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INTRODUCTION

The sudden failure or malfunction of fuel lubricated aircraft
components such as fuel pumps and fuel controls can have disastrous
consequeances. The probability of lubricity related malfunctions has
increased with the introduction of more sophisticated engines and
the use of more severely hydrotreatad fuel necessitated by the energy
crisis. The Navy recently expsrienced lubricity problems involving
a hang-up in the fuel control of the TF30-P~408 engine in the A~7B
airocraft., In order to alleviate this problem, the Navy has baen adding
Hitec E~515, an approved corrosion inhibitor that is known to improve
lubricity, to fuel onboard aircraft carriers on which A-7B/C's are deployed.

In order to more fully understand the causes of lubricity problems
and to have a means of solving them if they do occur, the Navy initiated
a program to determine the factors that affect fuel lubricity and to
develop a way of maintaining good lubricity. This work was begun in
FY 1975 and continued through FY 1977. The authorization for FY 1977
is listed in reference l.

The test instrument used in the program is the Pall-on-Cylinder Machine
(BOCM) , a davice that reports had shown was capable of distinguishing
betwesn good and poor lubricity fuels as well as being able to detact the
known beneficial effects of corrxosion inhibitors on poor lubricity fual.

In addition to its own work, the Navy is also coenerating with the
Coordinating Research Council Aviation Fuel Lubricity Group in avaluating
the repeatability and reproducibility of the BOCM.

CONCLUSIONS

l. The BOCM can ba used to distinguish betwsen fuels with good and poor
lubricity.

2. The primary factor affecting the lubricity of jat fuels is the type
and amount of non~hydrocarbon impuritics in the {uel, Hydrotrsating
and clay filtration remove impuritice from the fuel a&nd thus make its
lubricity worse.

3. Changes in fuel composition within specification limitse do not
significantly affect the lubricity of JP-5.

4. Organic acide and most types of nitrogen containing impuritias improve
the lubricity of Jp-5, while sulfur compound. and non-acid uxygen containing
impurities eithsr have no affact or a slight detrimontal effact on
lubrioity.

5. Corrosion inhibitors improve tha 1uhciu1t§ of JP=8, Their effectivensns
inoreases with inoreasing concentration in their allowahle concentrstion
range.

i%
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6. Anti-oxidants and anti-icing additive have no effect on lubricity in
their allowable concentration range.

7. The addition of 10-20 percent of a fuael with good lubricity to one
with poor lubricity will usually result in a fuel with acceptable
lubricity.

8. Daoxygenation significantly improves the lubricity of fuels with poor
lubricity) however, it has little or no effect on fuels that already have
good lubricity.

9. Most current JP-5 fuels contain a sufficient amount of naturally
oocurring non-hydrocarbon impuritias to provide good lubricity.

RECOMMENDAT IONS

l. The BOCM should continue to be used to evaluate fuels suspected of
causing problems bscause of poor lubricity and to monitor fuel samples
from the fleet to prevent future lubricity problems.

2. Whenever possible, hydrotreated fuels should be mixed with non=-
hydrotreated fuels before use to prevent problems due tc poor lubricity.

3. Corrosion inhibitors should be added to fuels to improve their lubricity
when necessary.

4. The Navy should continue to cooperate with the Coordinating Research
Council-Aviation Fuel Lubricity Group in evaluating the repeatability
and reproduecibility of the BOCM,

DESCRIPTION

1. The BOCM is a device for measuring the affects of various fluids on
wear and friction. A schematic of the device is shown in figure 1 and
a photograph of the basic instrument is shown in figure 2. Figure 1
should be referred to in conjunction with the description that follows.
fatters in parentheses refer to specific items in figure 1,

2. The BOCM consists of a non-rotating 0.5 inch diameter steel ball (RA)
held in a vertically mounted chuck (B) and forced against the highest
point on the outer surface of a 1.75 inoh diametaer steel cylinder (C).
Detailed specifications for the ball and cylinder are found in Appendix
A. The ball and cylinder are pusitioned inside an open topped rectangular
reasexrvoir (D) that contains a sufficient amount of test fluid to cover

the bottom portion of the ¢ylinder. The oylinder is axially mounted on

a horizontal shaft (E) that passes through the sides of the reservoir

and is connected to a variable speed motor (not lhown) The entire
applxltu- is mounted on a phanolic base (P). :

3. Holcs drilled in the base and side of tho resexrvoir (G) allow purge
gas of a desired composition and humidity to be bubbled over and through

wpmay
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the test fluid, The humidity of the purge gas is controlled by volu-
metrically mixing dry gas (passed through "Drierite’ (W. A, Hammond
Company brand of calcium sulfate)) and saturated gas (bubbled through
two water filled spargers in series) in the desired proportions,

4. There is no system for controlling the temperature of the test fluid
in the BOCM; initial fluild temperature is determined by ambient conditions.
A thermocouple (not shown) located on the bottom of the reservoir is used
to racord the temperature of the tast fluid.

5. load is applied to the cylinder by hanging waights on the hook (H)

at the end of the balance beam (J). The balance baam is designed so that
the ball is located exactly midway between the pivot point (K) and the
weight hook (H). This makes the vertical load on the ball equal to twice
the load applied at the weight hook.

6. The BOCM can also be sst up to measure the frictional force between the
ball and oylinder. Othar operators, however, found that wear measuraments
were much more sensitive to differences between fuels than friction
measurements, This was confirmed during early experiments with the BOCM
and all remaining tests were perfiormed using wear as the only measurement
of lubricity.

