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SUMMARY

Aircraft fuel system malfunctions attributable to the poor lubricating pro-

perties of on-board fuel first appeared in the mid-1960's. A consensus emerg-

ed with respect to the cause of the problem, i.e., the need for extraordinary

refinery processing of poor quality crudes to meet fuel specification require-

ments. In particular, the increased supply of high-sulfur crude necessitated

moderate to severe hydrotreating in order to reduce sulfur concentration to an

acceptable level. Coincidently, hydrotreating also served to reduce/remove

the polar, surface-active constituents of the fuel which are believed to

provide improved lubricating characterstics.

The literature presents somewhat conflicting findings in regard to identifi-

cation of the chemical species present in a fuel with "good" lubricity. High

molecular weight aromatics, oxygen-, nitrogen-, and sulfur-containing com-

pounds, and organic acids have been proposed as lubricity improvers, with

varying degrees of agreement among investigators as to effectiveness. It is

generally agreed that corrosion inhibitors of the MIL-I-25017 type do impart

some measuce of improvement in fuel lubricity, with effectiveness varying with

inhibitor type and concentration. A 1974 Air Force study using a ball-on-cy-

linder machine showed that only one of eleven QPL additives examined notice-

ably improved the lubricity of a clay-treated JP-4 base fuel at the inhibi-

tor's relative effective concentration (possibly a realistic field condition).

Some improvemunt was observed with nine of the eleven inhibitors at the max-

imum allowable concentration (possibly an unrealistic field condition). More

recent work by the Navy using a similar test apparatus and clay-treated JP-5

demonstrated some lubricity effect for most current QPL additives at their

minimum effective concentration. However, at this concentration, the base

fuel, in most cases was not improved to the level considered necessary for a

good lubricity fLuid.

Laboratory techniques considered for the measurement of fuel lubricity have

ranged from chemical procedures to bench-scale mechanical testers to full-

scale pump tests. Most studies have concentrated on the evaluation and devel-

kit opment of bench-scale devices, presumably because a direct indication of

mechanical lubricating ability is obtained while avoiding the complexity and
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expense of full-scale facilities. In the bench-scale category, the principal

devices previously and/or currently under investigation include the ball-on-

cylinder machine (BOCM), a derivation of the Furey BOCM, the Lucas dwell

tester, four-ball testers, and various pin-on-disk machines. Although no

single apparatus has been adopted as a "standard," the BOCM has received

widespread acceptance in this country and the U.K. The BOCM is claimed to be

sensitive to fuel lubricity differences, and to be correlatable with the Lucas

dwell tester, the Bendix fuel system simulator, and a Vickers vane pump test.

The BOCM is designed so that changes may be easily imposed in machine geo-

metry, metallurgy, temperature, speed, load, and test time. A major capa-

bility of the device is the moderate loading condition which can be utilized

for fuel evaluations. This capability permits assessment of test fuel wear

tendency without the occurrence of specimen (ball) scuffing, which masks any

differences in lubricity between fuels.

It is concluded that the ball-on-cylinder machine is the most desirable tech-

nique of choice for present and future fuel lubricity studies. Although

additional work will be required to refine the device in certain aspects, it

is believed that the apparatus possesses the applicability and necessary

requisites to become a "standard test' for use in fuel lubricity evaluations.
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FOREWORD

This report was prepared at Southwest Research Institute, 6220 Culebra Road,

San Antonio, Texas under U.S. Army Contract DAAK70-80-C-O001 and U.S. Navy

Contract N00140-80-C-2269. The work was funded by the U.S. Army Mobility

Equipment Research and Development Command (MERADCOM), Ft. Helvoir, VA and the

U.S. Naval Air Propulsion Center (NAPC), Trenton, NJ. Contracting Officer's

representative and technical representative for the U.S. Army were, respec-

tively, Mr. F.W. Schaekel and Mr. M.E. LePera, Fuels and Ltlhricants Division,

Energy and Water Resources Laboratory (DRDME-CL). U.S. Navy technical repre-

sentatives were Messrs. P.A. Karpovich and L. Maggitti, PE71:PAK, Naval Air

Propulsion Center.
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I. INTRODUCTION

As part of a program to evaluate the lubricity of synthetic crude-diarived

fuels, it was determined that a search of literature and existing data on fuel

lubricity would be advantageous. Therefore, considerable effort was devoted

to searching the technical literature for references to fuel lubricity. In

addition, a bibliographic on-line machine, using key words, was employed to

obtain a printout of possible applicable documents by title and author(s).

From this printout, copies of the pertinent documents were sought.

Fuel lubricity problems began to receive considerable attention by various

investigators after fuel control malfunctioning in a U.S. Air Force jet air-

craft was diagnosed in 1965. After this malfunction, several cases of fuel

pump failures and excessive wear of fuel-lubricated components began to appear

in both commercial and armed services aircraft in Europe and the United

States. As a result of the studies associated with these fuel-lubricity

problems, a number of laboratory test machines have been employed, and the

test results from some of these are presented in the literature. One of the

major objectives of this phase of the program was to select a preferred test

machine to evaluate the lubricity of various fluid fuels. For ease in pre-

sentation, the program discussion is categorized into the following:

(a) Nature of fuel lubricity problems.

