN M.C 738y
5:10,10 = 5—-£THYL-—10,10—DIPHENYLF‘HENAZASILINE;’ PAN = PHENYL~ALPHA=NAPHTHYLAMINE
24,00 9340 58650
Py X
2000 ' ot
1600
1200 /
800 /
400 / / /
. g_l{/;

0 0.4 0.8 1.2 1.6 2.0 2.
Mols Oxygen Absorbed/L26 gms, Fluid Charged

Figure 49. EFFECT OF ADDITIVE COMBINATION ON THE OXYGEN
TOLERANCE OF A NEQPENTYL TYPE ESTER AT 500°F
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o

2

800

Per Cent Viscosity Increase

400

TEST PROCEDURE AND TECHIQUES IN ACCORUANGE WITH SPEC. MIL=t-7808.

TEST GONDITION INCLUDE: TEST TEMPERATURE = 500 +5°F ; TEST TIME = 60 HOURS;
AIR RATE =5 +0.5 L./HR.§ FLUID CHARGE = 125 M[.3 AND CATALYST = A 1-INCH
SQUARE EACH OF COPPER, STEEL, AND ALUMINUM. APPROXIMATELY 25 MILLiLITERS
OF TEST FLUID WERE WITHORAWN FROM THE TEST AT 20 AND AT LO HOURS TEST
TIME TO ALLOW THE DETERMINATION OF PROPERTIES AT THESE INTERVALS.

SYMBOL TEST FLUID

MLO 7385 AN EXPERIMENTAL HIGH TEMPERATURE ESTER (WADC DESIG. M.O 58-88)
—0— 0.5 WT.% PHENOTHIAZINE IN MO 7385

—— 0.5 WT.% 5,10,10 IN MLO 7385

—— 1.0 WT.% 5,10,10 + 2.0 PAN 1N MLO 7385

5,10,10 = S5=ETHYL~10,10-C) PHENYLPHENAZASILINE3 PAN = PHENYL—AL PHA-NAPHTHYLAMINE

2520 3RLO ‘-)10,(%0 —3

;

0 ® n] o @

44 |4

//

0 0. 0.8 1.2 1.6 2.0 2.h

Mols Oxygen Absorbed/L26 gms. Fluid Charged

Table 50, EFFECT OF ADDITIVE COMBINATIONS ON THE OXYGEN
TOLERANCE CF AN EXPERIMENTAL HIGH TEMPERATURE
ESTER AT 500°F
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The basic test tube for the 25 milliliter low volume tests is
shown on Figure 52, The tube has an outside diameter of 22 millimeters,
which will give a fluid height of about 120 millimeters for a 25 milliliter
charge. This fluid height is approximately equal to the fluid height for
100 milliliters of test fluid in the 38 millimeter outside diameter tube,
The air tube design is the same for both size tubes. The air bubble size is,
therefore, basically the same for both the 100 and the 25 milliliter tests,
In addition, the air travels in contact with the fluid for the same distance.

A rumber of mineral cils, hydrocarbons, and esters have been
evaluated with several inhibitor types at 347°F to determine the equivalence
of a Spee, MIL~L=-7808 oxidation test with a small volume test. This equiv-
lence must be established on the basis of equivalent stable life or eguivalent
deterioration in tests of the same time interval in which the stable life is
exceeded,

It has been established that many esters and mineral ocils with
effective additives exceed the Spec, MIL-L-7808 oxidation test time (72 hours)
in stable 1life by a factor of 2 to 10, Therefore, on the basis of a 72-hour
test, substantial differences in test severity could fail to show up because
of the stable life of the fluid. Spec, MIL-L-7808 type fluids in conventional
and small volume tests at 347°F are compared on Table 61, A similar compari-
son for mineral oils is shown on Table 62, Two small volume tests are shown.
In one case, the test fluid volume and the metal catalysts are reduced to one-
quarter of those in the Spec, MIL-L=-7808 tests, The air rate is the same for
the conventional and the small volume test, In the second set of test con-
diticns test fluid, metal catalysts, and air rate are all reduced to one-
quarter of the Spec, MIL-L-7808 test values, In all cases, better agreement
is obtained for the small volume test with 1.25 liters of air per hour and the
Spec, MIL-L-7808 test than for the small volume test using 5.0 liters of air
rer hour,.

A substantial amount of data are available at this Laboratory to
indicate that a change in air rate from 5 toc 1C liters per hour does not
substantially change the oxidation rate after the stable 1ife or the length
of the stable 1life using Spec, MIL-1-7808 type oxidation test conditions at
347°F. These data have been discussed and presented in various technical
reports and theses., A close evaluation of the data on Tables 61 and 62
indicates that, in the current small volume tests, the differences found due
to air rate may be attributable primarily to additive volatility and the in-
creased evaporation or entrainment of the additive from the base fluid. This
is perhaps illustrated best by Paranox LlLl-inhibited di-2-ethylhexyl sebacate
blends., Paranox L4l is much more volatile than the base stock and has previ-
ously shown volatility limitationd as an oxidation inhibitor. The two small
volume tests show the biggest differences in terms of oil deterioration and
in relative volatility of the base stock and inhibitor.

On the basis of these tests, the small volume test chosen for use

at 3L7°F includes the 22 millimeter o.d, test apparatus with the water ccoled
condenser, a fluid volume of 25 milliliters, a 0,5-inch square of metal sheet
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for each catalyst, 1.25 liters of air per hour, and the same general test
procedures and techniques applied to the conventional 100 milliliter tests.

A comparison of small volume tests and 100 milliliter volume tests
at 500°F, has also been made, As is the case for all 500°F, oxidation
tests, quantitative measurements of the oxygen assimilated were made. Test
results for phenothiazine~inhibited di-2-ethylhexyl sebacate and a hydrogen-
ated polyolefin inhibited with phenyl=-alpha-naphthylamine at 500°F, are
shown on Tables 63 and 6l;, respectively. In each case, a range of alr rates
from 0,6 to 1.5 liters per hour are shown for the low volume test. In both
cases, the closest comparison between the conventional 100 milliliter test
and the small volume test occurs at about 0.7 liters of air per hour in the
small volume test. Agreement is quite good between the oxygen assimilated
and the property changes in both the conventional and small volume tests.
Curves for property change as a function of oxygen assimilation are shown
ag Figures 53 and 5i. Oxygen absorption as a function of air rate in the
small volume tests is shown as Figure 55. These data show dependence of
property change on oxygen assimilation.

A number of ester and hydrocarbon fluids have been evaluated with
the small volume test for 20 hours at 500°F. These fluids are compared on
Tables 65 and 66 with standard 100 milliliter tests of equivalent duration.
These data show generally good agreement between the two tests in terms of
oxygen assimilation and property changes.

These data indicate the equivalence of the small volume test and
the standard 100 milliliter test at S00°F, These small volume tests de-
termined on a quantitative basis will be run for time intervals in excess of
20 hours as well as the 20-hour test, Small volume tests of this type have
been used in a subsequent portion of this section.

a. Small Volume Oxidation Tests With Neopentyl Esters. A total of
13 experimental esters obtained from the Food Machinery and Chemical Corpo-
ration are discussed in WADC Technical Report 55-30 Part VII. Small volume
oxidation tests with these esters at 347° and at 500°F are shown on Tables
67 and 68, respectively. The tests at 3L47°F are stable life tests. These
tests were sampled approximately every three days {72 hours) because of the
limited sample size, The large volume stable life tests are generally
sampled daily in the eritical period of the stable life test., The stable
life data on Table 67 may perhaps be c¢larified by example. The sample of PRL
3688 taken after 713 hours of oxidation still indicated that the fluid was
within the induction period but the 7é6-hour sample indicated the fiuid had
brcken, The stable life is indicated to be between 713 and 766 hours. 1In
the case of PRL 3685, the fluid was still within the stable life after 901
hours. This test was discontinued because the fluid in the test had been
depleted by the periodic sampling procedure. In general, these small volume
tests adequately define the range of stable life values.

For this stable life comparison, a concentration of 0.5 weight per
cent phenothiazine is used in all of the ester fluids. As reference points
in discussing stable life, high quality dibasic acid esters, as typified by
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di-2-ethylhexyl sebacate, give stable 1life values in the range of 150 to 300
hours, while effective high quality neopentyl esters of tri- and tetra-
funetional alechols and monobasic acids give comparable values of the order
of 500 to 800 hours, Hercoflex 600 is an example of this latter group. Ex-
perimental fluids PRL 3693, PRL 3680, FRL 3681, PRL 3686, and PRL 3687 show
stable life values below 72 hours, In all cases, fairly high dirtiness
values are obtained and in three of the five cases iIncipient copper corrosion
is noted, In all cases the initial neutralization number is high. A1l of
these data suggest that for these five experimental ester samples, insufficient
refining and purification of the ester products contributes to the low wvalue
for stable life.

The remaining eight experimental ester samples all show stable life
values in the range of the high quality reference esters, The eight experi-
mental esters are believed to encompass the range in compositlons to include
dibasic acid esters and esters of monobasic acids and di- and tri-functional
alechols. In all cases, the alcohols are believed to be of the neopentyl
type. In addition to a satisfactory value for stable 1ife, these experimental
esters show good values for cleanliness and corrosion,

Values for a 20-hour small volume oxidation test at SOO F are shown
on Table 68 for di-2-ethylhexyl sebacate, Hercoflex 600, and Syntheties J-7 as
a basis of comparison for the experimental esters., The 500 F, oxidation values
for the experimental esters, in most cases, fall mto the expected range of
property changes for high quality esters., At 500°F where stable life is too
short to be a factor in oxidation and neutralization number buildup is rela-
tively rapid, there is less difference between the behavior of the experimental
esters than had been noted at 347°F,

Previous data indicated that these experimental esters exhibit good
thermal stability in the range of that shown by high quality neopentyl esters
previously evaluated., Preliminary oxidation data alsc indicate that these
experimental esters are competitive with good high quality neopentyl type
esters,

Several of the esters with indications of good low temperature
fluidity have been used for low temperature viscosity measurements. These
data are shown on Table 69. In additlon to the measured low temperature vis-
cosities, & column has been added to show the temperature at which a viscosity
of 13 00G centistockes 1s reached., Three of these esters show a potential for
-65°F operability in the turbo-jet engine. The PRL 370L sample has been
received recently and the low temperature viscosities have not yet been
measured. The extrapolated values are based on cloud and pour values and a
viscosity temperature curve paralleling fluid PRL 3688, Test fluids PRL 3688
and PRL 3704 are similar type esters believed to be dibasic acid esters of
neopentyl alecchols, Test fluid PRL 3690 is believed to be an ester of a bi-
funetional neopentyl type alecchol and a monobasic acid.

These data, coupled with the data released by the Wright Air Develop-

ment Division on the trimethylol propane esters of Celanese and Heyden-Newport,
indicate that ~65°F, esters of the neopentyl type can in fact be made from
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mono-, di-, and tri-functional alcohols, A comparison of these three ester
types would appear to be particularly desirable in the Spec, MIL-L-9236
lubricant program.

H, OXIDATION STUDIES AT LOOF, Recent developments indicate that
neopentyl esters with a well chosen additive package may gatiefactorily meet
the requirements of Spec. MIL-1L-9236, Engine tests reported by the Propulsion
Laboratory of the Wright Air Development Division indicate superior engine
performance for the Spec. MIL-1-$236 ester formulations at engine "oil-in™"
temperatures of LOO° and L25°F, Data reported in Section G of this report
show that several additive combinations, comprising in each case an oxidation
inhibitor combined with an amine (basic constituent), have been shown to be
more effective than a single inhibitor in providing stable life at 347°F  in
both conventional and neopentyl esters. Oxidation behavior of the esters is
altered at 500°F by the inhibitor combination but to a lesser degree than
noted at 3L7°F,

At S0Q°F , the additive combinations in both conventionzal and neo-
pentyl esters show only a small overall improvement in oxidative behavior over
the single oxidation inhibitor., The slight overall improvement in oxidation
results from a modest reduction in rate of oxidation at 500°F which is
partially offset by a somewhat lower oxygen tolerance for the additive combi-
nation. The quantitative oxidation differences noted in these studies were
not sufficient to preclude the use of conventional dibasic acid esters as
Spec, MIL-L-9236 fluids nor were the quantitative oxidation properties at
500°F sufficiently different to predict adeguately large differences in
operating time in a turbo-jet engine. The increased stable 1ife at 3L7°F
for the additive combination in esters is more nearly of the order of magni-
tude required to explain the differences in esters noted in the engine tests,.

A series of tests at LOO°F. have been conducted with esters to de-
termine the effectiveness of additives at this intermediate temperature, The
relative effects from stable life and oxygen tolerance should be established.
Data are available to show that esters and mineral oils, for example, differ
in their response to additives to provide stable life and oxygen tolerance
level,

A 50°F change in oxidation test temperature from 3L7° to LOO®F
has a very substantial effect on stable life, A typical relationship between
stable life and test temperature is shown in Figure 43 for a good gquality
Spec, MIL-L-7808 type fluid. The stable 1ife of the fluid is considered to
be the point at which there is a rapid increase in neutralization number with
test time, These data show a reduction in stable life from 150 hours at 347°F
to about 25 hours at LOO°F,

Stable life tests at LOO°F for di-2-ethylhexyl sebacate blends are
shown in Table 70 and Figure 56, The stable life with rhenothiazine anti-
oxidant fits the stable lifetime relationships shown in Figure L3, The
oxygen assimilated during the stable 1ife tests is shown on Figure 56. These
data show that in the case of the phenothiazine-inhibited di-Z2-ethylhexyl
sebacate, the increase in neutralization number results in an increase in rate
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Figure 52, TUBE FOR SMALL VCLUME OXIDATICN TEST
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Table 62

A COMPARISON OF SMALL VOLUME AND STANDARD OXIDATION
TEST PROCEDURES AT 347°F

TEST PROCEDURES AND TECHNIQUES (N ACCORDANGE WITH SPEC. MiL~L~7808.

TEST CONDITIONS INGLUDE: STANDARD TEST: TEST TEMPERATURE = 347 X 3°F ; TEST FLUID CHAKGE =
100 Mo.3 AIR RATE AND TEZT e AT THNDICATED; AND CATALYST = A 1~INCH SQUARE EAGH OF COPPER,
STEEL, ALUMINUM, AND MAGNES TUM.

) SMALL VOLUME TEST: TEST TEMPERATURE = 347 % 3°F 5 TEST FLUID CHARGE =
25 M.o3 AIR RATE AND TES METRS TNOTCATED; AND CATALYST = A 0.5-INCH SOUARE EACH OF COPPER,
STEEL, ALUMINUM, AND MAGNES IUM.

OXIDATION {ﬂHIE!TdE; WT.% R 1.0 PHENYL—ALPHA=NAPHTHYLAMINE - — = — — — ~ >
A HYDROGENATED A NAPHTHENIC
TEST FLUID POLYOLEF IN {M.O 712]) WHITE OIL (Mo 7273)
TEST TYPE STANDARD SMALL VOLUME STAMDARD SMALL VOLUME
AR RATE, L./HR. 5 5 5 5 1.25
TEST TIME, HRS. 283 284 168 113 165
STABLE LIFE, 4RS. (1) 263 258 137 88 128
% CoaNGE IN CENTISTOKE VISCOSITY
AT 100°F. +7 +5 +h1 +7h +23

NEUT. NO. (MG, KOH/GM. GIL)

OR1GINAL 0.1 0a1 0.1 0.1 0.1

FiNAL 3.1 3aly 2.3 3.3 2.1
STM UNION COLOR

ORIGINAL 3 2 2 2 2

FINAL =8 7 >f 8 8
WT.% 0!l TNSOLUALE MATERIAL 0.3 2.2 Ua1 0.1 002

FINAL CATALYST CONDITION
APPEARANCE

COPPER DULL DuLL DuLL BRIGHT | DULL
STEEL DULL DULL ouLL DULL DULL
ALUMINUM DULL DULL DuLL BRIGHT ' BRIGHT
MAGNES [UM DULL 8R I GHT DuLL BRIGHT | BRIGHT
Wi LOSS (Ma./$0. OM.)
GCOPPER 015 006 0.01 +0.03] 0.22
STEEL 0,06 +0.09 +0.03% 0,03, +0.12
ALUMINUM (.05 0.00 +0.02 0,00 +0.16
MAGNES TUM 0a02 013 +0.05 +0.03 | 0,00

(1} STABLE LIFE tS DEFINED AS THE POINT AT WHIGH THERE 1S A RAPID INCREASE IN NEUTRALIZATION
NUMBER WITH TEST TIME.
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Per Cent Viscosity Change at 100°F
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Table 66

COMPARISON OF STANDARD AND SMALL VOLUME CXIDATION TESTS AT 500°F

TEST PROGEJURES AND TECHNIQUES iN ACCCRUANGE WITH SPEG. MIL-L-7808.
TEST CONDITIONS INCLUDEj; STANDARD TEST: TEST TEMPERATURE = 500 % 5°F

AR RATE = 5 £ 0.5 L./HRZTTEST FLOTD CHARGE = 100 M..3 AND et
OF COPPER, STEEL, AND ALUMINUM.

MaLL VOLUME TEST 3 TEST TEMPERATURE = 500 % 5°F ; TEST TIME = 20
HOURS3 AIR RATE = 047 i’%?T‘tT?HﬂTf“TEST‘FLUlD CHARGE = 25 ML.3 AND CATALYST = A Q.5—INCH
SQUARE EACH OF COPPER, STEEL, AND ALUMINUM.