METHOD OF TEST

1. Standaid Operating Conditions for BOCM. Work done by other BOCM
oparators prlor to the Naval Alr Propulsion Test Center's (NAPTC's)

acquisition of its instrument resulted in the establishment of a set
of standard operating conditions for the BOCM. Theae conditions are
as follows:

a, Leoad: 1000 g

b. BSpeed: 240 rpm

¢. Duration: 32 minutes
d. Puel Volumek 25 ml

e. Test Fluid Temperature: 77 + 3°F (25 + 1.5°C) at beginning of
t..t- )

. Purge Air: 10 percent Relative Humidity, 77 + 3°F (25 + 1,5°C)
temperature. '

¢. Purge Air Plow Rate: 10 standard ocubic feet per hour bubbling over
and through test fluid.

h. Prestreatment of Fuel in Resarvoir: 15 minutes

Unless otherwise noted, all results included in this report were cbtained
under these conditions.

2. rat Pr uxy

a. The ball, cylinder and inside of the raservolr are all cleaned

. . e e —
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with solvent and dried by suction to remove any cutside contaminants

or rasidue from previous runs. Details of the cleaning procedure are
found in Appendix B. The position of the cylindar is adjusted =so

that the ball is in contact with frash surface. The test fluid is

added to the reservoir and sparged with gas of the desired composition
and humidity for 15 minutes. Tha motor is then turned on and the
cylinder brought to operating speed of 240 rpm. The rotation of the
cylinder carries test fluid into the ball-cylinder contact area. The
dasired amount of weight is then hung from the weight book and the timer
started, The test is continued for 32 minutes. Removable teflon covers
are used on top of the reservelr to prevent contamination and to make

it easier to maintain a congtant humidity and gas composition inside

the reservoir. The purge gas is left on throughout the test. At the
and of the test, the weight is removed, tha motor shut off and the

ball removed from the chuck.

b, The rotation of *he cylinder against the ball produces a wear
scar on the ball and a wear track on the cylinder, The size of the wear
scar 18 & measure of the lubricity of the test fluid; the larper the
scar, the poorer the lubricity.

DISCUSSION AND ANALYSIS OF RESULTS

1. Repeatability of Results.

a. The quality of test results depends to a large extent on how
accurately they can be rapeated. Random variations in operating parameters
can cause unwanted variability in BOCM results. The extent of this
variability and the effects of several opsarating parameters on it are
discusged in following paragraphs,

b, Day to day variability. The day to day variation in WSD of three
JP-5 fuels run under standard operating conditions was measured. The
first fuel had an average WSD of 0.34 mm with a standard deviation of
0.019 mm (9 runs). The second fuel had an average WSD of 0.41 mm with
a standard deviation of 0.031 mm (13 runs). The third fuel had an average
WSDh of 0,63 mm with a standard deviation of 0,047 mm (9 runs). The increase
in standdrd deviation with increasing WsSD agrees with the data of Garabrant

(reference 2), who found that the abgolute size of the test error increased

with increasing WSD whether the increase was caused by changes in fuel
properties or operating conditions.

c. Causes of variability., There are a number of factors that can
effect WSD's., They include cylinder hardness and surface finish, ball

hardness and surface finish, test duration, load, rpm, inlet air temperature
and humidity, and oylinder cleanliness. Those variables that could ba
adjusted independently were studied to see if any of them were the possible
cause of a significant amount of random error, Test results are summarized
below.

(1) Test duration, load and RPM. The effect. of small changes in
test duration, load and RPM on WSD is shown in Table I. The data indicates

' 4
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that random variations in these parameters, which are axpected to bo
considerably smaller than the variations shown in Table I, will not
significantly effect test results.

(2) Inlet air temperature and humidity. An estimate was made of
the effects that random variations in inlet air temparature and humidity

could have on WSD. (alculations were based on lab data showing that, in
the range of 5-20 percent R.H. irlet air, WSD of a typical JP«5 fuel
increages by approximately 0.0l mm for every two percent increase in
relative humidity. The maximum random variation in inlet air temperature
about the gtandard 77°F oparating temperature was estimated to be +3°F,
The maximum random variation in inlet air hamidity about the standard

ten percent R.H, was estimated to be +3 parcent R.H, Results showed that
the maximum error in WSD due to random variations in inlet air temperature
and relative humidity (equivalaent to going from 77°F, ten percent R.H. to
either 74°F, seven percent R,H. or 80°F, 13 paercent R.H.) would be about
0.02 mm. The average error due to temperature and humidity variations
should be considerably smaller. The effect of large changes in inlet air
humidity is presented in paragraph 11,

(3) The effects of the other variables listed in paragraph l.c,
could not be individually estimated,

2. Definition of "Real" Changes in WSD.

a. In the process of avaluating the effacts of various compounds on
lubricity, it became necessary to decide when the difference between two
measured WSD's was "real” and when it could be attributed to random
variations. It was decided that if the difference betwaan two measurod
WSD's was greater than two standard deviations it would be considerad
"real"; if not, it would be attributed to random variations. On the basis
of the data in paragraph l.b. and the fact that most of the clay filtered
JP~5 fuels used as base fluids had WSD's between 0,55 and 0,60 mm under
standard conditions, two standard deviations were determined to be +0.09
m.

b, In cases where fuels other thanclay filtered JP-5 were used a8 base
fuels, the criterion for determining real changes was adjustad according
to the initial W3D of the fuel.