(b) Role of additives and fuel dilution/blending on fuel lubricity.
(c) Fuel pumps.

(d) Evaluation of test techniques for fuel lubricity studies.

II. DISCUSSION

A. Nature of Fuel Lubricity Problem

After the aircraft field problems with urciy )* in the mid-1960's, sev-

oral studies were initiated using various test machines and techniques in an

* Superscript numbers in parentheses refer to the list of references at the

end of this report.
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attempt to better understand the mechanisms of fuel lubricity as well as

establish a test to measure the lubricity of a fuel. Appeldoorn and Dukek(2)

performed a literature survey on fuel lubricity and in 1967 reported that

there was little agreement among investigators as to which fuel properties

were important. Both physical and chemical properties of fuels including

viscosity, pressure-viscosity, volatility, aromatics, sulfur, oxygenated

compounds, and dissolved oxygen were said to influence friction and wear. On

the other hand, the importance of each of these properties had been challenged

and data shown to dispute claims of their effects on fuel lubricity. There

was general agreement in the literature that antiwear and antifriction proper-

ties of additives such as organic phosphates and thiophoephates improve fuel

lubricity although they adversely affect thermal stability. Metal deactivator

and antioxidants have also been claimed to improve fuel lubricity but, as

pointed out by Appeldoorn and Dukek(2), these data were less convincing. On

the other hand, Johnston, in a discussion of this publication, feels that the

Russian work(3' 4 ), whose data are referenced, demonstrates a significant

improving effect of conventional antioxidants on fuel lubricity.

Appeldoorn and Dukek(2) also present good background information on fuel pumps

and fuel controls employed in the aircraft industry as well as some of the

wear, seizure, and sticking problems associated with these equipment items.

For their experimental study, they employed four tests: the Ryder gear test

to measure tooth scuffing, a Vickers vane pump to measure wear and loss of

volumetric efficiency, the four-ball wear tester to measure wear and scuff

loads, and the Furey ball-on-cylinder test to measure friction wear and metal-

tic content. Of the test machines employed, they stated that the ball-on-

cylinder test was found to be most useful. Ba3ed upon their study, they con-

cluded the following:

(1) Poor performance of Jet fuels in either friction or wear tests is more

dependent on the traces of polar compounds in the fuel rather than via-

cosity or other physical properties.

(2) Harked differences can be observed in the lubricity of commercial fuels

.Li as determined by sensitive wear measurements or friction traces, These

differenccs correlate with the field performance of fuels as observed by

sticking or sluggish fuel controls or by high rutes of pump wear.

8



(3) Lubricity differences among fuels are generally related to the degree of

refining of fuels. The removal of chemically active species to upgrade

the thermal stability of fuels is invariably associated with poorer

lubricity. The active lubricity components removed in refining appear to

be high molecular weight aromatics.

(4) Certain additives such as corrosion inhibitors have a marked effect on

fuel lubricity. At very low concentrations, these additives reduce

friction and wear, while at high concentrations they reduce gear scuf-

fing; that is, they improve load-carrying capacity.

(5) Additives that act as lubricity improvers operate by different mech-

anisms. One class forms sacrificial films that reduce friction but

increase wear, while another forms films that reduce both friction and

wear,

NOTE: In this case, friction is reduced but wear increases

by rubbing away of the reacted materials, thus promoting

further chemical reaction in the formation of a new film and

so on, which is a continuing process. On the other hand,

other additives appear to form lubricating films that reduce

both friction and wear in the absence of the sacrificial

chemically reacted material.

(6) A lubricity additive specifically tailored for high-temperature service

rather than a corrosion inhibitor of the present type will be needed to

provide both lubricity and thermal stability in a fuel for advanced

aircraft such as the supersonic transport.

In continuing work, Appeldoorn and Tao (6 stated that heavy aromatic hydro-

carbons are the most probable cause of good lubricity characteristics of

petroleum oils; as little as 2 percent can greatly reduce the wear and fric-

tion and increase the toad-carrying capacity of paraffins. They also point

out that the mixture of heavy aromatics and paraffins is much improved over

either component alone. In the absence of water and oxygen, condensed-ring

heavy aromatics will allow scuffing at very low loads. This unusual behavior

9



I
is attributed to decomposition reaction at the rubbing surfaces rather than to

(7)oxidation or reaction with the metal. In 1960 Vere authored a paper that

referenced work by Appeldoorn, Goldman, and Tao which showed that the most

likely wear mechanism between surfaces is corrosion primarily due to dissolved

oxygen in the fuel with the process being accelerated by water. From the work

of Appeldoorn, et al., Vere hypothesized that a polar compound forming a

surface film should be a logical lubricity agent, Therefore, he designed a

complementary program in the United Kingdom having as an objective to examine

European fuels with regard to lubricity and to find a means of overcoming poor

fuel lubricity problems based on his hypothesis.

During the period 1966-1968, there had been evidence from the field of a lack

of fuel lubricity by at least four high-pressure piston-pump failures.