TEST TIME = 20 HOURS;
A 1~INCH SQUARE EACH

Ii e

XTOATION TNATBITOR <= — — 1.0 WEIGHT PER CENT PRENYL—ALPHA=NAPHTHAMINE- = — = —>
A NAPHTHENIC
TEST FLUID A HYDROGENATED POLYOLEFIN (MLO T12h)fl WHITE OiL (MO T273)
TEST TYPF <~ — STANDARD - ==} SMALL VOLUME  HSTANDARD | SMALL VOLUME
LiQUID CHARGED, GMSa 81 81 19 20 86 22
LIguiD LOSS, WT,% 9 10 0 0 0 2
APPROX. AMOUNT 0 SUPPLIED 6M3e (1) 26,2 | 26.2 .68 3,68 2642 3,68
APPROX. AMOUNT 05 USED, &M. (1} 5.0 | 4.3 | 1i.70 1,2h I 0.73
MOLS O USED/426 GMs. FLUID (2) 0,80 o0.72 | 1.19 1.09 0,62 0.45
% CHANGE IN GENTISTOKE VISCOSITY,
AFTER REMOVAL OF OIL INSOLUBLES, (3)
AT 100°F +1 +6 -7 -6 +70 +40
NEUT. NO. {MG. KOH/GM. OIL)
ORIGINAL 0.1 0ol 0.1 0.1 0.0 0.1
FINAL 2.0 2.3 2.8 2.9 2.9 1.
WT.% OIL INSOLUBLE MATERIAL (3) 1.1 1.3 2.1 0.8 a2 0.1
FINAL GATALYST CONGITION
APPEARANCE
COPPER DULL | DuLL | DULL | BRIGHT DULL DULL
STEEL oLt | ooulL | pull ouLL DULL ouLL
ALUMINUM DuLL DULL | DULL | BRIGHT DULL DuLL
Wr. LOSS (M3./5Q. CMa)
COPPER +0,05 1 +0.07 0.03 +3,06 0.02 0.00
STEEL +0.05 | 40,06 [+0.19 | 40.09 001 0.03
ALUMINUM +0.07 | #0.07 | 0.13 0.13 0.02 0.01

(1) APDUNT OF OXYGEN SUPPLIED CALGULATED AS FOLLOWS = AIR RATE (L./HR. AT S.T.P.) X TiME
a CONTENT {FRACTION) X 143 (GM./LITER}. AMOUNT OF CXYGEN CONSUMED DETERMINED

BY F Eoueﬁf SAMPLING OF EXHAUST GASES AND ANALYSIS FOR 0O2-

(2) THE MOLS OF O FOR i26 GRAMS OF FLUID HAS BEEN TABULATED AS A GOMYON BASIS FOR COMPARING
YHE oz.ABSORBED

(3} OIL INSOLUBLE MATERIAL IS REMOVED BY GENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COM-
PLETION OF TEST. THE OIL INSOLUBLE MATERIAL 1S WASHED WITH A LOW BOILING PETROLEUM
NAPHTHA AND DRIED BEFORE WEIGHING.
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of oxidation. The combination of 5-10-10 and phenyl-alpha-naphthylamine ( PAN)
as an inhibitor for di-?-ethylhexyl sebacate shows a somewhat different be-
havior in the stable life tests. The neutralization number increases steadily
but without a sharp break point. The oxygen assimilated during this stable
life ranges from 2 to 5 per cent of the available oxygen. Oxygen assimilation
values for the phenothiazine-inhibited di-2-ethylhexyl sebacate are of the
order of 9 to 12 per cent following the break point in the stable life curve,

It would appear that the principal effect of the inhibitor combi-
nation in the ester base stock is to reduce the oxygen assimilation and
thereby extend the sc called stable life period. Preliminary quantitative
oxygen assimilation data at 37°F show a small but measurable rate of oxygen
assimilation during the induction period or stable 1life of the inhibited
esters, TIn the case of the LOO®F stable life test with 5-10-10 and PAN in
gi-2-ethylhexyl sebacate, the producticn of sludge is relatively high despite
the relatively low rate of oxidation., This behavior appears to be consistent
with the behavior at 500°F where a reduced oxidation rate but relatively
poor oxygen tolerance values are noted,

Stable 1ife tests at LOO°F have been conducted with three neopentyl
esters using phenothiazine and combinations of inhibitors. These data are
presented on Table 71 and Figures 57, 58, 59, 60, and 61, The three neo-
pentyl esters evaluated include a pentaerythritol ester Hercoflex 600 (MLO
706l), a dipentaerythritol ester Synthetics J-7 (MLO 7023), and a trimethylol
propane ester (MLO 738L). In fluids MLO 706l and MLO 7023, the effect of
phenothiazine alone and a combination of 5-10-10 or phenothiazine with phenyl-
alpha-naphthylamine are compared. In both esters the phenothiazine inhibitor
is less effective in controlling neutralization number and oxygen assimilatlon
than is the combination of inhibitors. The neutralization number exhibits a
typical inductiocn period for the neopentyl esters with the combination in-
hibitors, It is noteworthy that the oxygen assimilation rate does not follow
the neutralization number curve for the case of the combination inhibitors.
The oxygen assimilation rate remains low for the entire test period suggesting
the continued effect of the additive combination on oxidation rate after the
apparent induction pericd.

The effects of phenothiazine-PAN, and 5-10-10-PAN combinations are
compared in the MLO 7023 neopentyl ester. The effects of these two oxidation
inhibitor combinations, as shown on Table 71 and Figures 56 and 60, are es-
sentially identical from the aspects of oxidation rate and property changes.

A comparison of the additive combination 5-10-10 and PAN in MLO
7023, MLO 706l and MLO 738k suggests the same overall effectiveness of the
inhibitor c¢ombination and only very minor property differences due to the
specific ester siructure., In general, previous studies of ester oxidation
have shown similarities for esters of similar structures, On this basis,
oxygen tolerance at SO00°F appears to be of the same order of magnitude for
the neopentyl esters and the dibasic acid esters., At 347°F , the stable life
values of the neopentyl esters appear tc be somewhat longer than the comparable
values for the dibasic acid esters. These preliminary stable life data at
LOO®F indicate that there nay be differences between the dibasic acid esters
and neopentyl esters evaluated similar to those noted at 347°F.
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Three tests shown on Table 71 have been conducted at LOOCF
without metal catalysts. These tests show that oxidation does occur at aboub
the same rate without metal catalysts, Property changes such as viscosity
and sludge may be intensified by the presence of metal while in some cases
neutralization number may be reduced by the presence of metal, It is im-
portant to note that the complete removal of metals would not drastically
change the lubricant 1ife picture in this LOO°F temperature range.

1. A LOO°F Oxidation Test Procedure. The preliminary LOO°F
stable life tests indicate significant trends in oxidation but do not show
readily definable stable 1life values, For these reasons, comparative tests
emphasizing property changes in a given time are preferred to stable life
tests, A 168-hour test described in WADC TR 55-30 part VII has been used
for this LOO®F evaluation, The procedure is a modification of the Spec,
MIL-1-7808 type oxidation tests used by this Laboratory. The test is con-
ducted at a test temperature of LOO°F and an air rate of five liters per
hour in the presence of copper, steel, aluminum, and magnesium catalysts. A
fluid charge of 125 milliliters is used., A 25-milliliter sample is taken
after 72 and after 120 hours test time and the remaining 75 milliliters is
used for the final property evaluations after 168 hours., Using this procedure,
a gingle test yields data indicative of the extent of oxidation for three test
times.

Tests of the extended 168-hour type at LOO°F for di~2~ethylhexyl

sebacate (MLO 7112) and a trimethylol propane ester (MLO 7427) are shown in
Tables 72, 75, and 76. Each ester has been evaluated with phenothiazine alone
and with combinations of phencthiazine or 5-10-10 with Primene 81R or PAN,
In both esters, the phenothiazine-PAN and 5-10-1C-PAN combinations appear to
be about equal in effectiveness and superior to phenothiazine alone or phenoc-
thiazine and Primene 81R, A consistent problem in these 4JOO°F. tests is the
corrosicn of magnesium. Magnesium corrosion problems have been noted in all
ester oxidation studies conducted at temperatures in excess of 347°F,

The LOO®F, oxidation tests have been repeated for esters MLO 7112
and MLO 7L27 without magnesium. The results of these tests are shown in
Tables 73 and 77. A comparison of the data show some indication that fluids
showing excessive magnesium corrosion exhibit improved oxidation character-
istics when the magnesium is removed from the system, In cases where only
moderate magnesium corrosion was noted, the absence of magnesium did not
materially improve the properties of the oxidized fluid. The properties
affected by the presence of magnesium are viscosity change and sludge formation.
The esters containing phencthiazine alone and combinations of phenothiazine
and Primene B1R show a sensitivity tc the presence of the magnesium,

The oxidation tests using steel, copper, and aluminum metal catalysts
show the increased effectiveness of the additive combinations over phenothia-
zine alone in both ester base stocks. In the MLO 7112 ester, the additive
combination acts pirimarily to lower sludge formation. The primary change noted
in MLO 7427 ester for the combined inhibitors compared with phenothiazine is in
the viscosity increase value.
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One of the limitations of this extended oxidation test at LOO°F is
the lack of sludge values on the intermediate (72- and 120-hour) samples.
Several of the samples shown on Tables 72 through 76 have been evaluated for
sludge in the intermediate as well as the terminal sample. The sludge values
from Table 73 plotted as a function of time indicate that several trends may
be found. Several examples of three trends may be observed from these
measurements which show (1) a steady rate of sludge formation throughout the
test, (2) a low rate of sludge formation followed by a high rate of sluding
(induction period curve), and (3) a high rate of sluding followed by a period
of essentially no additional sludge formation. The fluids are well stirred
during the oxidation which should result in a representative sample, However,
sludges which coat the walls and metal specimens or those that settle rapidly
are not adequately represented in the two preliminary samples.

Before a true picture of the sludging may be obtalned, it will be
necessary to run a series of cocurrent oxidation tests so that sludge values
in all cases will be determined on the terminal samples. This additional
testing is of increasing importance in view of the relatively small differences
noted between ester types and additive combinations.

2, Effect of Dispersant Acryleid and Dialkyl Acid Phosphite Lubri-
city Additives on [j0O0™F, Oxidation Tests., A dispersant Acryloid has been
shown to be effective at 37 and F00°F in reducing the sludge in oxidation
tests, The effects of a dispersant Acryloid on MLO 7112 and MLO 7427 con-
taining various inhibitor combinations are shown on Tables 7L and 78,
respectively. The comparisons with fluids not containing Acryloid are shown
on Tables 73 and 77. Generally, the use of a dispersant Acryloild increases
the copper corrosion value somewhat and decreases the sludge value, The
viscosity change is significantly affected, resulting in a decrease or very
1ittle increase in all cases, The viscosity decrease is primarily a thermal
effect, Data are presented in Table 79 illustrating the thermal effect on
viscosity, neutralization number, metal corrosion, and sludge for a 168-hour
test at LOO°F wunder a nitrogen atmosphere, These data show a viscosity
change pattern similar to that shown by the LOO°F oxidation test on the same
fluid eomposition.

The use of a dialkyl acid phosphite has proven beneficial in in-
creasing load carrying ability of the ester fluids in gear testers. The
dialkyl acid phosphites, in scme cases, cause increased oxidative deterioration
in ester fluids. This is particularly true of SOOOF oxidation tests., The
results on Tables Ti and 78 at LOO°F in the presence of a dispersant Acryloid
illustrate this adverse effect on fluid dirtiness by the dialkyl acid phosphite.
It should be noted that one exception to the increased dirtiness trend in the
presence of the dialkyl acild phosphite is the test results for the blend of
MLO 7112 containing phenothiazine-Primene 81R-dispersant Acryloid and dialkyl
acid phosphite, This composition, in fact, remained as clean in the 168-hour
test as any of the MLO 7112 fluid formulations tested without the dialkyl acid
phosphite,
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As moted in Table 74, these results have been confirmed by a check
determination, In addition, the MLO T7.27 blend containing phenothiazine-
Primene 81R-dispersant Acryloid and dialkyl acid phosphite shows evidence of
Yow siudge values in the 72- and 120-hour samples. The sludge value after
168 hours is high indiecating a rapid change in product character after an
induction period in which only minor cthanges occurred, These data tend to
confirm the 347° and 500°F data for various ester and additive combinations.,
That is, specific additive combinations may substantially alter the properties
of the ester base stock.

Data for a second trimethylol propane ester are presented in Tables

80 and 81. These data compare directly with data for MLO 7127 trimethylol
propane ester shown onm Tables 75 amd 78. A critical comparison of the two
trimethylol proparne esters indicates less dirtiness but more viscosity in-
crease for MLO 7364 than for MIO 7427. The incremental improvement of the
additive combinations over phenothiazine alone appears to be somewhat less
for the MLO 738L than for MLO 7427. “Ptre effect of dispersant Acryloid in
rﬁducing sludge in finished formulations is greater in MLO 738L than in MLO
TheT.

Data at LOO°F with various additives in a dipentaerythritol ester
MLO 7023 are shown in Table 82. These data indicate a gimilarity in oxi-
dative behavior for MLO 7023 and the two trimethylol propane esters, There
is more indication of viscosity increase and less sludge noted for the neo-
pentyl esters prepared from monobasic acids than have been found in the
dibasie acid esters,

3. Small Volume LOO°F, Oxidation Tests. In several cases, the
quantities of experimental esters were inswiiicient to conduct LOO°F oxi-
dation tests with a number of additives., The small volume test described
in Section G-1 of this report for use at 347° and 500°F has been tailored
to fit the severity of tests at LOO°F., The small volume test uses a small
tube to duplicate the fluid height for 25 milliliters charge in the small
volume test with 100 milliliters of fluid in the econventional 3L7° or 500°F
test. On this basis, an air rate of 1.25 liters per hour is used in the
small volume test along with a one-half-inch square each of steel, copper,
and aluminum metal catalysts. Data comparing the conventional and small
volume tests at LOO“F are shown on Table 83, Comparisons are shown between
conventional and small volume tests which indicate that, in general, the
small volume tests are somewhat more severe than the larger volume tests.
However, good general agreement is indicated. The correlations between tests
with and without magnesium is alsoc good.

I, DPANEL COKER STUDIES. The development of the controlled atmos—
phere panel coker is described in WADC TR 55-30 part V. The use of the
controlled atmosphere panel coker substantially enhances the value of the
panel coker to predict high temperature dirtiness for a wide variety of
fluid types. Techniques for quantitatively measuring the oxygen assimilated
in the controlled atmosphere panel coker are described in WADC TR 55-30 part
Vil, The quantitative evaluation of oxygen assimilation provides some insight
into the mechanism of oxidation on or in the vicinity of hot metal surfaces.
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Table 70

OXIDATION STABILITY OF SOME ESTERS AT 4OO°F

TEST PROCEDURES AND TECHNIQUES IN AGCORDANGE WITH SPEC. MiL—L-7808.

TEST GONDITIONS INCLUDE: TEST TEMPERATURE = L400 ¥ 4°F 3 TEST TIME AS INDICATED; AIR RATE =

5% 0,5 L./HR.; TEST FLUID CHARGED = 100 M..3 AND CATALYSTS = A 1-INCH SQUARE EACH OF COPPER,
STEEL, ALUMINUM, AND MAGNESIUM.

ADDITIVE DESIGNATIONS :

PTZ
5=10-10
PAN

nool

PHENOTHIAZ INE
5=ETHYL=10,10-01 PHENYLPHENAZAS IL INE
PHENYL—AL PHA=NAPHTHYLAMI NE

TEST FLUID D1-2=-ETHYLHEXYL SEBACATE (MLO T112 TRIMETHYLCL PROPANE
( 712) ESTER SPLO 758u&
OXIDATION INHIBITOR, WT. % 0.5 PTZ 1.0 51010 + 2.0 PAN 1.0 5=10-10 + 2.0 PAN
TEST TIME, HRS. 48 142 185
% CHANGE IN GENTISTOKE VISCOSITY
AT 100°F +19 +16 +85
NEUT. NO. (MG. KOH/GM. OIL)
ORIGINAL 0.1 0.1 03
FINAL 14.2 7ol 6.0
ASTM UNION COLOR
ORI G INAL 2 3-1/2 2
FINAL >f >8 >B
WT. % OIL INSOLUBLE MATERIAL 1.0 643 1.3
FINAL CATALYST CONDITION
APPEARANGE
COPPER CORRODED CORRODED CORRODED
STEEL puLL COATED puLL
ALUMINUM COATED COATED BRIGHT
MAGNES UM puLL CDRRODED CORROOED
Wi. LOSS {MG./SQ. CM.)
COFPER 0,32 0.l5 0439
STEEL 0.05 0.1§ 0.02
ALUMINUM +0.12 0.16 +0a02
MAGNES UM 0,09 19,17 13.87
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Table 72

EFFECT OF ADDITIVE COMBINATIONS ON THE OXIDATICN AND CORROSION
CHARACTFRISTICS OF DI-2=-ETHYLHEXYL SEBACATE AT 400°F

TEST PROGECURES AND TECHNIQUES IN ACCORDANGE WITH SPEC. MiL-L-7808.

AIR RATE =5 % 0.5 L./HR.3 TEST TIME =

TES] CONDITICNS INCLUDE: TEST TEMPERATURE = 400 £ L°F
A 1-INCH SQUARE EACH OF COPPER, STEEL,

3
168 HOURS; TEST FLU!D CHARGED = 125 ML.3 AND CATALYSIS
ALUMINUM, AND MAGNESHUM.

ADDITIVE DESIGNATION: PTZ = PHENOTHIAZINE
5,10,10 = 5-ETHYL.=10,10=DIPHENYLPHENAZAS IL INE
PAN = PHENYL~AL PHA=NAPHTHYLAMINE
PR-B1R = PRIMENE=BIR, A PRIMARY AMINE

TEST FLUID < o o Dj=2-ETHYLHEXYL SEBACATE (MLO T112)= = = = =
OXIDATICN INHIBITOR, WI. % === L0 PTZ = => < = 1.0 PTZ + 240 PAN =
SAMPLE T¢ME, Hours (1) 72 | 120 168 12 120 168
% GHANGE IN CENTISTOKE VISCOSITY (2)
AT 100°F +11 +46 S0LID +9 +29 +50
NEUT. NO. INCREASE {MG. KOH/GM. OJL) 10,6 | 20.} 2703 4.8 | 15.5 25,9
ASTM UNION COLOR
OR 1 G1NAL 2 - - 5;E/2 - -
FINAL >8 =8 >0 =8 >
WTe % OfL INSOLUBLE MATERIAL - - ' souinf2) - - 1.}
FINAL CATALYST CONDITICN
APPEARANCE
COPPER - - ouLL - - | CORRODED
STEEL - - COATED - - COATED
ALUMINUM - - CCATED - - COATED
MAGNES | UM - ~ | CORRODED - -~ | corropED
WT. L0SS (MG./5Q. CMa)
GOPPER - - 0a1 - - 0.27
STEEL 40,1 - - +0.20
ALUMINUM +o,1% - - +0. 31
MAGNES | UM 25.0 - - | 1.0
(1) APPROXIMATELY 25 MiLLILITERS OF TEST FLUID WERE WITHDRAWN FROM THE TEST TUBE AT 72 AND AT

120 HOURSs
{2) PRODUCT WAS AN INTIMATE MIXTURE OF OX1DIZED FLUID AND SOLIDS WHIGH COULD NCT BE SEPARATED
WITHOUT DILUTION.