3., Definition of Good and Poor Lubricity Fuals,

a. The only way of establishing a definition of a poor lubricity fuel
is to obtein samples of fuels that are known to have caused problems in
the f£ield because of poor lubricity and measuring their W8D's. Reference 3
reported that two JP-4 fuels that caused problems gave WSD's of 0,58 and
0.5 mm under standard operating conditions. Reference 4 reported that a
JP=5 fuel known to have caused lubricity problems gave a WSD of 0.49 mn
under standaxd conditions.

b. A survey of fuele with good lubricity (no reported field problems)
revealed that none of them produced a WSD larger than 0,42 mm under standard
conditions.
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c¢. Thus, & poor lubricity fuel can be defined as one which produces
a WSD of 0.49 mm or greater under standard operating conditions. A good
lubricity fuel can be defined as one which produces a WSD of 0.42 mm or
legs undar standard conditions, Fuels giving WSD's between 0.43 and
0.48 mm under standard conditions are considered marginal and their
acceptability would depend on the saeverity of operating conditions.

4. Buase Fuel,

a., This project is concerned with determining tha factors that aftect
the lubricity of JP-5. There are two ways of approaching the problem. One
is to evaluata different variablesz uaing a pure compound or combination of
compounds as a base fusl. This is advantageous because it limits the
number of components in the system, is easily analyzed and can ba reproduced
at other laboratories, The main drawback to using pure comyounds 18 £inding
a system that will react the same way as JpP-5, The second method is to
¢valuate different variables using JP-5 as a base fuel,

b, In surveying the literature to find a suitable compound for use as

a base¢ fuel it was found that certain combinations of materials give un-
axpacted results; for example, mixing low concentrations of a polyeyclic
aromatic compound with & paraffinic hydrocarbon results in WSD's lower
than those found with either pure compound (reference 5). In addition,
the eftects of certain additives seem to depend on the composition of the
base stock and test results are not always in agreement with those found
using veal fusls (reference 6). For these reasons, it was dacided to use
JP=5 fusl as the base fuel.

¢, Initial tests with fuels from several different refineries and
Naval Air Stations revealed that all of them had good lubricity. 1In order
to make it eriier to compare the effects of varicus additives and impurities
on lubricity, it was decided to make the lubricity of tha base fuel worse
by filtering it through attapulgus clay, The clay filtration increased
the WED of the basa fusls from less than 0.42 mm to greater than 0,50 mm.
Differences in base line data found in different sections of this report
are dus to batch to batch variation in base fuels,

d. Bases fuals were changed regularly to insure that test results
were iadepandent of fuel sources. Test fusls were drawn from fusl samples
recaived from &ll over the continental United States. Test results cb-
tained using a single base fuel wars spot checked using other base fuels
to eliminate any possible fuel effects,

e, In addition to using clay filtered JP-5, selected tests were run
using unfiltared JP-5 and/or Ashland 140 solvent (a seversly hydrotreated
patroleum product manufacturad by Ashland Chemical Company, Ashland, Kentucky,
with properties similar to those of JP~5). The 140 solvent had very poor
lubricity, normally giving WSD's of between 0.70 mm and 0,80 mmn under
standard operating conditions. Properties of a typical .JP«5 and 140 solvent
are listed in Appendix C,

-~y
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5. Scuffing and Non-Scuffing Wear.

a. There are two typas of wear that can ocour with the BOCM: ordinary
wear and scuffing wear. Souffing wear is a catastrophic form of adhasive
wear resulting from failure of the surface film., Scuffing is accompanied
by the rubbing away of larga, visible piecas of metallic debris,

b. In the BOCM, the occurrence of scuffing depends on the lubricity
of the fuel and the severity of the test conditions. For example, iso-
octane will begin to scuff after about four minutes under standard operating
conditions while 140 solvent will only scuff under conditions of high
humidity and JP-5 will not scuff at all under the most severe conditions
tried (1400 g load, BO percent R,H.). WsD's obtained under scuffing
conditions cannot be compared to non-scuffing data bacause the wear modes
are different. The onset of souffing is, however, a sign that the fluid
being tested has very poor lubricity.

6. Effect of Impurities on Lubricity. The effects of'trace lavels of sulfur,
nitrogen and oxygen compounds rapresentative of those found in JP~5 werae
svaluated,

a. Sulfur Compounds. The maximum allowable concentration of sulfur in
JP-~% is limited by MIL~-T-5624K to 0.4 percunt (wt) sulfur or about two
parcent (wt) sulfur compounds; howewer, typical JP-5 fuels usually contain
less than 0,1 pexrcent (wt) sulfur. Four sulfur compounds were evaluated
at concentrations up to 2500 ppm {0.25 percent), Data is presented in
Table II. None of the matarials examined improved lubricity; one made
lubricity considerably worse.

b. Nitrogen Compounds. MIL-T-5624K doas not set an upper limit for
the nitrogen concentration of JP=5; however, reference 7 reported the
maximum expauted concentration of nitrogen compounds in JP=-5 to be about
1000 ppmn. Tha effects of up to 500 ppm of nitrogen containing compounds
on lubricity wers measured, Data is presented in Table IIXI. ALl of tha
materials tested, axcept one, significantly improved tha lubricity of clay
filtexsd JP=5 at concentrations below 500 ppm. Minimal additional effects
were rualized by increasing the nitrogen concentration beyond the level
naeded to ge: a WD of approximately 0.27 mm.