There was, according to Vert, a fuel pump modification using carbon faces on

the sliding surfaces which would perform satisfactorily on all known jet

fuels. This modification was assessed as being a possible solution to the

problem. However, as a result of the first two pump failures which occurred

using JP-4 fuel and nonmodified pumps, it was decided to investigate the

lubricity of European fuels on similar equipment. A test machine with the

capability of varying the metallurgy of the rubbing surfaces, and providing

wear, friction, and metal contact measurements was sought. Three designs were

considered and either rejected or accepted for reasons as follows:

(1) The four-ball machine was rejected because of its lack of sensitivity

when using turbo-fuels and because of the difficulty in changing metal-

k Hlurgy of the balls.

(2) Modified Timken bearing rig was rejected due to its lack of sensitivity

to small load changes and to difficulty in getting an adequate fuel

supply on the rubbing surfaces.

(3) Pin and disk machine which was based on the ball-on-cylinder machine(5)

was accepted because it could be readily adapted to the specific metal-

lurgy of the rubbing surfaces of a piston-type fuel pump.

10
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In using the pin and disk machine, Vere employed a carefully controlled test
(7)procedure. He presented conclusions as follows:

(1) The active lubricity agents in jet fuels are highly polar compounds

consisting of polynuclear aromatics, and fully saturated compounds con-

taining sulfur of the thiahydrindane and thiadecalin type. Lubricity of

jet fuel is satisfactory if it contains small quantities of these polar

compounds. These may be present naturally in the fuel or may be added.

(2) If necessary, the addition of a highly polar compound can give the neces-

sary lubricity to the fuel, for example, a corrosion inhibitor.

(3) Blending of hydrotreated and nonhydrotreated fuels gives satisfactory

lubricity when only 10 percent of the fuel is nonhydrotreated. This

could account for the nonappearance of this type of problem in the United

States where 100 percent hydrotreated fuel is rarely marketed. In Eur-

ope, over 50 percent of jet fuel production is hydrotreated, and the

rareness of problems in that area is no doubt due to natural dilution

caused by the pickup of hydrotr,ý,ted and nonhydrotreated fuels at dif-

ferent locations in a normal flight pattern.

(4) The lubricity test rig could be a useful guide to checking metallurgical

combinations. It has correlated well with pumps of various configura-

tions in the field.

Vere also presented possible future considerations as follows:

(1) If a control specification becomes necessary, it should be either a

chemical test to measure the active lubricity constituents, or a me-

chanical rig test. Both of these are feasible, but the setting of a

limit would be very different in either case.

(2) The chemical test has the advantage of cost, but depends on a fuller

understanding of fuel and additive components. The mcIianical test is

apt to be expensive even if simplified, but must be very sensitive to be

useful.

... . . . ....



Further wcrk by Vere was f'jesented at ar. Advisury Group for Aerospace Research

Sand Development (AGARD) Conference in 1971(8) and supplemented his earlier

conclunionb as follows:

(1) Up until this time, it had been considered that polynuclear Promatics

were the most likely lubricity comvounds in jet fuels, but -lysis by

hlgi'-reso,.tion mass spectrometer showed that fully saturat,:d hetero-

cyclic sulfur compounds are the more active lubricity agent.

(2) The lubricity of batches of fuel from a specific process can vary from

good to bad. The cause of this is unknown. Experience has shown that an

occasional batch of fuel from all known processes may be suspect.

(3) Modifying the fuel pump to a carbon sleeve version overcomes the problem

on all known fuels.

(4) The addition of a corrosion inhibitor at the rate of 12 ppm provides an

effective lubricity agent.

(5) Where either pump modification or additive treatment has been tried in

the field, no further problemls have been reported.

Aird nd Fogham(9)
Aird and Forgham( postulated that apparent wear in a failed fuel pump is

Hscuffing wear caused by seizure following breakdown of the boundary lubrica-

(7)* • Ution. They stated that this view was quantitatively supported by Vere'7, but
his work had not shown differences in normal wear rates for different fuels

*greast enough to account for severe wear in a failed fuel pump. Therefore,

they advanced the idea that the fuel property controlling this severe wear is

the resistance to breakdown of the houidary lubricating film, and defined this

as lubricity. They proposed that a boundary lubricating film is formed by

adsorption of fuel constituents on metal surfaces and referenced experimental

evidence lO11) to support the existence of such adsorbed lubricant layers.

In selecting a relevant testing technique to show differences in lubricity of

fuels, they stated that a test which can be easily correlated with data from

actual pumps is e~senttial. It is assumed that a complete prior knowledge of

12



the lubricity characteristics of fuel constituents is known for a chemical

test to be effective. Therefore, the first step would necessarily be a me-

chanical test with the essential property under investigation being the re-

sistance to breakdown of the boundary film. For this reason, Aird and Forg-

ham(9) did not give wear testing further consideration. They proposed three

j techniques which they considered would show existence of boundary lubricating

films for assessment. These were:

(1) Thin Film Viscosity - A technique based on work by Needs(I0) and Askwith,

et al.(11)

(2) Critical Temperature - A technique based on a concept by Blok (12), and
experimental work by O'Donoghue, et al.(13)

(3) Dwell Test - A technique similar to the approaches made by Dacus, Coleman
(14) (11, 15, 16, 17)

and Roess. Further work has been carried out ', but the

technique has not previously been used to look for differences in lubri-

city between fluids which have essentially the same properties.