(TABLE CONGLUDED ON NEXT PAGE)
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Teble 75

EFFECT OF ADDITIVE COMBINATIONS ON THE OXIDATION AND CORROSION
CHARACTERISTICS OF A TRIMETHYLOL PROPANE ESTER AT 400°F

TEST PROGEDURES AND TECHNIQUES IN AGCORDANCE WITH SPEC. MiL-L~7808

TEST GOND!TIONS INGLUGE: TEST TEMPERATURE = hoo X L°F 3 TEST TIME = 168 HOURS; AIR RATE =
5 % 0a5 Lo/HRe3 TEST FLUID CHARGED = 125 M.o3 AND CATALYSTS = A 1—INGH SQUARE EACH OF COPPER,
STEEL, ALUMINUM, AND MAGNESIUM.

ADDITIVE DESIGNATION: PTZ = PHENOTHIAZINE
5,10,10 = 5-ETHYL=10, 10~PHENYLPHENAZAS [L INE
PAN = PHENYL-ALPHA-NAPHTHYLAMINE

PR-81R = PRIMENE-B1R, A PRIMARY AMINE
TEST FLUID < = — — A TRIMETHYLOL PROPANE ESTER {MLO 7}27)= = = = = >
OXIDATION INHIBITOR, Wl. % <= w=1,0 PTZ = - ~-> < = 1,0 PTZ + 2,0 PAN - >
SAMPLE TIME, HOURS (1) 72 | 120 168 72 120 168
% CHANGE N CENTISTOKE VISCOSITY
AT 100°F +17 +39 +80 +18 +18 +26
NEUT. NO. INGREASE (MG. KOH/GM. OIL) 3ah 9.1 16.7 1.8 1.1 5.5
ASTM UNION GOLOR
ORIGINAL 1 - - 3~%/2 - -
FINAL =B > =8 > >B =8
WT« % 0L INSOLUBLE MATERIAL - - 140 - - 1.6
FINAL CATALYST CONDITION
APPEARANGE '
COPPER - - CORROBED - - CORRODED
STEEL - - GOATED - - COATED
ALUMINUM - - COATED - - COATED
MAGNES UM - - CORRODED - - COATED
WT. LOSS (MG./SQ. CM.)
COPPER - - 0.67 - - 0.35
STEEL - - 40022 - - +o.E7
ALEMINUM - - +0a23 - - 0.53%
MAGNES I UM - - 1,63 - - l +0.30
] |

(1} APPROXIMATELY 25 MILLILITERS OF TEST FLUID WERE WITHDRAWN FROM THE TEST TUBE AT 72 HOURS
AND AT 120 HOURS TEST TIME.
(TABLE CONCLUDEB ON NEXT PAGE)
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Table 78 {(Concluded)
EFFECT OF DISPERSANT ACRYLOID ON THE OXIDATION AND CORROSION

CHARACTERISTICS OF VARIOUS ADDITIVE COMBINATIONS IN A TRIMETHYLOL
PROPANE ESTER AT 400°F

TEST PROCEDURES AND TECHNIQUES IN ACCORDANGE WITH SPEG. MIL—L-7808

TEST CONDITIONS INCLUDE: TEST TEMPERATURE = h0O X 4°F § TEST TIME = 168 HOURS: AIR RATE =

5% 0.5 Lo/HR.3 TEST FLUID CHARGED

STEEL, AND ALUMINUM.

ADDITIVE DESIGNATION: Pz
51010

PAN

PR-81R

DAP

1§

PHENOTHIAZ INE
5-ETHYL=10,10-D I PHENYLPHENAZAS IL INE
PHENYL~ALPHA-NAPHTHYLAMINE
PRIMENE-B1R, A PRIMARY AMINE

01 ISOPROPYL AGID PHOSPHITE

=125 M..3 AND CATALYSTS = A 1—INCH SQUARE EACH OF COPPER,

TEST FLUID
DISPERSANT, WT. %

30 WT.% AGTIVE

< = == A TRIMETHYLOL PROPANE ESTER (M.O 7127} = = - = >
< — = 5.0 DISPERSANT ACRYLOID SOLUTION (PRL AC333), ~ — >

OXIDATION INHIBITOR, WT. % @ | € - cmm e m 100 521010 + 2,0 PAN = = = = = = = = >
LUBRICITY ADDITIVE, WT. % MONE - - = > < == 0.25 DAP = = = >
SAMPLE TIME, HOURS (1) 120 168 72 120 168
% CHANGE IM CENTISTOKE VISCOSITY
AT 100°F -15 + +29 +30
NEYT. NO. INCREASE (MG.KOH/GM
0iL) 1.6 3.1 2.5 2.} a7
ASTM UNION COLOR
ORIGINAL - - 2 - -
FINAL >8 >8 >8 >8 >§
WT. % OIL INSOLUBLE MATERIAL 0.1 043 2.4 k.8 8.5
FINAL CATALYST CONDITION
APPEARANCE
COPPER - CORRODED - - CORRODED
STEEL - - ouLL - - DULL,
ALUMINYM - BRIGHT - - DULL
WT. L0SS (M&./5Q. CM.)
COPPER - 069 - - 1.60
STEEL - 0,00 - - 40,01
ALUMINUM - 0002 - - 0.02
(1) APPROXIMATELY 25 MILLILITERS OF TEST FLUID WERE WITHDRAWN FROM THE TEST TUBE AT T2 HOURS

AND AT 120 HOURS TEST TIME.

(2) FINAL PRODUCT WAS ON INTIMATE MIXTURE OF TEST FLU|D AND SOLIDS AND COULD NOT

WITHOUT DILUTION.

193
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Table 79

THERMAL STABILITY BEHAVIOR OF A DIBASIC ACID ESTER BLEND
CONTAINING A DISPERSANT ACRYLOID

TEST COMDITIONS tNCLUDE: TEST TEMPERATURE = 400 + L°F $ TEST TIME = 168 HOURS.

TEST WAS CONDUGCTED N GLASS TEST TUBE USING A 125-GRAM CHARGE OF TEST FLUID. THE TUBE 1§
SEALED WiTH A U-TUBE CONTAINING APPROXIMATELY 3 ML. OF TEST FLUID. THE SEAL ALLOWS PASSAGE
OF GAS OUT OR AYR N W|TH PRESSURE CHANGES GREATER THAN L INGCHES OF FLUIO3 APPROXIMATELY
0,25 L8./SQ. IN. PRIOR TO THE START OF THE TEST, THE VOLUME OF THE SEALED TUBE IS REPLAGED
APPROXIMATELY |y TIMES WITH NITROGEN. THE NITROGEN 1S INTRODUCED AROVE THE SURFAGE OF THE
TEST FLUID BY MEANS OF A SEALED-IN CAP|LLARY TUBE.

TEST FLUID
BASE STOCK D1=2—ETHYLHEXYL SEBACATE
OX1DATION INHIBITOR, WT.% 1.0 PHENOTHLAZ INE + 2,0 PHENYL—ALPHA-NAPHTHYLAMINE
DISPERSANT ACRYLOID, WT.% 5.0 DISPERSANT ACRYLOID SOLUTION (PRL Ac333), 30 WT.% ACTIVE
SAMPLE TIME, HOURS {1) 72 120 168
% CHANGE N GENTiSTOKE V!SCOSITY
AT 100°F -10 =12 -1
NEUT. NO. TMCREASE
(MG. KCH/GM, DIL) 0.0 0.1 0,3
WT.% OtL INSOLUBLE MATERIAL - - TRACE
FINAL CATALYST GONDiT!ON
APFEARANCE
COPPER - - BRIGHT
STEEL - - auLL
ALUMINOM - - BRIGHT
Wr. L0SS (M3./3Q. om.)
COPPER - - 0,02
STEEL - | - 0,01
ALUMINUM - - +0,05

(1) APPROXIMATELY 25 MILLILITERS OF TEST FLUID WERE WITHORAWN FROM THE TEST TUBE AT T2 HOURS
AND AT 120 HOURS TEST TIME,
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Table 80

EFFECT OF ADDITIVE COMBINATIONS ON THE OXIDATION AND CORROSION CHARAGTERISTICS
OF A TRIMETHYLOL PROPANE ESTER AT LOO°F
TEST PROCEDURES AND TECHNIQUES IN ACCORDANCE WITH SPEC. MIL-L-7808,

TEST CONDITIONS INCLUOE: TEST TEMPERATURE = 40O + 4°F 5 TEST TIME = 168 HOURS3 AIR RATE = 5 + 0,5
L./kR. TEST FLUID CHARGED = 125 ML.j CATALYSTS = A 1-INCH SQUARE EACH OF COPPER, STEEL ,ALUMINUM,

AND MAGNEStUM.
ADDITIVE DESYGNATION: 5-10-10

5-ETHYL-10,10-D} PHENYLPHENAZASILINE

PTZ = PHENOTHIAZINE
PAN = PHERYL—ALPHA-NAPHTHYL AMINE
PR-B81R = PRIMENE-B1R, A PRIMARY AMINE
TEST FLUID < = = — A TRIMETHYLOL PROPANE ESTER (MLO 738L) - - - >
OX1DATION INHEBITOR, WI.% < e =1, 0PTL = - = o> <-1.0 PIZ + 2,0 PAN = —>
SAMPLE TIME, HOURS (1) 72 120 168 72 120 168
% CHANGE IN CENTISTOKE VISCOSITY
AT 100°F +37 +58 +387 +48 +55 +60
NEUT. NO. INCREASE (M&. KOH/BM. OIL) 2.7 6.2 9.9 1.5 1.7 2.9
ASTM UN1OK COLOR
ORIGINAL 1 - - 31/2 - -
FINAL =8 >8 >8 =B >8 >8
WT.% OIL INSOLUBLE MATERIAL - - 1.2 - - 0.7
FINAL CATALYST CONDITION
APPEARANGE
COPPER - - CORRODED - - CORRODED
STEEL - - DULL - - pULL
ALUMTNUM - - DULL - - DULL
MAGNES UM - - CORRODED - - DULL
WT. LOSS (MG./SQ. CM.)
COPPER - - 6.6) - - 0.79
STEEL - - 0,01 - - 0.02
ALUMINUM - - 0,02 - - +0.0g
MAGNES | UM - - ] 10.95 - [ - 0,0

{(TABLE CONCLUDED ON NEXT PAGE)
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Table 81

FFFECT OF A DISPERSANT ACRYLOID ON THE OXIDATION AND CORROSION
CHARACTERISTICS OF ADDITIVE COMBINATIONS IN A TRIMETHYLOL PROPANE ESTER AT LOQ°F

TEST PROGEDURES AND TECHNIQUES IN AGCCORDANCE WITH SPEC, MIL-L-7B808,

TEST CONDITAONS INCLUDE: TEST TEMPERATURE = k0O + L°F ; TEST TIME = 168 HOURSg AIR RATE = 5 +0,5 L./HR.;
TEST FLUID CHARGED = 125 ML.§ AND CATALYSTS = A 1-INCH SQUARE EACH OF COPPER, STEEL, AND ALUMINUM,

ADDITIVE BESI1GNATION: 5-10-10 = 5~ETHYL-10,10-01PHENYLPHENAZASILINE
PAN = PHENYL—-ALPHA=-NAPHTHYLAMINE
DAP =D||SOPROPYL AGID PHOSPHITE

r—
TEST FLUID I A TRIMETHYLOL PROPAME ESTER (MLO 738}) -~ -~ - - ->
DISPERSANT ACRYLOID, WT.% 5.0 DISPERSANT ACRYLOID SOLUTION (PRL Ac 333), 30 WT.% ACTIVE
OXIDPATION INHIBITOR, WT.% € e - - 1.0 5=10-10 + 2,0 PAN= = = = = = = = _ = _ >
LUBRICITY ADDITIVE, WT.% € e NONE — = = = > < e = 025 DAP - =~ >
SAMPLE TIME, HOURS (1) 72 120 168 72 120 168
% CHANGE YN CENTISTOKE VISCOSITY
AT 100°F + +20 +32 +37 7 +56
NEUT. NO. INGREASE (MG. KOW
GM. OIL 1.2 1.8 .Y 3.8 .9 7.8
ASTM UN1ON COLOR
ORIGINAL 3 - - 3 - -
FINAL >8 >8 [ =§ >8 >8 ]
WT.% OIL INSOLUBLE MATER1AL TRACE 0.1 l 0.2 2,0 2,0 2.0
FINAL CATALYST CONDITION
APPEARANGE
COPFER - - CORRODED - - GORRODED
STEEL - - puLL - - DULL
ALUMINUM - - BRIGHT - - BRIGHT
Wr. LOSS (M&./SQ0. CM.) |
COPPER - - 0,68 - - a7
STEEL - - 0.0 - - +0, 05
ALLMINUM - l - 0.05 - - 0,02

(1) APPROXYMATELY 25 MILLILITERS OF TEST FLUID WERE WITHDRAWN FROM TEST TUBE AT 72 AND AT 120 HOURS
TEST TIME.
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Table 83 (Concluded)

A COMPARISON OF SMALL VOLUME AND STANDARD
OXTDATION TEST PROCEDURES AT LOO°F

TEST PROGEDURES AND TECHNIQUES §N ACCORDANCE WITH SPEC. MIL-L-T808,

TEST CONDITEONS INCLUDE: STANDARD TEST: TEST TEMPERATURE = 400 :h'F_l TEST FLUID CHARGE = 100
ML,3 AIR RATE = 5+0,5L.7AN.3 TTME = 168 HRS.$ AND CATALYST = A™1—INCH SQUARE EACH OF COPPER,
STEEL, ALUMINUM, AND MAGNESIUM,

ﬁ?{}H$XQL“”£-Iﬁﬁ}‘ TEST TEMPERATURE = L0O +°F § TEST FLUID GHARGE = 25
M..s AIR RATE = 1,25+0,1 C, /HR,§ TIME=/16B HRS .3 CATALYST = A 0,5-1NCH SQUARE EAGH OF COPPER,
STEEL, ALUMINUM, AND MAGNESItM,

ADDIHVE SYMBOL: o PTZ = PHENOTHIAZINE
5-10-10 = 5-ETHYL-10,10-D1PHENYLPHENAZASILINE
PAN. = PHENYL—ALPHA-NAPHTHYLAMINE
PR-81R = PRI{MENE-B1R, A PRIMARY AMINE

P
TEST FLUID < — — ~A TRIMETHYLOL PROPANE ESTER (MLO Th27)- - - >
OX10ATION INHIBITOR, WI.% 1,0 5-10-10 +.2,0 PR-81R $.0 5-10-10 + 2.0 PAN
SMALL SMALL
TEST TYPE STANDARD VOLUME STANDARD VOLUME
% CHANGE IN GENTISTOKE VISCOSITY
AT 100°F +H0 +38 +23 +]
MEUT. NO. {M8. KOH/GM. O1L)
ORIGINAL 0a1 0,1 0.1 0.1
FINAL 3,2 Te3 b5 12.0
ASTM UNION COLOR
OR1GINAL 1 1 31/2 31/2
FINAL >8 >8 >8 >§
WT.% OHL INSOLUBLE MATER1AL 0.7 0.8 1.1 1.7
FINAL CATALYST CONDSTION
APPEARANGE
COPPER DULL GORRODED DULL BULL
STEEL COATED DULL COATED pULL
ALUMINUM GOATED GOATED GOATED DULL
MAGNES | UM - - CORRODED DULL
WT. LOSS (MG./5Q. CM.)
COPPER 0.12 0,31 0,13 0.22
STEEL +0.33 +0,09 +0,32 +0.26
ALUMINUM +0,22 +0, 38 +0,28 0,00
MAGNES LM - - 0.29 +0,03
|
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Preliminary guamtitative oxidation studies in the controlled atmosphere panel
coker suggest a number of trends concerning oxidation rate and oxygen toler-
ance based on deposits on the metal surface.

(1) Panel deposits at 600°F are not a direct function of the
amount of oxygen assimilated by the different fluid types,

(2) For a given fluid type, oxidation rate is increased with in-
creasing fluid volatility.

(3) Under comparable conditions, aromatic hydrocarbons oxidize
at a substantially lower rate than do the paraffinic and naphthenic mineral
oils,

(4) The oxygen assimilation with all fluids evaluated tends to
increase with inereasing panel temperature,

(5) Increasing the panel temperature from 600° to 700° or 750°F
for a paraffinic mineral oil increases the oxygen assimilated but may
actually decrease the total deposit.

(6) The inhibitor in Spec, MIL-L-7808 fluids appears to be ef-
fective in limiting oxygen assimilation at 600°F panel temperature but
ineffective at 700°F and higher panel temperatures.

Additional studies have been conducted to amplify these preliminary
findings.

1. Comparison of Paraffinic and Naphthenic Mineral 0il Formulations
in the Controlled Atmosphere (C.A,) Panel Coker. Several naphthenic and
paraffinic mineral oil formulations representing different refining techniques
and additive packages are shown in Table 8L4. Formulations MLO 7360, MLO 7295,
MLO 7296, and MLO 7341 are prepared with super-refined stocks. The remaining
three fluids MO 7361, MLO 7362, and MLO 7339 have been prepared with con-
ventionally-refined stocks, The formulations including phenyl-alpha-naphthyl-
amine as the antioxidant, silicone antifoam additive, and Acryloid dispersant
represent an effective additive package for mineral oils designed for use under
severe oxidative conditions. Previous data discussed in WADC TR 55-30 part VII
indjcate that this additive package in mineral oils appears to be relatively
effective in bulk oil oxidation tests,

Ccking tendencies of these mineral oil formulations are shown on
Table 85 for the Model C coker at 600°F and the controlled atmosphere ccker
at 700°F, Both neutral formulations (78 to 120 cs. at 100°F ) and bright
stoek formulations (360 and 415 es. at 100°F ) are shown for each of the
mineral oil types, For the same viscosity level, the paraffiniec formulations
exhibit lower coking values than the naphthenic formulations in the C.A,
coker, It should be noted that there is no close correlation between the
values for the paphthenic formulations between the Model C coker at 600°F and
the C.A. ccker at 700°F,
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In general, the addition of polar additives to a mineral oil
formulation tends to increase ccke deposit, The relationship between MLO 7273
{naphthenic mineral cil base stock) and the formulation MLO 7360 which is
formulated from this base stock illustrates this trend in both cckers. A com-
parison of MLO 7360 with MLO 7361 or MLO 7341 with MLO 7339 illustrates for
the naphthenic and paraffinic series the improved coking values obtained by
using super-refined stocks as base stocks,

2, Fffect of Fluid Volatility on C.A. COKER VALUES, The volatility
of mineral oil fluids has been shown tc affect panel ccker values, These data
have been discussed in WADC TR 55-30 part V. The mineral oils used in these
previous studies had beiling ranges of 200°F or greater, As a part of the
super-refining program, narrow boiling mineral oil fractions have beccme
available by this Laboratory for further evaluation in the panel coker., These
narrow boiling fractions have & beiling range between 10 and 90 per cent dis-
tilled of the order of 25°F or less, These fractions tend to optimize
viscosity-volatility relationships for the specific mineral oil type.