¢, Oxygen Compounds (othex than organic moids). MIL-T-5624K doss not
specify an upper limit for the oxygen concentration of Jp-5; however,
reference 7 reported that JP-5 might contain as much as 1000 ppm of oxyyen
containing compounds. Five types of oxygen compounds were evaluated in
clay filtered JP~$ at conventrations up to 500 ppm. Results are listed
in Table IV. Mone of the compoundy improved lubricity at low concentrations)
thres provided moderate upzwmnt at high concentrations while two made
lubricity worse.

d. Organic Acids.

(1) The maximum allowable scid numbar in JP-5 is limited by MIL~T-
5624K to 0,015 T ] about 46 ppm (wt) as decrnoioc acid. Organic

:
4
3
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acids of all types (paraffinic, aromatic and naphthenie) were found to
significantly inprove the lubricity of JP-5 fuel at concentrations well
below the maximum allowable. Data on a variety of acids is pressnted
in Table V. The effectivenass of all acids inoreases very rapidly
with increasing concentration until a WSD of aboul Q. m is achieved.
Further additions of acid have only minimal effects on lubricity.

(2) Correlation between acid numbar and WSD. Since organic acids
ware shown to improve the lubricity of JP-5, a study was made to determine
whether the measured acid numbers (ASTM~D=~3242) of fuels would correlatas
with their lubricity. Results are shown in Table VI. They indicate that
WSD's tend to get smaller as acid number increases. The scatter of the
data, howevar, appears to preclude using acid number to predict WSD. The
lack of a strong corralation between acid number and WSD is probably due
to the fact that impuritias other than acids also contribute to lubricity.

e. Combinations of Elements. The efflects of several compounds
containing more than one heteroatom are shown in Table VII., Compounds
containing only nitrogen and oxygen have positive effects on lubricity;
none of the compounds containing sulfur had any positive effacts on
lubricity.

f. These results show that impurities play a significant role in
determining the lubricity of JP-5 and that their removal by hydrotreating
or filtration will result in a fuel with poor lubricity.

7. Bffecta of hdditives on ILubricity., The additives evaluated in this
report are those which were approved for use at the time the work was done.

Changes mince than have removed some of the anti-oxidants from the qualified
products list.

a. Anti-icing Additive. The current anti-icing additive, ethylene
glycol monomethyl ether, has no measureable effect on lubricity at
concentrations up to the meximum allowed in JP-5 (0.15 parcent volume).

b. _Corrosion Inhibitors

(1) Corrosion inhibitors have bmen found to b effective lubricity
improvers, They are requived in JP-4 for lubricity reasouns; however, they
are not parmitted in JP-3 without prior approval. One of the approved
corrosion inhibitors,Hitec E-315, 1s currently being usad in ships of the
fleet as a lubricity improver.

(2) The effect of twelve additives listéd in reference 8 on the
lubricity of clay filteved JP-3 was determined. Each additive was evaluated
at its relative effective, minimum effective and maximum allowable concen-
trations, Test results are shown in Table VIII. Thay show that all of the
additives improved the lubriuity of clay filtered JP-5 at all concentrations
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tried. The effectiveness of each additive increased with increasing
concentrations. These results are very similar to those reported in
reference 3 on the aeffect of corrocsion inhibitors on the lubricity of
an aromatic-free solvant,

(3) The similarities between corrosion inhibitors and organic
acids are not coincidental. Although their actual formulations are
proprietary, saveral of the inhibitors arae known to contain organic
acids as one of thelr active ingredients.

c. Anti-oxidants. The effaect of anti-oxidants approved for use in
JP-5 was determined. Two general types of anti-oxidants were evaluated:
phenols and phenylene diamines. The compounds tested were evaluated at
their maximum allowable concentrations in JP-5., Test results, presented
in Table IX, show that ncne of the anti~oxidanta evaluated had any sig-
nificant effects on lubricity.

4. Other Additives. The effactiveness of a lubricity additive used
in JpP-7 (MIL-T-38219), PWA-536, was evaluated. PWA-536 is required in JP-7
at a concentration of hetween 200 and 300 ppm (vol). Test results are
shown in Figure 3., They show that the effectiveness of PWA-536 is a linear
function of its concentration in 140 solvent. In addition, it requires
a much higher concentration than the corropion inhibitors to be equally
effective.

8., Effect of Pure Compounds. The effects on lubricity of pure compounds
representative of thoss typically found in JP-5 were evaluatad. The types
of compounds studied were straight and branched chain paraffins, aromatics
and polycoyclic aromatics. Up to five percent (vol) of each compound was
added to clay-filtered JP-5. The pure materials were filtered through
silica gel and 0.22 micron millipore filters to rumove impurities hefore
being added to the test fusl. Tast results, listed in Table X, show that
moderate changes in composition do not significantly improve the lubrigity
of Jp~5, In some cases, the lubricity of the fuel with added pure material
is worse than the original.