After preliminary experimental work, Aird and Forgham(9) decided the dwell

test would he the most appropriate technique for continued testing. Eased on

their study, the following conclusions were presented:

(1) Large differences were found to exist in the lubricating properties of

aircraft fuels manufactured to the same specification.

(2) A mechanical test was developed which can detect these differences, and

results have correlated well with experience in the field. The test

technique is particularly suitable because of its brevity and because of

the small sample of fuel required per test. A test of this nature could

be suitable for inclusion in a fuel specification.

(3) Fuels produced by hydrogen treatment seem more likely to be of low lubri-

city than fuels which have been otherwise treated. Poor lubricity fuels

can, however, be produced by other treatments.

(4) With certain bearing metallurgy combinations, the use of a corrosion

inhibitor improves fuel lubricity.

13



(5) Sulfur-containing compounds of certain types may be among those respon-

sibLe for good lubricity.

(6) From their experience, it seemed that with the increased use of hydro-

treatment as a method of refining, a greater number of low lubricity

fuels will reach the market. For the future development of aircraft fuel

systems, some standard type of fluid would be useful which would have a

low lubricity. This would enable development and proof testing to be

carried out on a fluid at least as bad as any which go into use. Before

such a fluid can be produced, a better understanding of the "chemistry of

lubricity" is necessary.

In a letter of comments on Aird and Forgham's paper(9) Bishop and Howells(18)

question the validity of the cited pump proof tests using recirculatory test

rigs since it was stated that recirculation of the test fuel improves its

lubricating quality. Also, they do not believe the ewell test meets the
necessary criteria for a fuel specification requirement because of poor re-

peatability, a lack of assessing the reproducibility of the test, and the

excessive number of determinations to arrive at a reasonable average value for

dwell number. They also question the claimed correlation between the dwell

test and service results.

After the U.S. Army began considering the potential replacement of diesel fuel

with aviation turbine fuel (because certain geographic areas that had been

historically supplied by the U.S. Navy were required to change from diesel to

JP-5 fueL), the Army pursued a universal fuel development program which sought

certain fuel Lubricity parameters. Responsibility for determining the suits-

hiLity of fuels for use in Army diesel engines was assigned to the U.S. Army

Materele Development and Readiness Command which retained a private research

and development company to evaluate friction and wear characteristics of

selected jet engine and diesel engine fuels. Correlation of lubricity char-

acteristics with the fuel chemical and physical properties was also part of
(19)

the assigned effort. Therefore, Garabrant employed a ball-on-cylinder

machine (BOCM) and developed test conditions to evaluate friction and wear

characteristics of eleven selected fuels. He also performed limited addi-

tional testing of some of the fuels with a Vickers vane pump and developed

14



test conditions for correlation purposes. The principaJ conclusions derived

from this study were:

(1) Within the sample set selected, jet fuels and the arctic grade diesel

fuel of West Coast origin result in higher wear levels than do these same

fuels of East Coast origin. This is the result of processing (such as

severe hydrogen treating), rather than geographical origin. The effect

is not found with winter grade (DF-l) and the regular grade (DF-2) diesel

fuels.

(2) Wear levels increase with increasing moisture levels in the ambient air.

(3) Fuels with nitrogen contents of 10 ppm or less have high wear levels,

Fuels with nitrogen contents greater than 10 ppm have relatively low wear

levels, and these wear levels are independent of their nitrogen content

above 10 ppm. However, friction levels decrease, somewhat, with in-

creasing nitrogen levels in the fuel.

(4) Fuels with nulfur concentrations below 0.10-0.12 percent have high wear

levels* Fuels with sulfur concentrations about 0.12 percent have low

levels, and their wear levels are not affected by the amount of sulfur

above this value. However, high sulfur levels have a beneficial, but

limited, effect upon the fuels' friction characteristics.

(5) Fuels with viscosities below 1.8-2.0 cSt at 100*F have higher wear rates

than do fuels with viscosities at or above these levels. Increasing fuel

viscosities above 2.0 cSt at 100"F does not effect further reduction in

wear, but does reduce friction somewhat.

(6) The presence of "heavy ends" in the fuels reduces wear levels. Fuels

with "95% distilled over" temperatures lower than 500"P had higher wear

rates than did fuels with 95% off points over 5000F. Increasing the

amount of "heavy ends" in the fuel reduces friction.

(7) A fuel with the following properties would minimize wear and friction

leve l s:

15



(a) Organic nitrogen content of 10 ppm or greater.

(b) Organic sulfur levels in excess of 0.10 wt%.

(c) Viscosity greater than 2.0 cSt at 1000F.

(d) "95% distilled over" temperature of 500*F or higher.

(8) The fuels' physical and chemical. properties are not independent of each

other, but are interrelated:

(a) Fuels with low nitrogen levels also have low sulfur levels.

(b) Fuels with higher viscosities have higher "95% off" temperatures and

higher final boiling points than do fuels of lower viscosity.

(9) The results of lubricity studies made with the Vickers vans pump teat

correlate with the results of the lubricity studies made with the ball-

on-cylinder machine test. The results of the latter may be used to

predict the results of the former.