A number of these narrow boiling fractions from a variety of paraf-
finic and naphthenic neutrals have been evaluated in the C, A, panel coker at
700°F, as shown in Table B6. The coke deposit is represented graphically as
a function cf boiling point of the narrow boiling fractions in Figure 62,

The oxygen assimilated in these tests has been measured guantitatively, These
data show decreased coking tendencies with increasing beiling point.

Extremely large amounts of ccke are noted for both paraffinic and
naphthenic mineral oils boiling below 725°F. These materials would be ex-
pected to provide large amounts of hydrocarbon vapor in the immediate vicinity
of the test panel. In every case of high volatility fluids with excessive
coking, the oxygen assimilated is substantially lower than with the higher
bolling fluids which exhibit low coke values. Prior tc oxygen assimilation
measurements, vapor phase oxidation at an increased rate was suggested as the
reason for excessive coking, These quantitative oxidation data suggest that
the presence of large guantities of vapor in the vicinity of the panel actu-
ally reduces the oxidation reaction cecurring.

Buik o0il oxidation tests show that adequately mixed air and vapor
at elevated temperatures react to use larger quantities of oxygen than for a
mixture of liguid and air at the same temperature, In the panel coker, the
vapors from the hot panel may act to reduce the quantity of air in contact
with the hot oil, thereby lowering the total oxygen assimilated, The oxygen
tolerance of these volatile mineral oils is drastically reduced as indicated
by the coke deposit,

The coke depcsit appears to decrease slowly with increasing boiling
point from 750° to 925°F, The values for fractions from four paraffinic
neutrals all appear to fit on a common curve as shown on Figure 62. The data
for the naphthenic mineral oil fractions show the same general relationship
to the paraffinic mineral oil fractions as that shown previously for wide
boiling range mineral oils,
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3. Effect of Cadmium Diamylidithiocarbamate on Coking Tendencies,
One of the most effective high temperature oxidation inhibitors in super-
refined mineral oils is cadmium diamyldithiocarbamate (PRL 3666)., The
additive, PRL 3666, is supplied as a 50 weight per cent solution of the active
ingredient in a mineral oil solvent, Oxidative and thermal tests of blends
containing PRL 3666 show a tendency to form a yellow solid material at temper-
atures above 50C°F, In oxidation tests at 50C°F s these solids can effectively
be dispersed with Acryloid 917. The effect of PRL 3666 in mineral oil and
ester blends has been evaluated in the Model C and C.A, panel cokers at 60C°
and 7OO°Fo The results of these studies are shown in Table 87.

The addition of the PRL 3666 additive to both the mineral oils and
ester results in a substantial inerease in ccke deposit at all test conditions.
There was evidence of a yellow deposit in the coke lay down from all of the
blends containing PRL 3666 antioxidant and PRL 2095 silicone antifoam additive.
The addition of Acryloid $17 to the additive package in all cases materially
reduces the amount of coke deposit. The characteristic yellow deposit from
the PRL 3666 was not apparent in the mineral oil blends containing both PRL
3666 and the Acryloid dispersant.

L. Effect of Additives on the Oxygen Assimilated in the C.A. Panel
Goker. The effect of polar additives on coke deposit has been adequately
demonstrated in previous studies. TIn general, the presence of additives in
the ester and mineral oil base stocks actually increases the coke value under
most test conditions, Studies shown in Table 88 and Figures 63 and 6 illus-
trate the effect of oxidation inhibitors on the amount of oxygen assimilated
throughout the coker tests, Data are shown for both esters and mineral oils
at temperatures of 600° and 700°F, A comparison of di-2~-ethylhexyl sebacate
and Hercoflex 600, a pentaerythritol ester, shows almost identical oxygen
abzorption characteristics over the temperature range studied. The effect
of additives on the oxidation rate for these two esters is similar. The
amount of ccke deposit is consistently lower for the Hercoflex 600 penta-
erythritol ester fluid than for the di-2-ethylhexyl sebacate, The advantage
of the Hercoflex 600 at 700°F. is considerable, These data emphasize the
effects of molecular structure and thermal stability (non-oxidative phenomena)
in determining coking.

An interesting comparison between oxidation rate and coking is
shown for Hercoflex 600 with oxidation inhibitors at 700°F. The addition of
phenothiazine reduces the rate of oxidation over Hercoflex 600 without ad-
ditives and the use of PRL 23666 oxidation inhibitor decreases still further
the rate of oxidation. The coke values follow the inverse order of the oxi-
dation rate. This is indicative of the lack of direct correlation between
degree of oxidation and coking under the standard eight-hour tests. The
coke in this case may be attributable to the additive itself or to the effect
of the additive on the mechanism of oxidation.

L series of tests have been conducted with a conventionally-refined
and a super-refined paraffiniec neutral to show the effect of additives on
oxidation rate and coke formation. The addition of phenyl-alpha-naphthylamine
{PAN} or PRL 3666 to the paraffinic neutral effects a reduction in oxidation
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rate at both 600° and 700°F, The reduction in oxidation rate at 600°F, is
not as great for inhibited mineral oils as for inhibited esters. As in the
case of the esters, the inhibitors effect less reduction in cxygen assimi-
lation at 700° than at 600°F. panel temperature.

The mineral oil blends differ from the ester blends in the relation-
ship of coke formation at 600° and 700°F, For the mineral oil blends, with
the exception of those containing PRL 3666, the coke value at 700°F, is less
than the corresponding value at 600°F, In all cases, however, the amount of
oxygen assimilated at 700°F is substantially increased over the values oh-
tained at 600°F, These data comprise further evidence suggesting a change
in oxidation mechanism with increasing temperature. The net result of this
change is improved oxygen tolerance,

The addition of the PRL 3666 to the mineral oils causes an excessive
rise in ccking value. The addition of a dispersant Acryloid 917 to the blends
containing PRL 3666 does not greatly affect oxygen assimilation bubt does
substantially reduce the coke formation noted.

It should be emphasized that the mineral oills and esters show a
high absorption of oxygen at 700°F, approaching all of the available oxygen
that can be assimilated under these non-ideal mixing conditions. The
differences in oxidative deterioration may be obscured by the generally high
rate of oxygen absorption noted at 700°F,

5. Successive Panel Coker Tests. Preliminary investigations in
the panel coker (WADC TR 55-3C part IV) indicated that the maximum rate of
coke formation cccurred at the start of the test. In most cases, there was
a substantial fall off of the rate of coke formation during the eight-hour
test period, These data suggested a decrease in test severity in the vis-
cosity of the test panel due to coke lay down and/or a decrease in coking
tendency of the fluid by the depletion of the less stable or coke forming
constituents present in the fluid,

A series of successive tests in the panel cokers has heen vsed to ex-
plore further the mechanism of ccking and the principal variables governing
the deposit, In the successive panel coking tests, a standard eight-hour
test has been followed by additicnal eight-hour test increments employing the
same flulid used in the preceding test or tests but using a new test panel for
each additional test, FExploratory tests of this type were conducted at 600°
and 700°F wusing the Model C and C.A, conditions,

These preliminary data for a naphthenic mineral oil and Hercoflex
600 are shown in Table 89, Two successive runs with the PAN-inhibited mineral
0il in the Model C ccker at 600°F and in the C.A. coker at 700°F indicate
about the same rate of oxidation and degree of coking for the first and second
ineremental tests.
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The mineral oil and the Hercoflex 600 have been evaluated in
blends containing PRL 3666 oxidation inhibitor in both the Model C and C.A,
panel cokers, In all cases, the first incremental test gives a high coke
value followed by substantially lower coke values for the subsequent incre-
mental tests. The oxygen assimilated in all of the incremental tests of the
ester and mineral oil blends containing PRL 3666 is about the same value.
These data suggest that a substantial amount of the deposit in the first
incremental test may be attributed to the additive PRL 3666 itself.

The inclusion of dispersant Acryloid 917 in the mineral oil and
ester blends containing PRL 3666 effectively lowers the coke value for the
first incremental tests and the values stay at the low level for subsequent
incremental tests, These data indicate that the Acryloeid 917 may prevent
the PRL 3666 additive from decomposing to form coke on the hot surface.
Additional testing is required to determine the continued effectiveness, if
any, of the PRL 3666 as a bulk oil oxidation inhibitor after a panel coker
test in the presence of the Acryloid 917,

After the preliminary Model C and C.A, successive panel coker tests,
it was decided to conduct these successive panel coker tests at an air rate
of 25 liters per hour in the controlled atmosphere panel ccker. The use of
25 versus 5 liters of air per hour allows sufficient oxidative deterioration
of the fluid in a limited number of incremental tests to determine the
effects of severely oxidized components on coking tendencies.,

Additional successive C.A., panel coker tests at 600° and 700°F,
for mineral oils and esters are shown in Tables 90, l, 92, and 93 and Figures
65 through 71. Data for a number of esters with and without phenothiazine are
shown on Table 90. Uninhibited esters, di-=2-ethylhexyl sebacate, Hercoflex
600, and Synthetics J-7, show a tendency toward increased coke formation with
increased test time or additional incremental tests., The rate of oxidation
actvally decreases with test time or additional incremental tests, These data
suggest the formation of deposit precursors with inereasing test time.,

Data are also shown for the phencthiazine-inhibited versions of these
three esters and a polymer, Paraplex AP-52. Oxygen assimilation values de-
crease with increasing test time as in the case of the uninhibited esters.

The overall rates of oxidation for the inhibited fluids are only slightly
lower than for the uninhibited fluids. This relationship is shown in Figures
65, 66, and 67. The trend in deposit formation is modified substantially by
the inhibitors, Only in the case of inhibited di-2-ethylhexyl sebacate, is
there a substantial increase in deposit with increasing test time, The two
neopentyl esters and the polyester show about the same or a lower amount of
deposits in the incremental tests with increasing test time,

The advantage of neopentyl esters and polyesters over conventional
dibasic acid esters is demonstrated in the successive panel eccker tests. The
effects of inhibitors can also be shown, These studies have, therefore, been
extended to include the effect of combinations that have proven to be effective
in bulk o0il oxidation tests to meet the requirements of Specification MIL-L-
9236, Combinations of phenothiazine and phenyl-alpha-naphthylamine have been
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studied in blends with Hercoflex 600 (Table 91 and Figure 68), and Synthetics
J-7 (Table 92 and Figure 69)., Studies with both esters have been conducted
at 700° and at 600°F., The amount of oxygen assimilated at T00°F by the
esters containing the phenothiazine and phenyl-alpha-naphthylamine inhibitor
combination is substantially lower than the oxygen assimilated by the pheno-
thiazine-inhibited esters, which is in turn slightly lower than the oxygen
assimilated by the uninhibited esters., At 600°F there is a very substantial
decrease in rate of oxidation with the addition of phenothiazine to the ester
and a slight additional decrease in rate for the combination of phenothlazine
and phenyl=-alpha~-naphthylamine inhibitors. 4s noted previously, the deposit
or coke values do not follow the oxygen absorption values, At 600°F , the
highest depcsit or ccke values are obtained with the inhibitor combination
(lowest oxidation rate) and the lowest deposit with the non-additive ester
(highest oxidation rate),

A series of additive studies 1n a super-refined paraffinic mineral
0il are shown in Table 93 and Figures 70 and 71, The mineral oil MLO 7301 with
successive panelccker tests shows the same general behavier as the uninhibited
esters, That is, with increasing time the coke deposit rate increases but the
oxidation rate decreases.

Dispersant Acryloid 917 has been included in all of the additive
combinaticns evaluated in this series. Data shown previcusly on Table 85
suggest that the Acryloid 917 does not adversely affect coke deposit in a
mineral oil and additional data presented on Tables 8% and 93 illustrate the
beneficial effect of the Acryleoid 917 on coke deposit when used in conjunction
with a mineral cil blend of PRL 3666. Successive panel coker tests of a blend
of MLO 7301 with phenyl-alpha-naphthylamine and Acrylold 917 show a slight
increase in overall oxidation rate but a substantial reduction in the total
deposit for four incremental tests. The same general trend in oxidation rate
and ccke deposit is shown for the blends containing phenyl-alpha-naphthylamine,
PRL 3666, and Acryloid 917, and phenyl-alpha-naphthylamine and Acryloid 917.

Combinations of phenyl-alpha-naphthylamine and Acryloid 917 with
phenothiazine or 5-10-10 inhibitor give a substantial reduction in oxidation
rate over the other inhibltors evaluated, In each case, however, the deposit
noted is higher than for the other inhibitor combinations evaluated.

J. STUDIES IN THE SINGLE-PASS HICGH TEMPERATURE LUBE RIG. Studies
in the single-pass high temperature lube rig have been continued. This rig
measures deposit forming tendencies on a hot metal surface under severe
oxidation conditions at 700°F, The effects of molecular weight, fluid type,
additives, and variation in test conditions are discussed in WADC TR 55-30
part VI, The application of oxygen absorption techniques to the single-pass
rig is described in WADC TR E5-30 part VII. The oxygen absorption measurements
allow the application of quantitative comparisons in the study of deposit
formation,
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COMPOSITIONS OF SEVERAL MINERAL OIL FORMULAT IONS

Table 2

BLEND CS. VISGOSITY
DES |64 BASE STOCK ADDITIVE, WT.% AT 100°F
M.0 7273 NAPHTHENIE WHITE OIL NONE 78.7
MO T360 NAPHTHENIC WHITE OIL 1.0 PHENYL=ALPHA=NAPHTHYLAMINE
{mo 1275) 5.0 DISPERSANT ACRYLOID 917
0,001 SILIGONE ANTIFOAM 1)
MO 7361 NAPHTHENIC NEUTRAL 140 PHENYL=ALPHA=NAPHTHYLAMINE
(M0 T122) 5.0 DISPERSANT ACRYLOID 917
04001 SILICONE ANT{FOAM 78.3
MO 7362 NAPHTHENIC BRIGHT STOCK 1.0 PHEYNL-ALPHA=NAPHTHYLAMINE
(PRL 3460) 5¢0 01SPERSANT ACRYLOID 917
0.001 SELICONE ANTIFOAM 415
MO 7339 PARAFFINIC NEUTRAL 1.0 PHENYL=ALPHA=NAPHTHYLAMINE
(M.0 7325) 5.0 DISPERSANT ACRYLOID 917
0.001 SILICONE ANTIFOAM 118
MO 7311 SUPER-HEFINED FARAFFINIC 1.0 PHENYL—-ALPHA=NAPHTHYLAMINE
NEUTRAL (MO 7301) 5.0 DISPERSANT ACRYLOID 917
0.001 SILICONE ANTIFOAM 107
MO 729 SUPER-REFINED PARAFFINIG 1.0 PHENYL=ALPHA=NAPHTHYLAM|NE
NEUTRAL (MLO 7288B) 0.001 SILICONE ANTIFOAM 7542
M.O 7295 SUPER-REF INED PARAFFINIG 140 PHENYL-ALPHA-NAPHTHYLAMINE
BRIGHT STOCK (MLO 7287) 5.0 DISPERSANT ACRYLOID 917
0.1 DI ISOPROPYL ACID PHOSPHITE
0.001 SILICONE ANTIFOAM 360
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Table 85

PANEL, COKING VALUES FOR SEVERAT, MTNERAL OIL FORMULATIONS
PANEL TEMPERATURE AS INDICATED3 TEST TIME = 8 HOURSE AND AIR RATE (N

TEST CONDITIONS INCLUDE:

THE CONTROLLED ATMOSPHERE FANEL COKER = 25 LtTERS PER HOUR

TEST FLUID COMPOS|TION AND VISCOSITY SHOWN ON TABLE B8l

NEUT. NUMBER MAXTMUM
TEST PANEL TEMP., | WT. GAIN, | (Ma. XOH/&M. on.e FLUtD LOSS | RESERVOIR
FLUID COKER oF Mg, ORIG, | FINA . TEMP., °F
MO 7273 | MODEL.C 600 6 0.0 ' 242 140 217
0.2. Ry 700 2? 0.0 3.l 1115 289
MO 7360 | MODEL C 600 81 042 0.7 80 209
CorF 700 63 042 3.5 80 218
M.O 7361 MODEL C 600 98 0.3 0.7 120 219
C.hH 700 136 0.3 L. 65 ny
MO 7262 | MODEL © 600 51 0.1 0.3 ') 218
C.ha 700 113 0.1 2.1 70 276
M.O 7339 | MODEL C 600 100 0.0 0.7 65 320
Cohs 700 33 0.0 2.3 90 268
M.C 7541 | MODEL C 600 73 0.0 1.1 60 233
C.AT 700 25 040 5.0 65 257
MO 7296 | MODEL G 600 - - - - -
C.AH 700 12 0.0 2.8 ko 300
MO 7295 | MODEL C 600 - - - - -
C.hA. 700 LY 0.0 2.0 25 28%

3¢ CONTROLLED ATMOSPHERE
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Mg, Coke

ALL TESTS CONDUCTED IN THE CONTROLLED ATMOSPHERE PANEL GOKER

TEST CONDITIONS INGLUDE: TEST TIME = B HOURS; FANEL TEMPERATURE = TOO°F § AIR RATE
= 25 LITERS FER HOUR.

~O~— NAPHTHENIC NEUTRALS
—&@— PARAFFIN]C NEUTRALS

1600

1400

1200

1000

800

600

400

200 \\\

LN ]
L i e s

700 740 780 820 860 a00 G40
Boiling Point (Corrected to 760 mm. Hg), °F

Figure 62. FEFFECT OF VOIATILITY ON DEPOSITION IN THE
PANEL COKER
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Per Cent of Available Oxygen Assimilated
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ALL TESTS CONDUGTED iN THE CONTROLLED ATMOSPHERE PANEL COKER

TEST CONDITIONS (NCLUBE: TEST TIME = 8 HOURS; PANEL TEMPERATURE AS INDICATED; AND AIR RATE =

25 LITERS PER HOUR
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A AND A INIC NEUTRAL (MLO 7186)
O AND @ + 140 WTa% PHENYL—ALPHA—RAPHTHYLAMINE
AND © = T00°F PANEL TEMPERATURE
AND @ = 600°F PANEL TEMPERATURE
| l ] I !
Fal
"_'_"——-—-_4;________-
&
o
<>__—-__"""“‘"‘-—-——~._.n\
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Test Time, Hrs.
Figure 63, OXYGEN ASSIMILATION FOR A PARAFFINIC NEUTRAL IN THE PANEL COKER



Per Cent of Available Oxygen Absorbed

ALL TESTS CONDUCTED IN THE CONTROLLED ATMOSPHERE PANEL COKER

TEST CONDJTIONS INCLUDE: TEST TIME = 8 HOURS$ PANEL TEMPERATURE AS INDICATED; AND AIR RATE
= 25 LITERS PER HOUR.