9. Effacts of Fuel Cuamposition. The effects of changes in fuel composition
on lubricity were evaluated using a seriea of Jp~5 fuels that were blended
at a refinery as part of a study on the effacts of broadening fuel spec-
ifications on performance (refsrunce 9)., The specification changes evaluated
were distillation end point, olefin content, sromatic content and naphthalene
content. Each fual was clay~filtered before testing to ramove any impurities
that might interfers with rasults. Test results, insluding detailed spec-
ification changes for each fual, are presented in Table XI. They show that
laxge increases in distillation end point, naphthalena content, arxomatics
content and olefina content will lower tha WEBD of JP=5 fuel) howevex, the
size of the devrsaces effectively precludas specification changes from

being a practical method of lowering WabD,

10, BRffect of Rlending Fuels on ggggiciﬁx,

a. Under field conditions,” it would be rare that a single batch of
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fuel would go from refinery to aircraft without being mixed with other
batches of fuel., For this reason a study was made to determine the
effaects of blanding fuels with different lubricities on WSD. The fuels
tested wera JpP-5, clay-filtered JP=-5, and 140 wolvant. Each fuel was
blended with the others in varying proportions and the WSD's of the
blends measured. Regults are presented in Fiqure 4. They show that
blending small amounts of JP~5 with either clay=-filtered JP-5 or 140
solvent results in a large decreass in WSD while blending clay~filtaered
JP=5 with 140 solvent results in a roughly linear graph of concentration
versus WSD over the entire concentration range,

b. These results can be explained by referring back to the work done
on the effects of impurities on lubricity. That work showed the WSD
decreassd rapidly with increasing impurity concentration until a certain
threshold concentration was reached. Baeyond this threshold concentration,
further additions of impurity had very little effect on WSD (Tables III,
IV, V and VII),

0. In Figure 5, the type of response shown for individual impurities
is generalized to the case of a real fuel, which will contain many
different types of impurities. The actual impurity concentrations are
not shown because they would vary depending on the specific impurities
present,

d, For a fuel with good lubriocity, there is a good chance that itws
inpurity level will fall on the flat portion of Figure 5 (Point A)) i,e.,
there is an “excess" of impurity over the amount needed to achieve the
good lubricity. When a small amount of a good lubricity fuel with an
excaas of impurity is mixed with a fuel with little (clay-filtered, Point
B) or no (140 solvant, Point C) impurity, the total impurity level is
shifted to the vicinity of Point D. Due to the steeapness of the curve
in the low concentration range, the small) increase in impurity level
causes a large decrease in WSD,

s. If two fuels with little or no impurities are mixed (Points
B and C), there is no “"excess" impurity available and the lubricity of
the mixture varies with the conocentration of the individual coiponsnts
in an approximately liiear relationship,

f. The technique of blending small amounts of a fusl having good
lubricity with a fuel with poor lubricity to bring the lubricity of the
blended fuel into the accsptable range could be utilimed in the field to
help prevent problems caused by poor lubricity fuel. Yor example, if a
batch of fuel known to have been waverely hydrotreated is received, it
could be split up among a large number of storags tanks, sach of which
already contains soma fuel having good lubricity, instead of being stored
sspaxately in one or two tanks.

1l. Effegt of e C ty on rioit Tha effects of
large changes in ty on ‘are n Pigure 6. Three £luids

were studied: JP~5, clay-filtered JP-3 and 140 solvent. BEach fuel
roacted differently to changes in humidity. The WED of the JP-5 increased

10
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slowliy with increasing humidity until the relative humidity reached

40 percent. Further increases in humidity had no effect on WSD. The
WSD of the olay-filtered JP-5 increased slowly with increasing relative
humidity over the entire range of humidities tested. The WSD of the
140 solvent increased rapidly with inoreasing humidity between 0 and

30 percent R.H. Above 30 parcent R.H. scuffing ocourred and made accurate
measurements of WSD impossibla.

12, BEffect of Dissolved Oxygsn on Lubricity,

a. The effect of dissclved oxygen on lubricity was determined, Three
test fluide were used: JP~5, clay=filtered JP-5, and 140 solvent, Oxygen
was removed from the system by purging the test fluld with nitrogen instead
of air. The oxygen content of the teat fluid was not measured,

b. It was found that removing oxygen lowered the WSD's of the clay-
filtered JP~5 and the 140 solvent from over 0.60 rm to less than 0.30 mm
while it had only a small effect on tha WSD of JP-5, Test results are
shown in Table XII. They show that even under the most severe conditions
(80 psrcent R.H.), the WSD of 140 solvent and clay-filtered JP-5 remained
very low. In addition, the usa of high concentrations of two lubricity
improving matarials, Hitec E-515 and dilinoleic acid, had no additional

effeact on the lubriclty of the deoxygenated 140 solvent or clay«filtered
JP"S -

¢. The significant increases in wear caused by oxygen have previously
besn reported in refarence 10. Reference 10 attributed the increase in
wear in the presence of oxygen to a simple corrosive wear mechanism,

involving the formation and rubbing away of metal oxides on the metal
surface.

d, In order to understand why oxygen had only a small affect on the
lubricity of unfiltered JP~5 and why known lubricity improvers had no
offects on deoxygenated fusl, it is necessary to examine what is occurring
at the metal~test fluid interface. At the interface, dissolved oxygen
competes with polar materials in the test fluid for adsorption on the
matal surface. When both are present, the polar materials are praferentially
adsorbed and prevent the oxygen from reaching the surface and rsacting there.
This is why unfiltered JP=5 and fluids having a sufficient concentration
of added polar materials have good lubricity. They have a relatively high
conoentration of polar materials which adsorb on the surface and keep most
of the oxygen away., Thus the ramoval of the dissolved oxygen by nitrogen
purging has little effect. Clay-filtered JP-5 and 140 solvent, on the other
hand, contain very faw polar compounds. Hence, more oxygen can reach the
surface and react to form oxides which are worn away at high rates. Removal
of oxygen by nitrogen purging aignifipantly lowers the oxygen concentration
on the surface and hegoe significantly lowers the wear rats alwmo.

e. An examination of the data in Tables IIX, VvV, VIII, and XII indicates

that preventing oxygen from reaching the surface by nitrogen sparging or
by the addition of polar materials such as organic acids, corrosion inhibitors

b8}
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and nitrogen containing compounds will only lower the WSD cf JP-5 fuel

oxr 140 solvent to about 0.237 mn under standard operating conditions.