(10) The Vickers vane pump test has higher precision than does the ball-on-

cylinder machine test, but is less sensitive to differences in the lub-

ricity of fuels than is the ball-on-cylinder machine test. While the

ball-on-cylinder machine is the more sensitive screening device, the

Vickers vane pump stress levels more closely approximate those found in

diesel engine injectors and fuel transfer pumps.

Since conclusion (8a) above states that fuels with low nitrogen levels also

have low sulfur levels, it is questioned how conclusions (3) and (4) are

derived. It seems that it would be difficult to conclude whether the wear

levels are a result of the nitrogen and/or sulfur concentrations in the fuel.

Seregin, et al.'20, using a friction tester which produces sliding friction

and is claimed to give results that correlate well with the plunger wear in

gas-turbine engine fuel pumps, investigated the lubricity of diesel fuels in

relation to the fuel viscosity, the content and composition of sulfur com-

pounds in the fuel, and the presence of naphthenic acids and finely dispersed
free water.

16



Contrary to the results when using hydrotreated jet fuels, it was found that

for diesel fuels the hydrotreating process, which normally removes surface-

active heteroorganic compounds, did not give thorough removal of adsorption

resins from the diesel fuel; therefore, the critical load did not decrease

significantly. However, the corrosive sulfur compounds were thoroughly re-

moved, and there was a very marked improvement in the wear index and hence the

) overall lubricity.

Krotky (2 1 , in his treatise on properties of fuels used in the Czechoslovak

"aircraft industry, stated that lowering the level of aromatics, separation of

sulfur compounds and polar substances, as well as separation of surface-active

substances during the hydrogenation refining process, result in degradation of

antifriction properties as compared to fuels produced by using other techno-

logical processes.

In the mid-1970's, the U.S. Navy began to experience fuel lubricity problems,

Hang-up of a fuel control in an aircraft operating in the Mediterranean with

subsequent failures of afterburner hydraulic-fuel pumps, both due to low

lubricity fuel, were experienced. The problem fuels were from refineries

outside the Continental United States. Therefore, the U.S. Navy initiated a

program to determine the factors affecting fuel lubricity and developing ways

of maintaining good fuel lubricity. In addition to inhouse work, the U.S.

Navy is cooperating with the Coordinating Research Council Aviation Fuel

Lubricity Group in evaluating the repeatability and reproducibility of the

ball-on-cylinder machine. Grabel, using a ball-on-cylinder machine, undertook

this task(22) as well as determining the lubricity of JP-5 fuels being pro-
duced at all refineries in the late 1970's. Conclusions from the results

of these studies were as follows:

(1) The BOCM can be used to distinguish between fuels with good and poor

lubricity.

(2) The primary factor affecting the lubricity of jet fuels is the type and

amount of nonhydrocarbon impurities in the fuel. Hydrotreating and clay
fiLtration remove impurities from the fuel, thus making its lubricity

worse.
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(3) Changes in fuel composition within specification limits do not signifi-

cantly affect the lubricity of JP-5.

(4) Organic acids and most types of nitrogen-containing impurities improve

the lubricity of JP-5, while sulfur compounds and non-acid oxygen-con-

taiLnini, Impurities either have no effect or a slight detrimental effect

on lubricity, 4

(5) Deoxygenation significantly improves the lubricity of fuels with poor

lubricity; however, it has little or no effect on fuels that already have

good lubricity.

(6) Most JP-5 fuels in 1977 contained a sufficient amount of naturally oc- 4

curring nonhydrocarbon impurities to provide good lubricity.

(7) Approximately 42 percent of the JP-5 being produced in 1979 within CONUS

had poor lubricity.
•J

(8) Approximately 18 percent of the JP-5 being produced in 1979 outside CONUS

had poor lubricity.

(9) The amount of poor lubricity fuel produced will increase in the future

due to the increased use of crudes with high sulfur content.

(10) Vuel properties such as sulfur, aromatics, acidity, and olefin content

cannot he used to predict fuel lubricity; however, a single fuel with low

sulfur, aromatics, and acid contents generally will also have poor lubri-

city.

As a result of this work, three more conclusions pertaining to corrosion

inhihitors, dilutior, and additives were given and will be presented later in

the report,.

A list of recommendations as presented by Grabs]. in these references(22@2 3)
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(1) The BOCM should continue to be used to evaluate fuels suspected of caus-

ing problems because 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 nonhydro-

treated fuels before use to prevent problems due to 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

reproducibility of the BOCM.

(5) A lubricity requirement for JP-5 fuel should be established to prevent
future lubricity-related problems,

(6) Periodic sampling of fuels from Navy and Marine Corps Air Stations should .3
be done in order to monitor the lubricity of fuel actually being used in

aircraft,

(7) New aircraft or fuel system components being developed should be required

to operate satisfactorily on low lubricity fuel.