A AND A = A PENTAERYTHRITOL ESTER { MLO 706k )
O AND @ = MO 706l + 0.5 WI.% PHENOTHIAZENE

A AND © = 700°F PANEL TEMPERATURE
A AND @ = 600%F PANEL TEMPERATURE

g0 ] | ; | T T
70 - h_‘\\\“\\
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Figure 64, OXYGEN ASSIMITATION FOR A PENTAERYTHRITOL ESTER IN THE PANEL
COKER
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NEUTRAL IZATION. NUMBER, MG. KOH/GM. OiL

ALL TESTS COMOUGTEG (N THE CONTROLLED ATMOSPHERE PANEL COKER
TEST CONDITIONS IKGLUDE :

NOTE ¢

INCREMENT. THE SAME TEST FLUID 18 USED FOR THE TOTAL TEST TIME.

TEST TIME = B-HOUR {WCREMENTS; PANEL TEMPERATURE = 700°F 3 AND AIR RATE
= 25 LITERS FEA HOUR.

TESTS ARE RUN IN SUCCESSIVE B-HOUR INCREMENTS. A NEW TEST PANEL IS USED FOR EACH 8-HOUR

b——

! l 1

& AND &

QAND W

= DXYGEN ABSORFTION
O AND ® = NEUTRALIZAT{ON NUMBER
= PANEL DEPOSIT

Ay ©, U= pI-2-ETHYLHEXYL SEBACATE {M.O' 7112}
A, ® l" M.C 7112 + 045 WT,% PHENOTHIAZTNE

1 T 1 T ]

o

I
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Lo- 2000
3. 1800
20— 1600
28~ thao
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-, 1200 2:h
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zo_E 1000 . 2.0
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16-9 8ao / 1.6
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12- 600 l // 1.2
B koo ]// /. 0.8
- /
= 20 // 0
% I ! : 12 | 18 | 20 : 7h i s | ,?
TEST TIME, HRS.
Figure 65, SUCCESSIVE PANEL COKER TESTS WITH DI-2-

ETHYLHEXYL SEBACATE AT 700°F
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NEUTRAL {ZATION NUMBER, MG. KOW/GM. OIL

ALL TESTS CONOUCTED |N THE GONTROLLED ATMOSPHERE PANEL COKER

[EST CONDITIONS INCLUDE : TEST TIME = B-HOUR INCREMENTSs PAMEL TEMPERATURE = 700°F 3 AND AIR
HATE = 25 LITERS PER HOUR.

NOTE: TESTS ARE RUN iN SUCCESSIVE 8-HOUR INCREMENTS. A NEW TEST PANEL 1§ USED FOR EACH S-HOUR
{NCREMENT, THE SAME TEST FLUIC 15 USED FOR THE TOTAL TEST TIME.

Lo~ 2000
I e L B B I 1 1 b0
& AND & = OXYGEN ABSORPTION 4
- © AND @ = NEUTRAL!ZATION NUMBER |
(3 4N0 @ = PANEL DEPOSIT
A, O .0 =A PENTAERYTHR!TOL ESTER (MLO T0&k)
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32— 1600 3.2
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2h- , 12004 { 2.14%?;
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= - 4 05
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= o) 7] E
=] %
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12- 600 1.2

it} / [

L / . /—-—-.“"”'_ |
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0 I K] 12 16 20 2} 28 32
TEST TIME, HAS.

Figure 66, SUCCESSIVE PANEL COKER TESTS WITH 4
PENTAERYTHRITOL ESTER AT 70C°F
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NEUTRAL ! ZATION NUMBER, ME. KOH/GM. OIL

ALL TESTS CONDUGTED N THE CONTACLLEDG ATMOSPHERE PANEL COKER

TEST CONDITIONS INCLUDE: TEST TIME = B-HOUR INCREMENTS3 PAMEL TEMPERATURE = TOO®F.j AND AIR RATE
= 25 {ITERS FER ROUR-

NOTE: TESTS ARE AUN !N SUCCESSIVE B-HOUR INCREMENTS. A NEW TEST PANEL IS USED FOR EACK B~HOLR
INCREMENT.  THE SAME TEST FLUIT 1§ USED FOR THE TOTAL TEST TIME.

40~ 2000 1.0
1 T T T 1 T 7T 71 T i / A
- A AND A = OXYGEN ABSOAPTION ]
O aND ® = NEUTAALIZATION NUMBER
1800 7 AND W = PANEL DEPOSIT
3- = A , O, O =4 DIPENTAERYTHRITOL ESTER (MLO 7023) 5.6
A, 9, ®=M0T023 + 0.5 W% PHENOTHIAZINE / /

22— 1600 ; /
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[} iy 8 12 16 20 2L 28 32
TEST TIME, HOURS

Figure 67. SUCCESSIVE PANEL COKER TESTS WITH 4
DIPENTAERYTHRITOL ESTER AT 700°F
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Neutralization Number, Mg, KOH/Gm. Cil

ALL TESTS CONDUGTED IN THE CONTROLLED ATMOSPHEARE FANEL COKER

TEST CONDITIONS NGLUDE: TEST TIME = 8~HOUR INCREMENTS§ PANEL TEMPERATURE = TOOSF 3 AND AIR RATE
= 25 LITERS PER HOUR.

NGTE: TESTS ARE RUN IN SUCGESS!VE B-HOUR INGREMENTS. A NEW TEST PANEL IS USED FOR EAGH B=HOUR
INCREMENT. THE SAME TEST FLUID IS USED FOR THE TOTAL TEST TIME.

T T T T T 4 T ™ 4s0
A AHD & = OXYGEN ABSCRBED
— O AND ® = NEUTRAL{ZATION NUMBER —
A aND O =mMoQ %02]{"* + 0.5 W% P17
A AND @ = MG 7060 + 0.5 wr.® P17
36— + 2.0 WIL% PAR : VA —13.6
® MO 706l = A PENTAEAYTHRITOL ESTER ‘
| PTZ = PHENQTHIAZ INE i n
PAN = PHENYL—ALPHA-NAPHTHYLAMINE
32 T ‘ i 13,2

2.8

24 — Qa4

/ 1.6

[ Oa[&

| i ! [ S {
0 4 8 12 16 20 24 28 32
Test Time, Hours

Figure 68, SUCCESSIVE PANEL COKER TESTS WITH PENTAERYTHRITOL
ESTER BLENDS AT 700°F
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Neutralization Number, Mg, KOH/Gm. 0il

ALL TESTS CONDUCTED IN THE CONTAROLLED ATMOSPHERE PANEL COKER.
TEST CONDIT{GNS INCLUDE: TEST TIME = B=HOUA INCREMENTS§ PANEL TEMPERATURE = TOO°F 3 AND AIR RATE
= 25 LITERS PER HOUR.

NOTE: TFSTS ARE RUN IN SUCCESSIVE S~HOUR INCREMENTS. A NEW TEST PANEL 1S USED FOR EACH 8-HOUR
INCREMENT. THE SAME TEST FLUID 1§ USED FOR THE TOTAL TEST TIME.

1 7 17 T 7 T T ! | 40
A AND A = CXVGEN ABSORBED
B O AND @ = NEUTRALIZATION NUMBER
A BND O = MLO 7023% 4 0,5 W% FIZY
| A AND @ = MO 7023 + 0.5 WI.B PTZ”
36 + 2.0 WT.% PARK 9.6
4 M0 7023 = & DIPENTAERYTHR(TOL ESTER
L PTZ = PHENOTHIAZINE
PAN = PHENYL—~AL PHA=NAPHTHYLAMINE -
32 £ 3.2
|
|
28 // a8
F 3
I~ nd
24 ////
rd 204
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20 A 2.0
16 // ’//////// 1.6
12 / [#] 192
—
8 / i
/45’ 0.8
- Fy | ﬂ;.r_,ﬁ-—a———————f —
//
4 /// 0.4
| t L i | l | l
0 4 8 12 16 20 24 28 3z

Test Time, Hrs.

Figure 69, SUCCESSIVE PANEL COKFR TESTS WITH DIPENTAERYTHRITOL
ESTER BLENDS AT 700°F
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ALL TESTS CONDUCTED IN THE CONTROLLED ATMOSPHERE PANEL COKER.

TEST CONDITIONS INCLUDE: TEST TIME = B-HOUR INCREMENTS; PANEL TEMPERATURES T00°F 5 AND AIR
RATE = 25 LITERS PER HOUR.

NOTE: TESTS ARE RUN IN SUCCESSIVE 8-HOUR INCREMENTS. A NEW TEST PANEL 1S USED FOR EACH B-HOUR
INGREMENT. THE SAME TEST FLUID I8 USED FOR THE TOTAL TEST TIME.

TEST FLUID: A SUPER-REFINED PARAFFINIC NEWTRAL {MLO 7301)

Moles of Oxygen Absorbed Per 426 Gm. 011

T [ I ] | [ | | I
ADDITIVES,* wr.%
— 0= NONE
®=2,0 PAN + 5.0 PRL AC337 + 0.001 A
0= 2.0 PAN + 5.0 PAL AC337 + 1.0 OTC
— W= 2,0 PAN + 5,0 PAL AC33] 4 1.0 5-10-10
4= 2.0 PAN + 3.5 PRL AC357 + 1.0 P12 / /l
i //fii/f//// 4
//—
//
// ,V/
/// F pAN = PHENYL—ALPHA-NARHTHYLAMINE
- FAL AC337 = DISPERSANT ACRYLOID 917 SOLLTION
A = SILICONE ANTIFOAM AGENT
DTC = DITHIOGARBAMATE
o 5=10=10 = ETHYL=10,10-01FHENYLPHENAZAS |L INE.
Aﬁﬁﬁ;ﬁﬁl : PTZ = PHENOTHIAZ INE
L 1 | | [ | I {
0 4 g 12 16 20 24 28

Test Time, Hours

Figure 70, EFFECT OF ADDITIVE COMBINATIONS ON OXYGEN
ASSTMILATION IN SUCCESSIVE PANEIL COKER TESTS
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Neutralization No, (Mg. KOH Per Gm. Cil)

ALL TESTS COMDUCTED IN THE CONTROLLED ATMOSPHERE PANEL COKER

TEST CONMDITIONS INCLUBE: TEST TIME = B=HOUR INCREMENTS; PANEL TEMPERATURE = TOO®F ; AND AIR RATE =
25 LITERS PER HOUR.

NGTE: TESTS ARE RUN IN SUCCESSiVE G-HOUR INCREMENTS. A NEW TEST PANEL 1S USEG FOR EAGH 8-HOUR
INCREMENT. THE SAME TEST FLUID IS USED FOR THE TOTAL TEST TIME.

TEST FLUID: A SUPER-REFINED PARAFFINiG NEUTRAL (MLO 7301)

ADBITIVESY WT.%

O = NONE

® = 2,0 PAN + 5.0 PRL AC337 + 0.001 ANTIFOAM

O = 2,0 PAN + 5.0 PRL AC337 + 1.0 DITHIOGARBAMATE

& = 2.0 PAN + 5.0 PRL AC33T + 140 5=ETHYL-10,10=D1FHENYLPHEN AZASILINE
A= 2.0 PAN + 3.5 PRL AC33T + 1.0 PEHNOTHIAZ INE

3 PAN = PHENYL-ALPHA=NAPHTHYLAMINE
PAL AG337 = A DISPERSANT ACRYLOID 937 SOLUTICN (30 WT.% IN MINERAL OfL)

T 1 l | I I

) p
| / —
I / e E l
- // d/////// ﬁr””’,,——”""‘ |

/ / —
vl ‘
/4 _
4
, | | | l ] |
0 4 8 12 16 20 24, 28 32

Test Time, Hrs.

Figure 71, EFFECT OF ADDITIVE COMBINATZIONS OGN NEUTRALIZATION NUMBER IN
SUCCESSIVE PANEL COKER TESTS
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One of the problems noted with the single-pass rig was an apparent
scatter of results with the same or essentially the same test fluid, Con-
siderable work has been done to determine the cause of this apparent scatter
of data, It was determined from a review of the data that the deposit values
for given fluid types did show a scatter but generally did not vary excessively
from an average value for the specific fluid type. While fluid properties for
the used fluid are measured, the primary measurement discussed in this report
is the deposit on the metal tube,

1. Bffect of Storage Time on Deposition., Test values in the
single-pass rig are available over a three-year period for geveral fluid
types. A number of these fluids show higher values of deposition in recent
tests than was obtained in earlier tests under the same conditions, This
general drift in values was noted particularly in the cases of a polyclefin
MLC 7123 and a heavy paraffinic neutral MLO 7120. These two fluids have
been evaluated over the three-year test program in the rig. All of the fluids
showing the progressive increase in deposit values are uninhibited stocks
which are prone to oxidize under storage conditions, The data for MLO 7120
in the single-pass rig as a function of storage time of the sample is shown
on Table 94 and Figure 72. Similar rig values for MLO 7123 over a several-
year storage span are shown in Table 95, Both fluids indicate the consistent
increase with storage time of the test fluids. It should be emphasized that
the deposit values for these fluids range from original values of the order
of 0,02 weight per cent to 0.1 weight per cent after three yvears of storage,
These data suggest progressive oxidative deterioration of the uninhibited
hydrocarbons with increased storage time with a resultant increase in depo-
sition values. The small total amounts of deposit involved and the small
changes in fluid properties noted on storage mskes additional corrcborative
evidence difficult to obtain,

2, Effect of Acid FPhosphite Additives on Deposition. In the
critical examination of the scatter of deposition values for fluids of es—
tablished behavior, it was noted that unusually low values for a fluid
followed a test in which an alkyl acid phosphite was used as an additive in
the test fluid, When this alkyl acid phosphite additive is used in 0.5
welght per cent concentration in either a mineral oil or ester, there is a
general increase in sludging and deposit formation for the fluid under bulk
oil or thin film oxidation tests. These trends have been noted in 500°F
bulk oil and successive cxidation tests, thin film oxidation tests at 347°
and 500°F , the panel cokers, and in the single-pass tests at 27 liters of
air per hour, TFurther studies in the single-pass rig have shown, however,
that lower concentrations of dialkyl acid phosphite additive do, in fact,
reduce the deposit,

A series of tests with a super-refined paraffinic neutral is
shown in Table 96. These data are shown to illustrate the sensitivity of the
deposition to small concentrations of the dialkyl acid phosphite, Test 288
contained 0,5 weight per cent dialkyl acid phosphite. The subsequent Test 289
was conducted with a fluid containing no dialkyl acid phosphite. However, the
deposit value for Test 289 was much lower than anticipated from the fluid
composition being evaluated. Between tests the single-pass rig is thoroughly
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cleaned and flushed with solvent and fresh test fluld, It is estimated
that the maximum concentration of original test fluid that could remain in
the test system after a cleaning operation is of the order of one to two
per cent of the fluid charge.

Tests 291 and 292 show higher deposition typical of the base fluid
without the dialkyl acid phosphite. Tests 293 through 296 were conducted
with decreasing quantities of dialkyl acid phosphite. Concentrations of 0.1
to 0.0001 weight per cent dialkyl acid phosphite all show & reduced deposit
value, Test 297 contained no dialkyl acid phosphite and followed a test
containing cnly 0,0001 weight per cent dialkyl acid phosphite. The resulits
show a high deposition value suggesting less than an effective concentration
of dialkyl acid phosphite,

In the test sequence from 293 to 297, the concentration of dialkyl
acid phosphite was decreased, The test sequence 298, 29%, 333, and 33l
shows the effect of increasing dialkyl acid phosphite concentration. Concen-
trations of 0,001 to 0.1 weight per cent dialkyl acid phosphite appears to be
equally effective in reducing deposit values. The test (No, 298) following
evaluation of a non-additive fluid shows a high value for (0,0001 weight per
cent dialkyl acid phosphite., Tests 335 and 336 show high deposit values
typical of the base stock. It is interesting to note that throughout this
sequence of tests the total insolubles in the liquid show excellient corre-
lation with the deposit values on the tube, The amount of oxygen assimilated
for every test shown on Table 96 is the same within the limits of error of
the determination.

These experiments show that the dialkyl acid phosphite is effective
in lowering deposit build=up on hot metal surfaces when used in small concen-
traticns, Data shown on Table 97 illustrate several cases of reduced deposits
in tesis with fluilds of known deposition tendencies that appear to be due to
contamination from a previous test on a fluid containing dialkyl acid phos-
phite, The effect of additives on deposit formation in the single-pass rig
needs further study to determine the extent of these effects and effective
eleaning techniques to prevent the carry over of these effects to subseguent
tests,

3. Effect of Fluid Velatility on Deposit Formation, Fluid veola-
tility has been shown to be a critical factor in the coke deposit in the
panel cokers, These data are discussed in Section I-2 of this report.
Volatility alsoc appears tc be a factor in the single-~pass rig tests. A
mumber of paraffinic neutrals of increasing viscosity level and boiling
range have been evaluated in the single-pass rig and the results shown in
Table 98, Results for a similar series of naphthenic mineral oils are shown
in Table $9. Deposit values for several narrow boiling fractions of paraf-
finie neutrals obtained by vacuum fractionation are shown in Table 100. The
viscosity properties and approximate boiling ranges of the paraffins and
naphthenes discussed here are shown in Table 101, In general, the boiling
range of the commercial neutrals evaluated is of the order of 200°F, The
narrcw boiling fractions derived from these neutrals have a beoiling range of
the order of 25°F,
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The highest boiling of the paraffinic neutrals (MLO 7376) is the
only one of the paraffinic and naphthenic neutrals to exhibit a low deposit
value. The highest naphthenic mineral oil (MLC 7273) has essentially the
same boiling range as paraffinic neutral MLO 7375. Both of these materials
show a high deposit value,

There is some indication of the importance of boiling range in the
fractions of the paraffinic neutrals. The residues of the distillations of
MLO 737L and MLO 7375, representing about 10 per cent of the overall fluid,
show a reduced deposit ievel, The fraction of MLO 7376 boiling between 925°
and 950°F and the LO per cent residue boiling above 950°F, show low deposit
values while a fraction boiling between 900° and 925°F. shows a high deposit
value, These data indicate that volatility or boiling range of the fraction
does influence deposit values., The volatility of the fluid does not affect
the amount of oxygen assimilated in this series of tests,

A number of tests have been conducted to determine the amownt of
non-volatile residue that must be added to a volatile neutral fraction to
lower substantially the deposit value, The non-volatiie or low velatility
component in the blends is a paraffiniec resin (MLO 7308) which shows a very
low deposit value when tested neat. The effect of increasing concentration
of MLO 7308 in a paraffinic neutral MLO 7375 is shown on Table 102, These
data indicate a lowering of deposit with increasing MLO 7308 concentration
from 10 to 25 weight per cent,

A group of neutrals increasing in boiling ranges have been evalu-
ated with 20 weight per cent MLO 7308 as shown on Table 103, For a constant
paraffinic resin concentration, the deposii value decreases with decreasing
volatility of the paraffinic neutral fraction, Data are presented in Table
1CL to show a similar trend with naphthenic neutrals,

4. Rate of Deposit Formation as a Function of Test Time, Thus
far, quantitative oxidation data indicate about the same rate of oxidation
for all of the neutrals tested. The amount of deposit for the S-hour test
period varies greatly depending on the properties and type of test fluid,
Additional studies have been conducted to determine the effect of test time
on deposit formation and oxidation rate. Tests of 1, 2, 3, L, and 5 hours
duration have been conducted with each of five neutrals, The results of
these tests are shown on Tables 105 and 106 and Figures 73 and 7h.