Once WSD is achieved, further additions of polar compounds have virtually
no effect on WSD. This is also illustrated in Tabkle XIII, which shows
the effacts of very high concentrations of Hitec E-515 on the WSD of

140 solvent. The data shows that once a WSD of about 0.27 mm is reached,
furthaer additions of Hitec E-515 have very little effact.

f. Thus it appears that wear phenomena observed in the BOCM usging
JP-5 and 140 solvent can be divided into two types: oxygen-related wear
and non-oxygen related wear., Under standard conditions, WSD's above
0.27 mm can be attributed to oxygen rsaching the surface, reacting and
the reaction products being worn away. Non-oxygen related wear, which
is belinved to be depandent on the physical proporties of the tegt fluid,
produces a fixed WSD of about 0.27 mn under standard conditions for JP~H
and similar fluids.

13, Effect of Large Load Changes on Lubricity. The effect of large changes
in load on the lubricity of three test fluidas, JP=5, clay~filtered JP-5,

and 140 solvent, waa examined, Data is presented in Table XIV. JP=5 fuel
acts about as expacted; its WSD increames steadily from 0,20 mm to 0.31 mm
as the applied load iw raimsed from 200 g to 1200 g, Clay~filterad JP-5
and 140 solvent act differently. Their WSD's go through a maximum at a
low load, then show a rapid decreass followed by a slow increase at
highest loads. This unusual bahavior is believed to be related to the
lack of polar impurities in the two fuels. At low loads, oxygen is ahble
to react on the surface to form corrosion products that are rapidly worn
away. Ar the load is increased, the temperature at the point of contact
betwesn the ball and cylinder increases rapidly. (According to referance
11, local surface tamperatura increases as (locad) X. Thus if the load
ig tripled, local temperature, in degress centigrade, increases by a factor
of about 1.3)., The high local temperatures can cause the thermal and
oxidative breakdown of normally non-reactive components in the tast f£luid
to produce reactive components. These reactive components may then ba
adsorbed on the surface and kesp some of the oxygen away. This resultse

in lower WSD's, As loads increase further, the effect of the highexr load
begins to overcome the sffects of the newly formed reactive materials and
WSD's begin to increase again.

14. The results of the work on large cvhanges in load, humidity, and oxygen
content indicate that sxtreme caution should be taken when comparing WsD's
obtained under different aperating conditions. 1In addition, comparing two
fluids based on data obtained at other than standard conditions should be
avoided because differances between fuels may be increased or decreased by
changing conditions., Data fxom non-standard operating conditions should

be used only if a serias of known reference fluids has besn evaluated under
the sura conditions.

12
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FIGURE 11 SCHENATIC OF BALL-ON-CYLINDER MACHINE
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PHOTOGRAPH OF BALL-ON~CYLINDER MACHINE
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FIGURE 3: EPFECT OF PWA 536 ON LUBRICITY OF 140 SOLVENT
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FIGURE 41 EFFECT OF BLENDING FUELS ON LUBRICITY
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FIGURE S5: IDBALIZED RFFECT OF IMPURITY CONCENTRATION ON LUBRICITY
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FIGURE 6: EFFECT OF HUMIDITY ON WEAR SCAR DIAMETER
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3
: TABLE I

; EYFECT OF SMALL CHANGES IN RPM, LOAD AND TEST DURATION
— ON_WEAR BCAR_DIAWETER

A

o

‘i ! REM Load, (9) Test Duration, min, WSD, mm

¢ 230 1,000 32 0.60
240 1,000 32 0.60
250 1,000 32 0.60
40 940 N} ' 0.57
240 1,000 32 0.60

} 240 1,040 - 32 0.60

240 1,000 18 0.63
240 1,000 32 0.65
240 1,000 36 0.67

HOTE Clay filtered JP-5 used for all tasts.
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. TABLE II
e e | BFEECE UF SULFUR CUMPOUNDS OW LUBRICITY o
) Conuentration,
. Name Type ppm WSD, mm
' Base Fuel - - 0.57
' (clay filtared JP-5)
Butyl disulfide disulfide 20 (vol) 0.63
100 (vol) 0.60
2,500 (vol) 0.65
' Thicxanthene aromatic 200 (vol) 0.55
' 2,500 (vol) 0.59
| oA -toluensthiol thiol 20 (vol) 0,77
k .
100 (vol) 0.80
2,500 {vol) 1.01
{
Dibsnsothiophens thiophens 2,500 (wt) 0.585
s
i
! e I
el
i B ": K A-"“ 20
v :.‘;ﬁ{\}'r;*‘l
oA _ e —————————— b
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. TABLE IIX
| ?‘a BFFRCT OF NITROGEM COMPOUMDS OR_LUBRICITY
‘t m.\f
i
' Concantxation,
% Nome . ppen WSD, mm
Base Fuel - - 0.57
i (clay filtered Jp-5)
l N-methyl anolinme . axematic amine 100 (vol) 0.57
500 (vol) 0.53
l N-eathy) diatharol amine non-axomatic 20 (vol) 0.33
1 amine 100 (vol) 0.8
o | 500 (vol) 0.26
‘k l 2 =methy) piperidine non-arcaatic 20 (vol) 0.55
] hetarocyollie 100 (vol) 0.50
'-'. 500 (vol) 0.36
l 1
f;-‘ Octadecylamine paraffinia amine 20 (wt) 0.43
I 200 (wt) 0.27
g 500 (wt) 0.27
"% Bathophenanthxoline pyridine 20 (wt) 0.50
% I 200 (wt) 0.35
L |
*
l " ,
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EFFECT OF NON-ACIDIC OXYGEN COMPOUNDS ON LUBRICITY