B. The Role of Corrosion Inhibitors, Fuel Dilution and Blending, Antiwear

Agents, and Antioxidants and Anti-icing Additives on Fuel Lubricity

1. Corrosion Inhibitors

Vee(7,24)
Vere showed that of all fuel additives tested, only corrosion inhibitors

produce a significant reduction in wear. In 1973 and 1974, the U.S. Air Force

Aero Propulsion Laboratory studied the effects of corrosion inhibitors on jet

fuel lubricity as well as other fuel properties.(1' 2 5 ) Using a ball-on-cylin-

der machine, several conclusions were drawn and presented. A condensation of

these is as followst
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(1) Several corrosion inhibitors on QPL-25017-9 were found to be effective as

fuel lubricity agents in either JP-4 or JP-5 (Grabel (22), using a BOCM,

also found that corrosion inhibitors improve the lubricity of JP-5, and

effectiveness increeses with increasing concentration in their allowable

concentration range).

(2) Shell Sol 71, a solvent comparable to a calibration fluid used for the

Lucas dwell meter, was found to be a suitable base fluid for lubricity

evaluation of the corrosion inhibitors. Shell Sol 71 was superior to

JP-4 or JP-5 for evaluating the effects of additives at very low concen-

trations.

(3) Preliminary results using the ball-on-cylinder lubricity test device

revealed significant differences among the qualified corrosion inhibitors

in regards to their effectiveness as fuel lubricity additives.

(4) Two inhibitors, DuPont AFA-i end Nalco 5400-A, appeared to have no sig-

nificant beneficial affect on the lubricity of a clay-treated JP-4 fuel

at their relative effective or maximum allowable concentrations.

(5) The other nine inhibitors--Lubrizol 541, Tolad 244, Tolad 245, Apollo

PRI-19, Unicor J, Nalco 5402, Conoco T-60, Hitec E-515, and DuPont DCI-

4A--improved the lubricity of the fuel to varying degrees when tested at

maximum allowable concentration.

(6) Only Hitec E-515 appeared to impart a measurable improvement in the

lubricity of the clay-treated JP-4 fuel at its relative effective con-

centration.

Most of the corrosion inhibitors, with the exception of those containing

phosphorous, were found to cause no measurable degradation of the thermal

stability of the fuels. All of the corrosion-inhibited fuels decreased in

filterability when sea water and a bare steel surface were simultaneously

exposed to the fuel. However, the severity of the filtration problem varied

for the different corrosion-inhibited fuels.
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Grabel( 2 6 ) showed that all corrosion inhibitors (12 ea) listed in QPL-25017-

12, with the exception of two which were not avwilable for testng, improved

the lubricity of JP-5, but with significant differences in effectiveness. All

of the corrosion inhibitors tested lowered the WSIM of JP-5 but to varying

degrees. On the other hand, four of the additives combine effectiveness as

lubricity improvers with minimal effect on WSIM.

2. Fuel Dilution and Blending

Grabel( 2 2 ) showed that the addition of 10 to 20 percent of a good lubricity

fuel with one having poor lubricity will usually produce a fuel with accep-

table lubricity. Agnihotri, et al.(27, using a ball-on-cylinder machine,

showed that blending of hydrotreated jet fuel with conventional refined fuels

does not necessarily restore satisfactory lubricity. They point out that the

degree uf hydrotreatment and chemical treatment, along with the type of crude,

are of importance. Vereo 7 ) concluded that blending of only 10-percent hydro-

treated with nonhydrotreated fuel will give satisfactory fuel lubricity, He

sttd(24)also stated that addition of a copper-sweetened fuel to experimental fuel

improves lubricity until, at 30-percent dilution, there is no difference

between the blend and a wholly copper-sweetened fuel. On the other hand,

Brown(2 8 ) points out that it takes exceptionally good operation of a copper-

sweetening unit to keep copper low enough in jet fuel to avoid failure in the

thermal stability test.

3. Antiwear Agents

Mis, et l(2930) using a ZN-type machine originally designed for seizure

load determinations of oils, which is suitably modified for low-viscosity

fluids, evaluated lubricity of light mineral oil, aviation turbine fuels,

diesel fuels, and blends of the two in suitable proportions to obtain diesel

fuel of winter and subzero grades. These fuels blended with additives of

complex esters or polymers showed that:

(1) Esters and polymers are effective lubricity improvers for aviation tur-

hine fuels and diesel fuels, especially for diesel fuels of winter and

subzero grades.
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(2) Eaters are comparatively more effective than polymers.

(3) Esters and polymers are superior to the conventional lubricity agents in

view of their high solubility and absence of separation at extremely low

temperatures. They are noncorrosive and, being ashless and nonsurfac-

tant, do not affect water separometer and luminometer indices of the fuel.

(4) Excessive wear by fuel produced by some refineries can be reduced to a

great extent by the addition of esters.

4. Antioxidants and Anti-icing Additives

Vere showed that antioxidant additive in varying amounts in a severely

hydrotreated experimental fuel, had no eOfect on the wear rate in a pJn and
(22)

disk machine. Grabet using a ball-on-cylinder machine concluded that

neither antioxidants or anti-icing additives have an effect on lubricity of

JP-5 in the allowable concentration range.