The two naphthenic and two paraffinic neutrals that show a high
deposit value after five hours, exhibit an initially low rate of deposit
formation followed by a substantial increase in the rate of deposit formation,
In all four cases, a constant rate of deposit formation is established for
the final two to three hours of the five-hour test period, In the case of
MLO 7120 which produces a low total deposit, the rate of deposit formation
appears to be constant throughout the five-hour test period.
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It should be emphasized that the behavior in the single-pass rig
differs considerably from that in the panel ccker, The highest rate of
deposit formation in the panel coker cceurs at the beginning of the test and,
in most cases, decreases with increasing test time, The oxidation rate may
also decrease with increasing test time, In the single-pass rig, the rate of
oxygen assimilation remains constant throughout the test period. In the case
of fluids exhibiting a high deposit value, the deposit value appears tc in~
crease sharply following an induction pericd during which deposit formation
is low,

5. Effect of Metal Type on Deposit. 4ll of the discussions, thus
far, are for rig tests using an aluminum heat exchanger surface. Fxtensive
bulk oil oxidation tests with metal catalysts have shown that aluminum is
inert under these conditions for a wide variety of test fluids and tempera-
tures up o TOOOF, That is, no corrcsion has been noted for the aluminum
and no catalytic activity has been shown for the alumimm on the oxidation
rate, Under bulk oil oxidation conditions at elevated temperatures, steel
has shown, in many cases, a substantial catalytic effect on the oxidation
reaction and copper is corroded by many of the oxidized test fluids.

Steel and copper surfaces have, therefore, been used in place of
the aluminum to determine the effect of the metal surface on deposit formation
and oxidation. Four mineral oils showing deposit values with the aluminum
surfaces ranging from 10 to 2000 milligrams have heen chosen for this study.
The results of the study are shown on Table 107. The test conditicns in the
rig are the same for all these tests with the exception of the hot metal
surface used. The inner surface of the heat exchanger for these tests was
changed by using half-inch steel or copper tubing to replace the aluminum
tubing,

The method for determining the deposit value was changed somewhat
for the steel and copper, Both of these materials gained weight upon heating
the tube surface with a Meeker burner because of the oxide formation. The
flame treatment for removing the deposit was not used with these metals.
Instead, a more vigoerous sclvent and brushing treatment was used tc remove
the deposit. The steel and copper can be more vigorously cleaned by solvents
and brushing without loss in the metal from abrasion than in the case of
alimimm,

The results of these tests comparing the effects of copper, steel,
and aluminum are shown in Table 107, The four fluids are rated in the same
order of deposit forming tendencies by each cof the three metals., A comparison
of oxygen assimiliation and fluid insolubles plus the tube deposit indicate the
same order of reaction rate and fluid deteriocration for the three metals., The
somewhat higher values for the depcsits on the copper in the case of the resin
and bright stock may be attributable to actual reaction of oxidized products
with the ccpper and the accumulation of these corrosion products on the copper
surface, The cleaned copper surface following these tests appeared to be
pitted.
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6. FEffect of Fluid Formulation and Blending of Base Stocks on
Depositv Formavion. Several formulations and blends have been prepared with
polyolefin and ester base stocks for evaluvaticn in the single-pass rig,
Data for blends prepared with poiyolefin MLO 7123 are shown in Table 108.
The unsaturated polyolefin, as indicated previously, has shown a trend toward
higher values of deposit with storage time., This trend is again illustrated
by the three values shown for MLO 7123 without additives. The blends were all
evaluated at about the same storage time as the highest of the three values
shown for MLC 7123, The polyolefin has been percolated through super-filtrol
and then evaluated in the rig, The super-filtrol treatment did not lower
the deposit value., The addition of silicone antifcam additive or phenyl-
alpha-naphthylamine antioxidant did not significantly alter the deposit
values, The use of 0,2 weight per cent dialkyl acid phosphite did increase
the deposit value. The presence of the dialkyl acid phosphite in this
concentration range generally lowers deposit values in the rig tests with
conventional mineral oils, The mixture of MLO 7123 with substantial guanti-
ties of conventicnal mineral oils tends to increase the deposit formation far
beyond that obtained from either component,

By comparison with the conventional mineral oils in the rig tests,
two other factors should be noted. The oxygen assimilated by the polyclefin
is only about half as much as that assimilated by the conventional mineral
oils under the same conditions. Secondly, the oil insolubles and the water
formed in the oxidation reaction are very low compared with the deposit on
the metal surface, The data for the 50:50 blend of MLO 7123 and a paraffinic
neutral show an oxygen assimilation, total insolubles, and water formation
values approaching those of the conventional mineral oils.

The effect of hydrogenating the polyolefin is shown in Table 109,
In bulk oil oxidation tests at 3L7°F s hydrogenation greatly improves the
stable life of inhibited polyclefins. In fact, inhibitors in the unsaturated
polyolefins provide essentially no stable life or induction period in the
3L47°F oxidation tests. The unsaturated polyolefin, on the cther hand,
provides somewhat better oxygen tolerance in bulk oil oxidation tests at 5C00°F
The saturated polyolefin MLO 712} exhibits relatively low deposit values when
evalvated without additives, The addition of oxidation inhibitors and/or
dialkyl acid phosphite increases substantially the deposit forming tendencies.
Blending MLO 7124 with a paraffinic neutral again causes a deposit value
considerably higher than either compcnent evaluated alone., The oxygen assimi-
lation for the MLC 7124 fluid is about midway between the values obtained for
the unsaturated polyolefin MLO 7123 and the conventional mineral oils,

Deposit values for two esters and a blend of these esters are shown
on Table 110, The conventional di-2-ethylhexyl sebacate gives a high deposit
value while the MLO 7333 polyester gives a low deposit value, 4 50:50 blend
of these two ester materials provides an intermediate deposit value, This
behavior parallels that of a naphthenic neutral, a paraffinic resin, and blends
of these two mineral oils. These data show that molecular size appears to be
important in both the ester and mineral oil series.
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The evaluaticn of a silicone 81406 fluid containing 3,0 weight per
cent tinsil (MLO 7265) is discussed in report WADC TR 55-30 part VI, Proper-
ties such as lubricity, thermal stability, and oxidation and corrosion
behavior at 347°, 500°, and 700°F, are included in that report,

The data cbtained for silicone 81406 flulds with and without the
tin additive in the single-pass high temperature lube rig are shown on Table
111, The tube deposit in both cases is low. On standing at room temperature,
the exit fluid gelled and it was not possible to determine a viscosity change
for the fluid,

K. CONCLUSIONS. The studies presented in this report emphasize the
need for a continued evaiuation of materials proposed for use as base stocks
for fluids and lubricants and o determine the effect of additive packages on
these fluids under comparable test conditions, GStudies of the effect of
structure and refining on the behavior of such materials should be continued.

The poor lubricity characteristics with steel-on-steel surfaces
shown by silicon-containing fluids have been attiributed to several of the
unique properties of these fluids, These properties include the stability of
the silicone structure to deterioration by thermal and oxidizing environments.
the non-wetting characteristics of these fluids on metal surfaces, and the
high compressibility and viscosity-pressure coefficients of the silicones,.

A survey of experimentally determined lubricity data cbtained by
this Laboratory over a period of years points up an additional potential
explanation for lubrication difficulties encountered with these silicone-
containing fluids in ferrous bearing systems. Lubricity tests in a gear
pump, a vane pump, and in the Shell four-ball wear tester point out con-
sistently evidence of the formation of a relatively soft but inert compound
or alloy involving iron and silicon. The mechanism of the antiwear action
of materials such as tricresyl phosphate has been shown to comprise the
Tormaticn at the bearing surface of an iron-phosphorus alloy of relatively
low melting point and good ductility.

The silicates and silicones show antiwear characteristics under
low bearing loads in boundary conditions coupled with consistently poor anti-
seize and antiweld properties under more severe boundary conditions, This
behavior of the silicones and silicates can be consistently demonstrated to
be a function of chemical reactivity with the bearing surface when these
materizls are tested neat or as an additive in mineral cils and esters, The
data indicate that the antiwear behavior of these silicon-containing materials
parallels closely the mechanism of the phosphorous type antiwear additives,
This parallel suggests that the reaction of the iron and silicon forms a lower
melting ductile surface film that is more inert toward further chemical re-
action than the original steel surface,

Data obtained on the charging stock, the dewaxed oil, and the wax
fraction for a number of experimental dewaxings with mineral oils and hydro-
carbens show that, In all cases, sufficiently severe dewaxings produce an
0il phase that exhibits an extrapolated viscosity value of 200,000 %o 500,000
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Table 94

EFFECT OF STORAGE TIME ON THE DEPOSITION BEHAVIOR OF A PARAFFINIC NEUTRAL
ALL TESTS CONDUCTED IN THE SINGLE-PASS HIGH TEMPERATURE LUBE RIG.
TEST CONDITIONS INGLUDE: TEST TAME = 5 HOURS3 HEAT EXCHANGER TEMPERATURE = TOT°F 3 AIR RATE =

27 LITERS PER HOUR7 FLUID RATE = 1 M., PER MINUTE3 AND RESIDENCE TIME 1N THE HEAT EXCHANGER =
APPROX. 5 MINUTES. HEAT EXCHANGER SURFACE = ALUMINUM,

TEST FLUID A PARAFFINIC HEAVY NEUTRAL (MLO T120)
APPROX. STORAGE TIME, MONTHS 0 3 6 12 15 20
APPROK, AMOUNT O, SUPPLIED, GMS, (1) 38 38 38 38 18 38
APPROK. AMOUNT 0 USED, 6MS. (1) - 35 35 3l 3h 35
MOLS 0, USED/Y26 GMS. FLUID (2) - 1.9 1.9 1.8 1.9 2.0
TEST FLUID CRARGED, GMS. 251 2l 240 248 240 211
TUBE_DEPOSIT
TOTAL DEPOSIT, M&s. ) 79 102 125 181 23
WT.% OF FLUID CHARGED 0,016 | 0,033 | 0,043 | 0.051 |o0.075 | 0,097
FLUID PROPERTIES
INSOLUBLES IN EX{T FLUID
MG./100 GM. FLUID CHARGED
SOL (DS 310 1160 1020 762 1970 3360
WATER 2860 4000 2960 3000 3300 3520
WT.% OF FLUID GHARGED
SOLIDS 0.3 1,2 1.0 0.8 2,0 3.h
WATER 2.9 4.0 3.0 3.0 3.3 3.5
OVERALL L1QUID LOSS, WT.% 20 12 1} 10 7 1
% CHANGE IN CENTISTOKE VISCOSITY,
AFTER REMOVAL OF OIL INSOLUBLES, (3)
AT 100°F +18 - ~36 -15 -16 -26
NEUT. NO. (M&. KOH/GM. FLUID)
OR1G1NAL 0.1 0.1 0,0 0.0 0.0 0.0
FINAL bo3 305 L.6 5.4 5e3 5.4

(1) AMOUNT OXYGEN SUPPLIED GALGULATED AS FOLLOWS: AIR RATE (L./HR. AT S.T.P.) X TIME {HR.) X
Op CONTENT {FRACTION} X 1,43 (6M./LITER}). AMOUNT OXYGEN GONSUMED DETERMINED BY FREQUENT
SAMPLING OF EXHAUST GASES AND ANALYSIS FOR O,.

(2) THE MOLS OF OXYGEN FOR 426 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR GOMPARING
THE 0, ABSORBED,

(3) OIL INSOLUBLE MATERIAL 1S REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMPLET!ON
OF TEST. THE O!L {NSOLUBLES ARE WASHED WITH A LOW BOILING PETROLEUM NAPHTHA AND DRIED BEFORE
WELGHING.
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ALL TESTS CONDUCTED IN THE SINGLE~PASS HiGH TEMPERATURE LUBE RIG

TEST CONDITIONS INCLUDE: TEST TIME = 5 HOURS; HEAT EXCHANGER TEMPERATURE = 707°F 3 AIR RATE = 27
LITERS PER HCURj FLUID RATE = 1 M.. PER MINUTE; AND RESIDENCE TIME fN
THE HEAT EACHANGER = APPROX. 5 MINUTES. HEAT EXCHANGER SURFACE =

ALUEMINUM,
240 , i | | |
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N — ]
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Figure 72. EFFECT OF STORAGE TIME CON TEE DEPOSITION BEHAVIOR
OF A PARAFFINIC NEUTRAL
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Table 9=

EFFECT OF STORAGE TIME ON THE DEPOSITION BEHAVIOR OF A POLYOLEFIN

ALL TESTS CONDUCTED 1IN THE SINGLE-PASS HIGH TEMPERATURE LUBE RIG

TEST CONDITIONS INCLUDE: TEST TIME = 5 HOURS§ HEAT EXCHANGER TEMPERATURE = TOT°F ; AIR RATE =
10 LITERS PR HOURs FLUID RATE = 1 MILLILITER PER MINUTE; AND RESIDENGE TIME iN THE HEAT
EXCHANGER = APPROX. § MINUTES. HEAT EXCHANGER SURFAGE = ALUMINUM.

[TEST FLUID A POLYOLEF IN HYDROCARBON {M.O T123)
APPROX. STORAGE TIME, MONTHS 0 3 29 29
APPROX. AMOUNT O, SUPPLIED, GMS, i) 1 1k 1 1}
APPROX. AMOUNT 05 USED, GMS. {1) 13 - 11 11
MOLS Op USED/W26 GMS. FLUID (2) 0.7 - 0.7 0.6
TEST FLUID CHARGED, GMS. 231 231 229 232
TUBE DEPOSIT

TOTAL DEPOSiT, MGSe 1,8 Iy6 229 268
WT.% OF FLUID GHARGED 0.021 0,020 0.10 0012

FLUtD PROPERTIES
INSOLUBLES IN EX{T FLUID

MG./100 GM. FLUID CHARGED

SOL 108 b1l 10l 100 31
WATER 1200 130 1790 1860
WI.% OF FLUID CHARGED
SOL1DS 0.1 0.1 001 0.1
WATER 1.2 Oali 1.8 1.9
GVERALL LIQUID LOSS, W% - 9 5 b
% CHANGE IN CENTISTOKE ViSGOSITY,
AFTER REMOVAL OF OIL INSOLUSLES, (3) - - —B6 86
AT 100°F
NEUT. NO. (MG. KOK/GM. FLUID)
ORIGINAL 0at Cal 0.1 0o
FINAL 141 045 1.2 1.2

(1) AMOUNT OF OYXGEN SUPPLIED CALCULATED AS FOLLOWS: AJR RATE {Le/HR« AT 8.TaP.) X TIME
(HR.A X 05 GONTENT (FRACTION) X 1.3 {GM./LITER). AMOUNT OF OXYGEN GONSUMED DETERMINED
BY F EQUEﬁT SAMPLING OF EXHAUST GASES AND ANALYSIS FOR Ope

(2) THE MOLS OF O, FOR 426 GRAMS OF FLUID HAS BEEN TASULATED AS A GOMMON BASIS FOR COMPARING
THE 0> ABSORBED.

{3) OIL INSOLUBLE MATERIAL IS REMOVED BY CENTRIFUGING OXIDIZED FLuUlID !MMEDJATELY AFTER GOM-
FLETIGN OF TEST. THE DIL INSOLUBLE MATERIAL IS WASHED WITH A LOW BCILING FETROLEUM
NAPHTHA AND DRIED BEFORE WEIGHING.
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Table 99

EFFECT OF FLUID VOLATILITY ON THE DEPOSITION BEHAVIOR OF
A SERTES OF NAPHTHENIC NEUTRALS

ALL TESTS CONDUCTEQ [N THE 8INGLE~PASS HIGH TEMPERATURE LUBE RIG

TEST CONDITIONS INCLUDE: TEST TIME AS INDICATED3 HEAT EXCHANGER TEMPERATURE = 707°F i AR
RATE = 27 LITERS PER HOURj FLUID RATE = 1.0 M../MIN.3 AND RESIDENGE TIME IN THE HEAT
EXCHANGER = APPRCX. 5 MINUTES. HEAT EXCHANGER SURFACE = ALUMINUM.