Base Fuel
(clay filtered JP~5)

Msthyl octonoate

8,% dimethyl-l,3
oyclohexanedione

4-test-butyl-
2-mathyl phenol

Diisopropyl besnzene
hydroperoxide

Dibenzofuron

Copper acetylacetonate -

TABLE IV

Type

Concentration,
pPpm

egter

ketone

phanolic

hydropsroxide * -

furan

100
500

20
100
200
500

100
500

lon
500

500

20

100
200

{vol)
(vol)

(wt)
(wt)
(wt)
(wt)

(vol)
(vol)

(vol)
(vol)

(wt)
(wt)

(wt)
(wt)

WSD, mm

°-'57'

‘0.64
0.87

0.66
0.40
0.35
0.39

0.54
0.45

’ 0.60
0.51

0.83
0.61

0.54
0.40
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w,;ﬂ n

EFFECT OF ORGANIC ACIDS ON LUBRICITY

. Aeid . Céncentration, ppm ~ WSD, mm
None - . - 0.56

(clay filtered JB-5)
Palmitic 2.1 (wt) 0.54
3,2 (wt) 0.46
i 4.3 (wt) 0.38
- 10.8 (wt) 0.32
Stearic 2.0 {(wt) 0.55
! £ 5. 10.4 (wt) 0.32
M\mic- ; 1.8 (wt) 0056
: T }2.7“;(“, 0'52
L3, 85 (wt) 0.48
. 3464 (W) 0.42
11.0 (wt) 0.32
Decanoic 1.3 (wt) 0.53
1.8 (wt) 0.50
3.6 (wt) 0.40
10.8 (wt) 0.30
Oleic 1.6 (vol) 0.57
2.4 (vol) 0.52
3.2 (vol) 0.35
4.8 {vol) 0.36
10.0 (vol) 0.31

23
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Acid

Dilinoleic

Linoleic

|
|
|

Ethyl hexanoic

Naphthanic

e A e e g =

TARLE V (Continued

COncontntioh,‘ ppm

3.2
4.0
4.8
6.4
0.0

7.8
15
30

75

15
30

10

- a0

30

{vol)
{vol)
(vol)
(vol)
(vol)

{vol)
(vol)

{vol)

(vol)

{vol)

{vol)

(vol)
(vol)
(vol)
(vol)

NAPTC~PE-112

WSD, mm
0.58
0.52 .
0.48
0.37
0.30

0.31
0.30
0.28

0.40
0.38
0.235

0.52
0.36
0.30
0.30
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TABLE VI
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EFFECT OF MEASURED ACID NUMBER ON LUBRICITY

Fuel

mg KOH*
Acid Number, g fuel

Clay Flltered JP~5
Haxrpoon Fuael

JP-5

Jet A

JP-5

JP~4

JP=-5

JP=5

0,00005
0.00057
0.00059
0.00063
0.00077
0.00077
0.00083
0.00091
0.00137

0.0063

*Heasured according to ASTM=-D-3242,

a5

WSD, m
0.56

0.57
0.49
0.40
C.40
0.52
0.48
0.25
0.33

0.39
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TABLE VII
EFFECTS OF mgﬂ CON'I.‘AIHING MORE THAR ONE TYPE
OF_HETHRO ATGHM_ON_LUBRICITY '
Hetero~ Concentration,
Name Atoms s
Base Fuel - -
(clay filtered JP=5)
Nitroso-betanaphthol N,0 20 (wt)
200 (wt)
p-nitrophenol N,0 20 (wt)
200 (wt)
Sulfanilamide N, 0, 8 200 (wt)
Diphemylthiocarbarone N, B 200 (wt)
Disthyldithiocarbamic acid, 0, 8 200 (wt)
sodium salt
p-tolyl sulfoxide o, 8 200 (wt)
a8

WED, mm

0.57

0.39
0.26

o“l
0.31

0.57 °
0.74

0.66

0.59
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TABLE IX

EFFECT OF ANTI=-OXIDANTS ON LUBRICITY

Concentration of
Anti-Oxidant Active Ingredients WSD (mm)

None {clay filtered JP-5) - 0.65

Phenylenediamines

N, N',d:Lnconduy-butyl-punphonylonodimim 30 ppm (veol) 0.58

N, N’ di-isopropyl paraphenylensdiamine 30 ppm (vol) 0.60
‘- Phonols
! 1008 alkylated phenols, principally 2, 4 30 ppm (vol) 0.56
i ditertiary butylphenol
} 1008 alkylated phenols, principally 2, 4 30 ppm (vol) 0.65
i dimethyl 6~tertiary butylphencl ‘
| (min 72v)
|
, 550 min. 6= tertrbutyl-2, 4~dimethylphencl 30 ppm {vol) 0.61
|
; 45% max, mixture of tert-butylphenols and

di=tert-butylphenols
2, 6 ditertiarybutyl 4-methylphenol 30 ppm (wt) 0.63

= wL-v -

i-—__-..—;-‘-?__.—__,____-_,_.-

g -

RS
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5%
s
58
2%
-1 ]