C. Fuel Pumps

Hamilton and Sparks( 3 1) discussed the design and development of pumps for

multifuel capability in the gas turbine engine. They review fuel lubricity

datai that have ilready been discussed in this document and conclude that the

variable stroke piston pump which has been developed for the aircraft ap-
plication has proven itself readily adaptable to now materials technology

which allows it to pump any of the fuels so far encountered with satisfactory

life and high volumetric efficiency. They point out that gear pump work has

been much more limited, but has shown satisfactory running on low-lubricity

fuels. They feel that aircraft experience has shown that both types of pumps

will continue to find use in multifuel applications for the future for the
aircraft industry as well as for other applications such as industrial and

marine use.

Several pump test rigs have been employed(32), but there appears to be no

standard test that can be employed or referenced for pump testing and cor-

relation purposes. Evidently, some of the pump test rigs appear to be sen-
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sitive to fuel lubricity while the capability of others in this respect is

questionable. Since present pump development is directed toward use with

low-lubricity fuels, a standard reference fuel appears to be needed.(32)

D. Evaluation of Test Techniques for Fuel Lubricity Studies

Since the latter part of the 1960's, the United Kingdom had several oil, com-

panies and fuel system component manufacturers performing investigations on

the problems of fuel lubricity.(32 The Ministry of Aviation Supply (now

Procurement Executive of the Ministry of Defence) decided to coordinate the

investigations, first through a number of ad hoe meetings of interested par-

ties and then in October 1969 by the formation of the Fuel Lubricity Panel.

From then until the mid-1970's, considerable effort was spent toward being

able to specify a lubricity parameter for aviation turbine fuel. Although a

great deal was learned about lubricity, Vera, et al.(32) conceded that it was

not possible to define a test that can accurately guarantee to control the

lubricity of an aviation turbine fuel. At the 14th meeting of the Procurement

Executive of the Ministry of Defence Fuel Lubricity Panel, it was decided that

its activities to date should be reported. From the review of the lubricity

activity by the editorial group, the following conclusions were drawnt

(1) MIL:h time, money, and effort have been expended in the last 7 years in

trying to find a method of effectively controlling the lubricity of
aviation turbine fuels. Much has been learned about this sujc na

I nowledge has been acquired, so the subject has become more complex.

(2) It is now known that a whole series of parameters affect the lubricity of

a fuel.

(3) Certain chemical components have been identified as lubricity agents, but

certainly not all chemical lubricity agents have been identified. For

this reason, it is not considered possible to use a purely chemical

approach to control the problem.

(4) Various rigs have been tried with varying degrees of success. The dwell

tester, subjected to evaluation both in the U.K. and U.S. by the CRC, has
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been shown in its present form to be unsuitable. Two wear test rigs show

promise hut have not been fully evaluated.

(5) Corrosion inhibitor additives appear to be effective on test rigs, and

one has been successfully used in fuel systems for some years with suc-

cess. Some of the additives have deleterious side effects, but work has

shown that several do not. Engine evaluation is needed to clear these.

(6) Hardware has been shown to be critical, and a long-term solution would

seem to be haedware that is not affected by a low-lubricity fuel. One

such example )s the Lucas all-carbon standard piston pump which has run

successfully for a number of years without any reported lubricity fail.-

ures.

(7) Present pump development is generally aimed at operation on low-lubricity
fuel. For this, a standard reference fuel is needed. In the U.K., a

subgroup of the Panel is working on the supply, storage, and availability
of such a fuel.

(8) Guidance is sought from the Aviation Fuel Committee as to the future role

of the Lubricity Panel.

In conclusion (4), it is stated that two wear test rigs show promise but have

not been fully evaluated. From the review, it is fairly clear that one of

these rigs is the ball-on-cylinder machine, but identification of the other

rig is not so clear. After studying the review, it was decided that a pin and

disk rig specifically designed by Esso Research Centre at Abingdon was the

other rig.

,! From the studies reviewed above, it was shown that a chemical test approach

showed some promise, but it was not possible to define a lubricity specifi-I cation by chemical. analysis.

Cureev, et al.(33) , in a study of the lubricity of diesel fuels with respect

,4 to steels, employed an electrolytic cell having a two-phase electrolyte/hydro-

carbon system. Their results were said to be in agreement with the concept of
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a film mechanism of diesel fuel protective action and be usable as a basis for

screening materials to be employed as additives to improve the protective

properties of hydrotreated diesel fuels.

In the search for a solution to fuel lubricity problems, the Coordinating

Research Council (CRC) of the U.S. and the MOD (PE) Fuel Lubricity Panel of

the U.K. have cooperated closely. CRC has chosen the ball-on-cylinder machine

for fuel lubricity studies. In a CRC Aviation Fuel, Lubricity Group Meet-

ing(34) (the first Group Meeting in 2 years), the members were most concerned

with causes of wide variations in test results obtained by the various labor-

stories using the machine. Hopefully, steps are being taken to improve these

results, such as better specimen heat treatment control, better control on

ball contact location, better standardization of machines, etc.

(35)Onion, in a recent paper, describes briefly the different regimes of

lubrLcation and goes on to examine boundary lubrication in greater detail.