FOR VISCOSITY AND VOLATILITY PROFPERTIES OF TEST FLUIDS, SEE TABLE 101,

TEST FLUID MO 7342 MO %Bhi MO Z2§5 MLO 7fx?
TEST TIME, HOURS 5 5 245 3.2
APPAOX. AMOUNT 05 SUPPLIED, (1 8 8 28 2 26
APPROX. AMOUNTO,ZUSED, GNS. ?T?' ) §7 3 38 2& 25
MOLS Op USED/L26 aMS. FLuID (2) 240 2.0 2.1 1.9 1.9
TEST FLUID CHARGED, GMS. 2kl 215 2k 167 154
TUBE DEPOSIT
TOTAL DEFOSIT, Mg, 614 1377 1528 1091 2626
WTs% OF FLUID CHARGED 0a25 0.56 €263 2,15 1.72
FLUID PROPERTIES
INSCLUBLES N EXIT FLULD
MG./100 GM, FLUID CHARGED
S0L1DS 501 538 613 h62 ok3
WATER h620 L4551 6550 5170 7630
WT.% OF FLUID CHARSED
30L10S 0.2 0.5 0o 0.5 05
WATER b h.6 bab 5.2 7.6
OVERALL LIQUID LOSS, WT«% L 8 9 b 7
% CHANGE IN CENTISTOKE VISCOSITY
AFTER REMOVAL OF OIL INSOLUBLES, (3)
AT 100°F ~25 ~19 -7 ~41 =51
NELT. NOw (MGe KOH/GMa FLUID)
OR 1A INAL 0.0 0.0 0.0 0.0 0.0
F INAL ha? 540 a3 5.7 5.l
{A) TEST WAS TERMINATED BEGAUSE ANNULUS OF HEAT EXGHANGER WAS FLUGGED. =

(1} AMOUNT OF CXYGEN SUPPLIED CALCULATED AS FOLLOWS: A!R RATE (Lo/HRa AT S.T4P.) X TIME {HR.)
X Oy CONTENT (FRAGTION) X 1.43 (GM./LITER}. AMOUNT OF GXYGEN CONSUMED GETERMINED BY
FRE%UENT SAMPLING OF EXHAUST GASES AND ANALYSIS FOR 02

(2} THE MOLi QFa82 FOR ;26 GRAMS OF FLUID HAS BEEN TABULATED AS A COMYON BASIS FOR COMPARING
THE 0y ABSORBED.

(3) OIL INSOLUBLE MATERIAL 1S REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEBIATELY AFTER COMe
PLETION OF TESTe THE OJL INSOLUBLE MATERIAL 1S WASHEB WITH A LOW BOILING PETROLEUM
NAPHTHA AND DRIED BEFORE WEIGHING.
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Table 10.

VISCOSITY AND VOLATILITY PROPERTIES OF SOME MINERAL OILS

Centistoke Viscosity at Approx. Boiling
Fluid Designation 210°F 100°F Range, °F
Paraffinic Neutrals
MLO 7372 2.51 9.89 675-725
MO 7373 2.8 12.1 680-760
MLO 737k 3.6 17.9 700-850
MLO 7375 5.92 39,1 750=950
MLO 7376 11.5 113 800-1000
Naphthenic Neutrals
MLO 7342 3,45 17.5 610-880
MLO 7343 3.h9 17.8 600-850
MLO 73L5 6,07 L5.1 625-950
MLO 7273 8.41 78.7 800-1000
Fractlons from Paraffiniec
Neutrals
MLO 737L-Residue - - >800
MLO 7375~Frac. 5 - 23.9 775-800
MLO 7375-Frac, 16 - 70 .7 890-915
MLO 7375-Residue - - =925
MLO 7376-Frac. S - 56.4 900-925
MLO 7376-Frac, 12 - 53.7 $25-950
MLO 7376-Residue - - =950
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Table 502

EFFECT OF VARIOUS CONCENTRATIONS OF & LOW VOLATILITY COMPONENT
CN THE DEPOSITION BEHAVIOR OF A PARAFFINIC NEUTRAL

ALL TESTS CONDUGYED IN THE SINGLE-PASS HIGH TEMPERATURE LUBE RIG

TEST CONDITIONS INCLUDE: TEST TIME = 5 HOURS; HEAT EXCHANGER TEMPERATURE = TOT®F 3 AIR RATE =
27 LITERS PER HOUR; FLUID RATE = 1 MILLILIYER PER MINUTE; AND RESIDENGE TIME N THE HEAT

EXCHANGER = APPROX. 5 MINUTES. HEAT EXCHANGER SURFACE = ALUMINUM.
NOTE: MLO 7308 = A PARAFFINIC RESIN (5400 CS. AT 100°F }

TEST FLUID < = = — A PARAFFINIG NEUTRAL (M.O 7375) = = = &
CONG» OF MLO 7308, WTa% NONE 10 15 20 25
APPROX. AMOUNT Oy EUPPLIED GMS (1N 38 38 38 38 38
APPROXs AMOUNT 03 USED; 643, 9 33 35 34 35
MOLS 0y USED/L26 §MS. FLUID (2) 145 1.8 1.8 1.8 1.8
TEST FLUID GHARGED, GMS, 291 251 249 248 251
TUBE DEPOSIT
TOTAL DEPOSIT, MGSa 3878 35& 178 118 32
WT«% OF FLUID GHARGED 1,54 0.1 0.07 0.05 0.01
FLUID PROPERTIES
INSOLUBLES N EXiT FLU:B
MGo/100 GMs FLUID CHARGED
SOL1CS 2690 2200 1250 812 570
WATER 2070 1234 3960 3520 3120
WT.% OF FLUID CHARGED
S0L1DS 2,7 242 1.2 068 W
WATER 2. 3,2 k.0 3.5 7.1
OVERALL LIQUID LOSS, WT.% 15 19 12 12 1
% CHANGE IN CENTISTOKE ViSQOSITY,
AFTER REMOVAL OF OIL INSGLUSLES, (3)
AT 100°F ~-16 =15 ~42 -39 -2}
NEUT. NOa(MG. KOH/GM. FLUID)
OR 16 INAL 00 0a0 0e1 0ol Dol
FINAL bat k.1 5.3 5ol .3
| _

(1) AMOUNT OF OXYGEN SUPPL1ED CALCULATED AS FOLLOWS :
CONTENT (FRACTION) X toh3 (6M./LITER).

FRE%UENT SAMPLING OF EXHAUST GASES AND ANALYS!S FOR 00
(2) THE MOLS OF DEDFOH 26 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING

THE G, ABSORB

AMOUNT OF OXYGEN CONSUMED DETERMINED BY

AIR RATE (Lo/HRo AT S.T.P.) X TIME (HR,)

{3) Ot INSOLUBLE MATERIAL IS REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMw

PLETION OF TEST. THE OiL INSOLUBLE MATERIAL 1S WASHED WITH A LOW BOILING PETROLEUM

NAPHTHA AND DRJED BEFORE WEIGHING.
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Table 103

EFFECT OF A LOW VOLATILITY COMPCNENT ON THE DEPOSITION
BEHAVIOR OF A SERIES OF PARAFFINIC NEUTRALS

ALL TESTS CONDUCTED IN THE SINGLE-PASS HIGH TEMPERATURE LUBE RIG.

TEST CONDITIONS INCLUDE: TEST TIME AS INDICATED3 HEAT EXCHANGER TEMPERATURE = 707°F 3 AIR
RATE = 27 LITERS PER HOUR; FLUID RATE = 1.0 ML./MIN.3 AND RESIGENGE TIME IN THE HEAT
EXCHANGER = APPROX. 5 MINUTES. HEAT EXGHANGE SURFAGE = ALUMINUM.

FOR VISCOSITY AND VOLATILITY PROPERTIES OF TEST FLUIDS, SEE TABLE 101,
NOTE: MLO 7308 = A PARAFFINIC RESIN {5400 CS. AT 100°F )

.TEST FLUID MLO 7372 MO “375 MO 7374 MO 7375"
CONC. OF MLO 7308, WT.% NONE| 20 NONE NONE 20 NONE
TEST TIME, HOLRS 5 5 5 5 2.64) 5 5 5
APPROX. AMOUNT O SUPPLIED, GMS, (1) 58| 38 381 38 20| 38 38| 38
APPROX. AMOUNT 03 USED, aM3a (1) 381 35 371 s | 19 2 29 | 5
MOLS 02 USED/L26 aMS. FLUID (2) 2.1 1.9 2.1 1.8 | 2.0 ;1.9 1.5 | 1.9
TEST FLUID CHARGED, GMS. 2h2 | 2Lh 238 | 248 | 118 ] 246 291 | 2)7
TUBE DEPOSIT
TOTAL DEPOSIT, MGS. 1967 | 431 267% 219 | 2973 155 3878 | 68
WT«% OF FLUID CHARGED 0.81 |0.18 1,12 {0.09 | 2.53 [0.06 | 1.5k |0.03
FLUID PROPERTIES
INSOLUBLES IN EXIT FLUID
MGa/100 GMe FLUID CHARGED
S0L (DS 497 | 911 495 1630 21 [1150 2690 11200
WATER 5290 " Lhko 5290 (3800 | 5640 3890 2070 1370
WT.% OF FLUID CHARGED
SOL1DS 0.5 1 0.9 0.5 | 146 0,2 1.2 2.7 1 1.2
WATER 5.3 | Kl 5.3 1 3.8 | 5.6 , 3.9 2ol | 3.7
GVERALL LIQUID LOSS, WT.% 1, 25 71 27 111 18 15 10
% CHANGE IN CENTISTOKE VISGOSITY,
AFTER REMOVAL OF OIL INSOLUBLES, (3)
AT 100°F -5 | =21 -10 | -19 | -28 29 -16 1 -39
NELT. NO.{¥G. KOH/&M. FLUID)
ORICINAL 0.0 ] 0a1 0.0 | 0.1 | 0.0 | 0.1 0.0 ! 0.1
FINAL 5.7 | hab 6.0 | Lot 6a0 | ok Lot | 4.5

X 05 CONTENT (FRACTEON% X 1.43 (GM./LITERY.
HAUST GASES AND ANALYSIS FOR Oge

FREQUEST SAMPLING OF E

) TEST WAS TERMINATED BECAUSE ANNULUS OF HEAT EXCHANGER WAS PLUGGED.
{1) AMOUNT OF OXYGEN SUPPLIED CALGULATED AS FOLLOWS: AIR RATE (Lo/HRe AT SuToP.) X TIME {HR.)

AMOUNT OF OXYGEN CONSUMED DETERMiNED BY

(2) THE MOLS OF O%DFOH 26 GRAMS OF FLUID HAS BEEN TABULA?ED AS A COMMON BASIS FOR COMPARING

THE 0> ABSORB

(3) OIL INSOLUBLE MATERIAL IS REMOVED BY GENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COM=

PLETION OF TEST. THE OIL INSCLUBLE MATERIAL 15 WASHED WiTH A LOW BOILING PETROLELM

NAPHTHA AND ORIED BEFORE WEIGHING.
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Teble 10/

EFFECT OF A LOW VOLATILITY COMPONENT ON
THE DEPOSITION BEHAVIOR OF TWO NAPHTHENIC NEUTRALS

ALL TESTS CONDUCTED IN THE SINGLE-PASS HIGH TEMPERATURE LUBE RIG

TEST CONDITIONS INCLUDE: TEST TIME AS INDICATED: HEAT EXCHANGER TEMPERATURE = 707°F j AIR
RATE = 27 LITERS PER HOUR; FLUID RATE = 1 MILLILITER PER MINUTE; AND RESIDENCE TIME IN THE
HEAT EXCHANGER = APPROX. 5 MINUTES. HEAT EXCHANGER SURFAGE = ALUMINUM.

NOTE: MLO 7150 = A PARAFFINIC RESIN (5900 GS. AT 100°F )

TEST FLUID NAPHTHENIC WHITE OIL NAPHTHENIG NEUTRAL
(M.0 71L)) (PRL 3467)
CONC. OF MLO 7150 WT.% ONE 25 NONE 25
TEST TIME, HRS. 3.2 {A) 5 3.5 (A} 5
APPROX. AMOUNT Oy SUPPLJED, GMS, (1) 26 38 28 38
APPROX. AMOUNT 05 USED, 6M. (1] 25 - 19 -
MOLS 0, USED/h26 aMs. FLUID (2) 1.8 - 1.l -
TEST FLUID CHARGED, GMS. 15); 251 168 252
TUBE DEPOSIT
TOTAL DEPOSI|T, MeS. 2626 33 2512 23
WT,% OF FLUID CHARGED 1.72 0,01 1.50 0,01
FLUID PROPERTIES
INSOLUBLES IN EXIT FLUID
MG./100 GM. FLUID CHARGED
SCLIDS 543 186 1170 277
WATER 7630 3620 3210 12700
WT.% OF FLUID GHARGED
SOL1DS 0.5 0.2 1.2 063
WATER 746 346 3,2 2.7
OVERALL LIQUID LOSS, WT.% 7 8 9 21
% CHANGE IN CENTISTOKE VISCOSITY,
AFTER REMOVAL OF OIL INSOLUBLES, (3)
AT 100°F ~51 - - -
NEUT. NG.(MG. KOH/GM« FLULD)
OR 16 INAL 0aD 0.0 050 0a0
FiNAL 54l .0 2.3 La2

fA; TEST WAS TERMINATED BECAUSE ANNULUS OF HEAT EXCHANGER WAS PLUGGEB.
AMOUNT OF OXYGEN SUPPLIED CALCULATED AS FOLLOWS : AIR RATE (L./HR. AT S.TuP.} X TIME (HR)
CONTENT (FRAGTION) X 1,143 {GM./LITER). AMOUNT OF OXYGEN GONSUMED DETERMINED 8Y
Fﬂsauanr SAMPLING OF EXHAUST GASES AND ANALYSIS FOR Oy,

(2) THE MOLS OF O, FOR L26 GRAMS OF FLUID HAS BEEN TABULATED AS A COMMON BASIS FOR COMPARING
THE Oﬁ ABSORBED.
s

(3) OIL INSOLUBLE MATERIAL IS REMOVED BY CENTRIFUGING OXIDIZED FLUID IMMEDIATELY AFTER COMw
PLETION OF TEST. THE OiL INSOLUBLE MATERIAL 1S WASHED WITH A LOW BOILING PETROLEUM
NAPHTHA AND DRIED BEFORE WEIGH]NG.
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ALL TESTS CONDUCTED IN THE SINGLE~PASS HIGH TEMPERATURE LUBE RIG.

TEST CONDITIONS {NCLUDE:

Total Tube Deposit, mg.

TEST TIME AS (NOICATED: HEAT EXCHANGER TEMPERATURE = TOT°F 3 AIR RATE
= 27 LITERS PER HOUR; FLUID RATE =1 ML. PER MINUTE3 AND RESIDENCE TIME
IN THE HEAT EXCHANGER = APPROX. 5 MINUTES. HKEAT EXCHANGER SURFACE =

2800

ALUMINUM.
—®~ MO 7120 = A PARAFFINIC NEUTRAL (100 CS. AT 100°F )
—M= MO 7372 = A PARAFFINIG NEUTRAL (10 CS. AT 100°F g
—&— MLO 7373 = A PARAFFINIC NEUTRAL (12 CS. AT 100°F
|
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Figure 73, RATE OF DEPOSIT FORMATION FOR SOME PARAFFINIC

NEUTRALS,
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ALL TESTS GONDUCTED IN THE SINGLE-PASS HIGH TEMPERATURE LUBE RiG.

»

TEST CONDITYONS INCLUDE: TEST TIME AS INDICATED; HEAT EXCHANGER TEMPERATURE = TO7°F 3 KR RATE =

27 LITERS PER MOUR3 FLU%D RATE = 1 ML. PER MINUTE3 AND RES1DENCE THME IN THE HEAT EXCHANGER =
APPRDX. 5 MINUTES. HEAT EXCHANGER SURFACE = ALUMINUM,

- @~ MLO 7342 = A NAPHTHENIC NEUTRAL {18 CS. AT 100°F
-0~ MO TH1T = A NAPHTHENIC NEUTRAL {80 CS., .AT 100°F
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Figure 74. RATE CF DEPOSIT FORMATION FOR SOME NAPHTHENIC
NEUTRALS
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Table 1il

SINGLE-PASS HIGH TEMPERATURE LUBE RIG TESTS WITH SOME SILICONE OILS

TEST CONDITIONS ENCLUBE: TEST TIME = 5 HOURS$ HEAT EXCHANGER JEMPERATURE = TOT°F 3 AIR RATE =
27 LITERS PER HOUR3 FLUID RATE = 1.0 ML./MIN+; AND RESIDENGE TIME IN THE HEAT EXCHANGER =

APPROX. 5 MINUTES. HEAT EXCHANGER SURFACGE = ALUMINUM.

MO E265 _
SiLICONE B1L,06 + 3.0

MO0 7017
TEST FLUID SILICONE 81406 WTe% TINSIL
TEST FLUID CHARGED, GMS. 271 260
TUBE DEPOSIT
TOTAL DEPOS)T, GS. I 19
WT.% OF FLUID CHARGED 0401 0401
FLUID PROPERTIES
INSOLUBLES IN EXIT FLUID
MG./100 GM. FLUtD GHARGED
SOL 108 21), 158
WATER 0 0
WT.% OF FLUID CHARGED
SOL 108 0.2 0.5
WATER 0.0 0.0
OVERALL LIQUID LOSS, WT.% 13 1l
% CHANGE [N CENTISTOKE VISCOSITY,
AFTER REMOVAL OF OiL INSOLUBLES, (1) (2) (2)
AT 100°F - -
NEUT& NOy {MG. KOH/GM. FLUID)
OREGINAL 0.0 Ua0
FINAL 1.0 3.0

(1} oIL INSOLUBLE MATERIAL IS REMOVED BY CENTRIFUGING OXfDlZEB FLUID IMMEGIATELY AFTER COM~
PLETION OF TEST. THE OfL INSOLUBLES ARE WASHED WITH A LOW BOILING PETROLEUM NAFHTHA AND

DRIED BEFORE WEIGHINGs

{2) EXIT OtL GELLED ON STANDING AT ROOM TEMPERATURE.
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centistokes at the ASTM pour point temperature, The wax fraction from these
dewaxinges includes an appreciable amount of occluded oil. A second dewaxing
of the wax fraction in accordance with the same procedure used in the original
dewaxing results in an additional oil fraction exhibiting similar properties
to those of the oil fraction from the initial dewaxing. This two-stage de-
waxing indicates that simple dewaxing techniques may be used to cbtain a wax-
01l separation approaching the theoretical yields of each component.

In general, the wax fractions from dewaxings with paraffinic and
naphthenic mineral oils and aromatic hydrocarbons exhibit a lower viscosity
level and a higher viscosity index than the charging stock. The oil fractions
show a higher viscosity level and a lower viscosity index. However, using a
measured low temperature viscosity value, the oil fractions show an im-
provement in viscosity index based on the viscosity-temperature character-
istics over the temperature range of 210° to -L0° or -65°F, The improvement
in low temperature fluldity for the oil fractions is of the order of 35° to
85°F, lowering in pour point, In all cases, the cloud point of the oil
fraction is below the pour point, The wax fractions exhibit an increase in
pour point of the order of 10° to 25°F,

The amount of oil occluded in the wax fraction is significantly
lowered in blends containing a pour depressant type Acryloid polymer, However,
filtration time is increased by a factor of 2 to 3 for the Acryloid-containing
blends, Essentially all of the pour depressant is found in the wax fraction,
Another interesting development arising from these dewaxing studies is con-
cerned with the thickening effect produced by dispersant Acryloid polymers
on the dewaxed paraffinic fractions. There is no visual evidence of insolu-
bility at -LO°F for the polymer-containing blends. In all cases, the
polymer causes less thickening, percentage-wise, at -L0O°F, that it causes at
210°F. This is in contrast to the behavior of conventional military hydraulic
fluids such as Spec, MIL-H~5606 which contain viscosity-index improver type
Acryloid polymer.