5%

TABLE X

EFFECT OF PURE COMPOUNDS ON LUBRICITY

RAPIC~PE-112

Compound WSD_ {mam)
Base fuel (clay filtered JP-5)

(vol) n=dodscana

(vol) n-dodecane

(vol) l-methyl naphthalene
{vol) l-methyl naphthalene
(vol) butyl banzene

(vol) butyl benzene

(vol) 2,2,5 = trimathyl hexane

0.57

§ e St 0 S e e 12 e o
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TAB Il

BYERCT OF DISSOLVED GXYGEN ON LUBRICITY

Hitec BS15

*Variations from standard operating conditions

3 8

Fue) Atmosphere Test Conditions® Mditives WSD, 1

Jp-5 Alr - , - 0.30
Na - - o. 24

Clay filtered :

JpP-5 Alx Ce L 0.61
“z Lad - 0.22
uz - 7.5 ppm {vol} D.24
dilinoleic acid

140 Solvent Alx - - 0.80
Alr 808 relative humidity - 1.00({scuffing)
Ilz - - 0.27
Nz BOM relative humidity - 0.27
Nz 600 g load - 0.22
“3 - 50 ppm (vol) 0.2%

-

ot
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| : ,
k. EFFECT OF HIGH CONCBNTRATIONS OF HITEC E515
; ON THR LUBRICITY OF 140 SOLVENT
.I\,
3
}
!
i
’.
\ Additive Concentration, ppm (vol)
!
: None (140 solvent) 0.69
=l 12.5 0.42
i 25 0.31
i
} 5¢ 0.30
100 ’ ’ 0.27
200 ' 0,25
b
]
i
;
: ]
T . -32
AR T
i :‘ LR J
P, RSP W
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SR ER PR e

g By B

EN

P T

B Nl S S TN WS S B SR W GRS This ol D SIS muee e

TABLE XIV

EFFECT OF LARGE LOAD CHANGES ON LUBRICITY

WSD, wm
Load Ip=-5 Clay filterad JP~5
200 0.20 0.68
400 0.24 0.75
600 0.25 0.86
800 0.29 0.62
1000 0.30 0.60
1200 ¢.31 0.64
1400 - -

3

NAPTC-PE-112

140 solvent

0.81
0.85
0.80
0.66
0.76
0.75

0.85
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ARPENDIX A

SPECIFICATIONS FOR BALLS AND CYLINDEWS

—
s
-
|
»

Material: AISI 52100 sSteel
Hardness: 63«64 Rockwell C
Sources Grade 325 EP manufactured by BKF for the Shell

tour ball testar (ASTM D=2586)

Cylinders: Spacifications shown on next page.
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NAPTC-~PF-112

CYLINDER FOR BALL-ON-CYLINPER MACHINE

Drill and Tap
8-32 Thread
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+.000

1.750
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Canterlessly Grind to
4-9' Micro=inch CLA Finish

BOTRE:
1. Materisl: AISI 52100 Steal
2. Hardness: Quench and Temper to 20-22 Rockwell C
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APPENDIX B RAPTC-PE-112

CLEANING PROCEDURE FOR BALL=ON=CYLINDER MACHINE

A. Cylinders - Initial Clean-up

1. Wash with lab detergent and water. Use soft bristled brush.
] Avoild scratching polished surface with a melal brush handle,

2. Rinse thoroughly with distilled water.
3. Air dry.
4. Clean in ‘Shxhlet extractor using a 50/50 mixture of isopropyl
alcohol and toluens or xylens. Reflux for 15 cycles or two hours,
whichever is greaterx,
5. Dry in vacuum desiccator for § hours.
6. Store in desiccator,
B. Balls

1. Rinse with solvent to remove bulk of oil coating.

2. Follow Steps 4-6 in A. .
C. Resexvolr

1, Disassemble resexvoir for cleaning after sach run.

2. Clean reservoir with isococtane,

3. Dry with vacuunm.

D, Cylinder on Spindle tveen rung

1. Remove am much test fluid as possible from cylinder using suction and
by wiping with tissue.

2, Rinse with osooctans,
3, Wipe with clean tissus or cloth.
4. Rinse and wips again,

5, Dry with suction,

e ettt el

6, Make sure all fluid is removed from areas around sat screw and
shaft/cylinder contact aress,
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NAPTC-PE-112

Rropexrty

Distillation temperature, C

Initial boiling point
10 percent recovered
20 percent recovered
50 percent racoverad
90 percent racovarad
End point

Reeidue, vol., parcant
Loss, vol. percent

Gravity, 9API (sp. gre)
Flash point, °C
Freaezing point, %
Viscosity, centistokes @ -20°
Heating Value
Aniline ~ gravity product
Net heat of combustion (

Smoke point, mm

Aromatics, vol, percant

Olefine, vol. percent

Sulfur, total waeight percent

Copper strip corrosion, 2 hr, @ 100°¢

Thermal stability
Change in prassure drop, mm Hg
Praheater deposit code
Existent gum, wg/100 ml
Water separation indeax, modified
Total acid mumbar, mg KOH/g

c-1

175
195.5
201
214
238
256
1.2
0.0

42,8 (0.8118)
66.5
-49 .o
5.7

6,069
18,555
22
20,97
1.6
0.006
b

0.1
l
4.0
92
0.003

140 Scolvent

187
189
190
192
196.5
211
1.0
1.0

47.5 (0.7905)
64.5

"50.0
4.0

7,268
18,749
33.0
7.4
1.5
0.01
1b

0.1
1
1.2
100
0,006
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