The solvent tc¢ oil ratio required in these low temperature dewaxings
is dictated by the relatively high wax concentration and the increased vis-
cosity of the liquid phase at the low temperature. The use of solvent to oil
ratics in the range of 6:1 to 8:1 minimizes these oils with & pour point 5°
to 15°F higher than the dewaxing temperature, When methylethyl ketone is
used as the solvent, a pour peint below the dewaxing temperature is obtained.
However, the solubility of the paraffinic neutrals in methylethyl ketone at
temperatures of -l0°F and lower is limited and vields of the oil fraction
are affected adversely. A 3:1 blend of methyliscbutyl ketone and methylethyl
ketone appears to give a good yield as well as a desirable relationship
between pour point and dewaxing temperature,

Cooling rates in the range of one to five degrees Fahrenheit per
minute do not materially alter the yield or the resultant pour point of the
0il fraction, Cooling to =110°F and warming to =75°F for filtration appears
to improve the pour point of the oil fraction without any adverse effect on
the yield,



A comparison of lubricant properties indicates that a deep dewaxed
paraffinic mineral oil can be used to formulate a fluid having about the same
volatility level as a Spec. MIL-1-7808 oil and have viscosity, and low
temperature properties about the same as a turbo-prop engine oil,

Three types of mineral oil-base high temperature hydraulic fluids
have been formulated and evaluated in both laboratory and mock-up studies,
The first of these, an aromatic hydrocarbon-base fluid, has been tested to a
limited extent in airiess systems and for radiation resistence. Current
availability of a fluid of this type is quite limited although potential com-
mercial availability of the fluid is good. This fluid appears to have some
advantages over paraffinie or naphthenic mineral oil formulations for appli-
cations at 700°F ahd above, or where radiation is encountered,

A naphthenic mineral oil-base formulation (MLO 7243 or MLO 7277)
has been quite widely tested by different organizations, About 22 samples
have been supplied to 15 different organizations for evaluation. Data and
comments from these organizations indicate excellent agreement with the
laboratory studies conducted during the development of this fluid.

Work is continuing on the development of a paraffinic mineral oil-
base fluid designed for use over the temperature range of -65° to +700°F. A
prototype of this fluid, MLO 7L60, has been furnished to four different organ-
izations for evaluation, MLO 7460 is identical with the fluid being developed
except that it has not been dewaxed and, therefore, does not have the desired
low temperature properties. This prototype fluid has been evaluated in a
550°F, hydraulic pump system by Vickers, Incorporated. Examination of the
used fluid samples indicates little change in physical properties of the fluid
after 50 hours test time., A flocculent precipitate appearing in the used
fluid from a 32-hour test has been isolated and examined, Results of this
examination indicate that the insoluble material did not come from fluid de-
terioration, but probably was a result of contamination of the test system
from a prior test,

A number of fluid samples which have been stored by this Laboratory
for periods ranging from 2 to 17 years have been removed from storage and are
being evaluated for property changes and for changes in the effectiveness of
additives. This study is part of an overall program to define better the
capabilities of various types of fluids and fluid formulations. Previous
studies have indicated that fluid behavior under mild conditions of tempera-
ture and oxidation does not, in some cases, follow the pattern predicted for
it by extrapolation of data from more severe accelerated tests,

Mineral cils of the type used to prepare Spec, MIL-H-5606 hydraulic
fluids show no change in physical properties after storage for 17 years,
Several samples of synthetic polyclefins show changes in viscosity and
neutralization number typical of oxidation and polymerization reactions en-
countered with olefinic hydrocarbons. Samples of hydrogenated polyolefins
(branched chain paraffins) show no changes in these properties as a result
of storage., Ester samples which have been stored for periods of 10 to 164
years show no excessive changes due to storage. It is indicated that dibasic
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acid esters show adequate storage stability for relatively long periods of
time providing initial ester quality is high.

A series of mineral oil-base formulations of the Spec. MIL-H-5606,
Spec., MIL-F-17111, and Spec, 0.5.,1113E types show excellent storage stability
for extended periods, Preliminary wear tests indicate no change in wear
behavior after storage. Some ester-base formulations of the Spec. MIL-L-7808,
Spec, MIL-L-6387, and Spec. MIL-L-7499 types have been evaluated, Traces of
insoluble material have been found in some of these samples., Based on the
appearance of these blends and of the ester base stocks after storage, it
appears that the formation of the insolubles is triggered by the additive
package. The effect of trieresyl phosphate on storage stability is pointed
out through a comparison of a Spec., MIL-L-6387 fluid (1.0 wt.%) and a Spec,
MIL-L-7808 fluid (5.0 wt.%). The increased concentration causes some
formation of insclubles and an inerease in neutralizaticn number with storage.
Wear studies with these formulations indicate very little change over the
wear behavior noted for the original fluids.

One formulation based on a polyester shows changes in viscosity and
neutralization number, This polyester is prepared from a dibasic acid and a
glyecol containing a seccndary alcochol group. Previous data have been shown
that materials containing this secondary grouping tend to be unstable on
storage.

A series of thermal stability tests have been conducted using the
stainless steel pressure cylinder. Test fluids used include paraffinic and
naphthenic mineral oils and aromatic and polyolefin hydrocarbons., The rate
of gas formation for all of the fluids except the polyolefin is constant with
test time for any particular test. For the polyolefin, the rate appears to
decrease somewhat with test time, However, the rate of gas formation is not
a simple function of overall test conditions but rather a function of the
amount of heated gas space available., An increase in the heated gas space
(decrease in fluid charge) results in an increase in the rate of gas formation
(moles of gas/mole of oil/hour), The rate of gas formation in this test ap-
pears to be essentially a zero order reaction. Several tests were conducted
in an Aminco Rocking Autoclave of relatively large volume, The data obtained
in the autoclave tests are in excellent agreement with those obtained in the
smaller pressure cylinder,

The gaseous products which are non-condensable at room temperature
have been analy7ed by gas chromatography. For the paraffinic and naphthenic
oils, about 50 per cent of the material which is a gas at 700°F remains in
the gaseous state at 70°F. The gas analyzed contains hydrogen and hydrocarbons
up to and including C_., It is estimated that the gaseous material which is
condensed in cooling %rom 700° to 70°F is composed of Cy to Cyg hydrocarbons,
In several cases, small amounts of carbon dioxide and ecarbon monoxide have
been detected. The presence of these materials is attributed to dissolved air
and oxygen-containing impurities. Somewhat different distributions of gaseous
products are noted for the aromatic and polyolefin hydrocarbons, The gas
formed in thermal degradation of the poiyolefin shows substantial amounts of
the monomer from which the polymer was made., This product is indicative of de-
polymerization or unzippering of the polymer molecule,
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The gaseous product from the partially hydrogenated aromatiec
hydrocarbons shows a significantly larger concentration of hydrogen in the
gas, These data emphasize the relative stability of the aromstic ring,

The composition of the gasecus products from thermal tests over the
range of 650° to 750°F is essentially independent of the thermal test temper-
ature, Reaction rates, based on pressure build-up have been used to determine
the temperature interval for rate doubling. Two consecutive 50°F temperature
intervals have been used in these studies. The trend is toward less tempera-
ture effect with increasing temperature over the range studied. The aromatic
hydrocarbon shows the lowest rate of increase in thermal degradation while
the paraffinic mineral oil shows the highest rate of increase in thermal
cracking, With the paraffinic mineral oils, the rate of decomposition in-
creases with increasing molecular weight.

4 more critical evaluation of the liguid products from the thermal
tests has been made. To do this, a small scale vacuum distillation has been
conducted to characterize the volatility of these liquid products. These
distillations show that these degradation products contain a fraction boiling
below the charging stock, a fraction boiling in the same range as the charging
stock, and a fraction boiling above the original test fluid. These boiling
point curves illustrate the problem encountered in using viscosity change as
a measure of thermal degradation, Small amounts of low boiling material in
the degradation product can cause a relatively large decrease in the viscos-
ity of the product. On the other hand, this relationship can be altered by
a small amount of material in the degradation product having a boiling point
above the original fluid, Based on these boiling point curves, the same
reaction products are present after 6 or 20 hours under a given set of test
conditions, That is, the degradation products appear to approach a constant
composition asymptotically with increasing test time.

Data obtained support the theory that an equilibrium exists between
reaction products and reactants as opposed to the theory that the unstable
molecules have been degraded and that the remaining material in the boiling
range of the original fluid is stable under the test conditions.

Examination of the liquid product from thermal tests with the
arcmatic hydrocarbon indicates a better stability at 700°F than that of the
paraffinic and naphthenic mineral oils at 650°F, Distillation curves for the
produets from 850° and 900°F thermal tests with a polyphenyl ether indicate
that more of the degradation product boils above than below the original fluid.
The viscosity of the liquid product from these tests is higher than that of
the original fluid.

The analysis of the degradation products from thermal tests with a
polybutene oil indicates the presence of monomer as the predominant gaseous
product and of low bolling liquid products. This suggests a depolymerization
of the o0il to give the monomer,
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Studies of this nature will be continued in an attempt to understand
better the basic trends in thermal behavior of fluids. As a result of a better
understanding of the thermal reactions occurring, it may be possible to develop
mere standardized thermal stability tests and thereby improve intra- as well
as inter-laboratory reproducibility.

Preliminary tests indicate that the combination of S-ethyl-10,10-
diphenylphenazasiline (5-10-10) or phenothiazine with phenyl-alpha-naphtiyl-
amine (PAN) or Primene-81R (an aliphatic primary amine) appears to extend the
oxidation stable 1life at 347°F of the dibasic acid ester or the neopentyl
type esters evaluated, That is, it appears that the use of a basic (amine
type) material in conjunction with phenothiazine or §-10-10 extends the
stable life and lowers the neutralization number build-up within the stable
life of the ester fluids evaluvated, Additional studies at LOO°F are neces-
sary to show more clearly the effects of the inhibitor combinations on the
stable life of the esters in a reasonable test period,

These preliminary tests indicate that, at 500°F in the presence of
metal catalysis, the combination of additives reduces somewhat the rate of
oxidation and lowers the acidity for neopentyl esters compared with pheno-
thiazine alone, However, the oxygen tolerance at 500°F also appears bo be
lowered when the inhibitor combinations are used. That is, viscosity change
and sludge formalion are higher per unit oxygen assimilated when the additive
combinations are used than when phenothiazine alone is used as the antioxi-
dant.

In order to evaluate more thoroughly the oxidative behavior of
fluids available in limited supply, a small volume oxidation test has been
designed, A comparison of data cbtained with the small volume equipment and
with the standard 100-miliiliter test at 3&70 and at 500°F indicates the
equivalence of the two tests. A comparison of scme of the dimensions for the
two tests are shown below,

Standard omall
Test Volume Test
Test Tube Diam,, mm. o.d. 38 22
Fluid Charge, ml. 100 25
Fluid Height, mm. 120 120
Catalyst Area, sq. cm. 12.9 3.23
Air Rate, liters per hr.
3L47°F Test 5.0 1.25
500°F Test 5.0 0.7

The same general itest procedures and techniques are applicable to
both test procedures,
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A series of thirteen (13) neopentyl type esters has been evaluated
for, oxidative stable 1ife at 3),7°F and for oxidation rate and oxygen tolerance
at 500°F. Five of these esters show a relatively short stable life (less than
72 hours) at 3&703‘c Properties of these five esters indicate that insufficient
refining and purification prebably contribute to the relatively short stable
life. The remaining esters exhibit stable 1ife values in the range shown by
high quality neopentyl esters evaluated previcusly. Tests at 500°F indicate
also that the majority of these materials show oxidation behavior comparing
favorably with other high quality neopentyl esters, Low temperature proper-
ties of several of these esters are promising. These data, along with
previous data, indicate that it is possible to make ~65°F esters of the
neopentyl type from mono-;, di-, and tri~finetional alcchols,

A series of esters has been evaluated for oxidation behavior at
LOC°F using the quantitative procedure previcusly used for S00°F, oxidation
tests, Oxygen assimilation data show that oxygen is abosrbed during the
§o-called stable life pericd, In di-2-ethylhexyl sebacate, a combination of
irhibitors (5-10-10 and PAN) results in a lower oxygen assimilation rate than
that noted for phenothiazine alone, 1In spite of the lower oxidation rate
shown by the combination inhibitor, a relatively large amount of insolubles
1s formed indicating a reduced cxygen tolerance. A compariscn of the ef-
fectivenees of the inhibitor combination in three neopentyl type esters shows
only minor differences due to the specific ester structure. Oxidatien ap=-
pears to cccur at about the same rate with or without metal catalysts. However,
property changes in the resultant fluid may be affected by the presence of
metal catalysts,

By wsing an extended 168-hour test with samples at 72 and 120 hours
test time, data can be obtained whieh are indicative of the extent of oxidation
over the entire test period. In both di-2-ethylhexyl sebacate and a tri-
methylol propane ester, combinations of phenothiazine-PAN and 5-10-10-PAN are
about equally effective as antioxidants. Both combinations are more effective
than phenothiazine alone, Magnesium corrosion is a consistent problem in these
tests. This problem is noted in most oxidation tests conducted at temperatures
above 3,7°F, Generally, the use of a dialkyl acid phosphite in a fluid formu-
lation causes some increase in oxidative deterioration (dirtiness) in ester
fiuids, In some cases, the use of a dispersant Acryloid in the formulation
will control this tendency to form insclubles, The data determined at LOOCF
confirm earlier data obtained at 347° and 500°F indicating that specifie
additive combinations may substantially aiter the properties of the ester base
stock. Small volume (25 milliliters test fluid) tests can be successfully
used to evaluate experimental esters available in limited supply.

The use of a controlled atmosphere in the Model C panel coker

enhances the value of the coker as a device to predict high temperature dirti-
ness. The quantitative measurement of oxygen assimilation aids in understanding
the mechanism of oxidation at or near the panel surfaces., For the same viscos-
ity level; paraffinie formulations give lower coking values than do naphthenic
formulations. The addition of polar additives to mineral 0il formulations tends
to inerease the coke deposit, Coking deposit is reduced when super-refined
stocks are used as base stocks for these paraffinic and naphthenic formulations.
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Panel deposits decrease with increasing boiling point for these
mineral oils., Oxygen assimilation measurements show a reduced oxidation rate
for the more wvolatile of these mineral oils, This suggests that the hot gases
formed may act as a buffer to reduce the quantity of air in contact with the
hot o0il. The increased coke deposit under these conditions indicates a
greatly reduced oxygen tolerance for these volatile mineral oils,

The addition of a dithiocarbamate additive to either a mineral oil
or ester causes a substantial increase in coke deposit. The inclusion of a
dispersant Acryloid in the formulation materially reduces the coke deposit,

A series of successive panel ccker studles have been conducted to
understand better coking behavior and the contribution of variables governing
the deposit. In uninhibited esters, coke formation inereases with increased
test time or additional incremental tests. At the same time, the rate of
oxidation actually decreases, This behavior suggests the formation of deposit
precursors as the test proceeds. The neopentyl esters containing inhibitors
form about the same amount of deposit in each of the incremental tests, In-
hibitor combinations effect a substantial decrease in rate of oxidation
compared Lo an uninhibited fluid or one contalning only phencthiazine, How-
ever, the ccke deposit does not follow the oxygen assimilation patterm. The
presence of a dispersant Acryloid effects a decrease in coke deposition.

Additicnsl studies in the single-pass high temperature lube rig are
discussed, An increase in deposit for an uninhibited mineral oil and poly-
olefin hydrocarbon over a storage period of three years suggests a progressive
oxidative deterioration of these fluids with a resultant increase in deposit
values, A dialkyl acid phosphite in concentrations of 0,5 weight per cent or
above in mineral oils or esters causes an inerease in deposit in the single-
pass rig. This same behavior is shown in other oxidation and deposit type
tests, However, studies in the single-pass rig indicate that, in concen-
trations of 0.1 weight per cent and less, the dialkyl acid phosphite reduces
the deposit obtained with the base fluid. Even though the rig is thoroughly
cleaned and flushed between tests, the effect of a dialkyl acid phosphite may
be seen in the subsequent run, That is, if the fluid for test A contains 0.5
weight per cent dialkyl acid phosphite, the deposit wvalue for a non-additive
fluid in test B will be much lower than anticipitated. This suggests extrems
sensitivity of the deposit to the dialkyl acid phosphite,

The viscogity or bolling range of the mineral oil tested influences
the depesit value, The less volatile, higher boiling fractions show reduced
deposit values., The additicn of various amounts of a low veolatility component
to more volatile fraction results in a reduced deposit. The velatility of the
fluid does not affect the oxygen assimilation for the fluids tested.

The rate of deposition in the single-pass rig is somewhat different
from that shown for the panel cokers. For fluids showing a relatively high
deposit value, there appears to be an industion period where rate of formation
is low followed by a substantial inerease in deposition rate, In fluids ex-

hibiting a relatively low deposit formation, the rate of formation is essentizlly
constant,
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The use of a steel or a copper surface in the single-pass rig rates
the various test fluids in the same order as that obtained with the aluminum
surface conventionally used. The resin and bright stock materials appear to
react with the copper surface to some extent.

The blending of mineral oils or esters having different deposit
values generally results in an intermediate deposit value. However, when a
mineral oil 1s blended with a polyolefin or a saturated polyolefin, deposit
values substantially exceeding the value obtained for either component result.

L. FUTURE WORK. Future studies will emphasize the quantitative
neasurement of basic properties limiting the capabilities of hydraulic fluids,
functional fluids, and lubricants. The data determined from these studies will
be direcily applicable to aircraft, missiles, and space vehiclesin (1) chemical
engines; (2} ANP engines, (3) primary, secondary, and auxiliary power sources,
(L) engine hydraulics, and (5) control and guidance hydrauviic systems.

Efforts to prepare improved fluid and lubricant formulations for
extensive laboratory evaluation and hardware testing are continuing. Close
coordination and correlation of these three important phases of the flulds and
lubricants program are essential to the overall success of the program, This
Laboratory plans to pursue a vigorous program of cooperation with the Servicess
Government Agencies; producers of base stocks, additives, and finished fluid
formulations; research and development laboratories; and pro