The asperity-interaction of boundary lubrication which is considered to have

been disproven many times is attacked, From observations, Onion• 3 5 " offers an

alteriative hypothesis, "reaction film lubrication," where it is maintained

the lubricating films are produced "in situ" by chemical reactions between the

diesel fuel nnd the steel surfaces and that these reactions also cause chem-

ical polishing of the surfaces. It is believed that this process explains

many of the apparent anomalies in boundary lubrication and that it will be

shown to le a common regime in other applications.

11I. CONCLUSIONS

lBased on this I iterature survey, the followin,; conclusions nre drawnn:

0 Lubricity is a complex problem, ond it has been shown by various in-

vestigators that many parameters affect the lubricity of a given fuel.

0 The ball-on-cylinder machine is the most desirable tester of choice for

present fuel lubricity studies, Altholi'h future studies may show that

other test machines or inspection techniques can better define and pi.#-

dict fuel lubricity expectations, the BOCM is the selected tester. Also,
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it may be found that more than one test is needed to reliably predict

fuel lubricity.

Although most nf the lubricity studies have been performed using aircraft

jet engine fuels, extensive work needs to he performed on diesel fuels as

well as new formulations of fuels that will becoue more commonly used for

nonaeronautical power plants as well as aeronautical engines in the

future (future fuels).

Testing, with critical examination of the rubbing surfaces in the boun-

dary lubrication regime, needs to be pursued. Especially of interest

would be the wear mechanism and damage that happens early in a typical

fuel lubricity test.

0 Full-scale pump and fuel control tests need to be performed for cor-

t lretation with the ball-on-cylinder machine tests.
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Fuels," Wear, Vol. 28, pp 392-394, 1974.

This is a short communication that shows from limited studies using

the ball-on-cylinder technique that blending of hydrotreated fuel

with conventional fuels is not a satisfactory cure for restoration

of lubricity to jet fuel. (5 references listed).
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Wear, Vol. 18, pp 361-380, 1971.

This publication states that aviation fuels from various sources
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Vol. 75, No. 3, pp 428-440, 1967.
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of fuel-lubricated components of aircraft fuel systems in the mid-

1960's. They show that poor performance of some high-purity jet

fuels appears to be related to polar compounds rather than physical

It or chemical properties in the fuel. Surface-active additives such

as corrosion inhibitors are shown to greatly improve lubricity.

Highly refined fuels developed to meet thermal stability or purity

standards were shown to generally have poor lubricity. (18 refer-
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Oxygen and moisture are shown to cause a significant increase in

frictin and wear under nonscuffing condition@, In certain cases,
wear in humid air is destructive, but can be entirely eliminated by

blanketing the system in dry nitrogen. This wear effect of air is

entirely reversible, occurs with mo3t metallurgies and lubricant

types, and may be controlled by incorporating suitable additives in

the oil. Various wear mechanisms have been examined to explain the
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experimental results; the most satisfactory is a simple corrosive

wear phenomenon, involving the formation and rubbing away of metal

oxides. (26 references listed).

5. Appeldoorn, J.K. and Tao, F.F., "The Lubricity Characteristics of Heavy

Aromatics," Wear, Vol. 12, pp 117-130, 1968.

Friction and wear properties were determined in several different

test apparatus in which it was shown that heavy aromatic hydrocar-

bons are the mout probable cause of the good lubricating character-

istics of petroleum oils. As little as 2 percent can greatly reduce

wear and friction and increase the load-carrying capacity of paraf-

fins. These mixtures of heavy aromatics and paraffins are much

better than either component alone. Condensed-ring heavy aromatics

have a second unusual behavior; in the absence of water and oxygen,

they will scuff at very low loads. The unusual behavior of the

heavy aromatics is attributed to a little-understood decomposition

reaction at the rubbing surface and not to oxidation or reaction

with the metal. (5 references listed).

* •6. Askwith, T.C., Cameron, A., and Crouch, R.F., "Chain Length of Additives

in Relation to Lubricants in Thin Film and Boundary Lubrication," Proc.

Roy. Soc., A291, pp 500-519, 1966.

This paper studies the influence of surface active compounds on

lubrication of a slow-running four-ball machine. The lubricants are
pure paraffins, mainly hexadecane, and the additives long-chain

acids, amines, and alcohol@. It was found that the oil film was

markedly influenced by the additive and a sharp peak in the curve of
scuffing load against chain length was found when the additive and

the carrier were of the same chain length and shape. The surface

viscosities were measured by a falling plate viscometer and the same

peak was found when complete matching of the chain length occurred.

These results lend support to the existence of the long-range

forces. The Langmuir isotherm gives an explanation of the failure

of lubrication, which leads to the seizure of the surfaces. This
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explanation is in terms of the heat of adsorption and of the stan-

dard change of entropy of adsorption of the polar compound onto the

surface. A reasonable extension of the theory allows the lubri-

cating characteristics of mineral oils to be described. (19 refer-

ences listed).

7. Beerbower, A., "Boundary Lubrication," Esso Research and Engineering Co.,

Report GRU.IBEN.72, NTIS AD 747336, 1972.

This report reviews the state-of-the-art of boundary lubrication and

presents the prospects of such improvements in the lubrication of

highly-loaded bearings as virtually to eliminate bearing failures

and the need to relubricate machinery in the field. It includes a

survey of instances of anomalously successful boundary lubrication

and of mathematical models which might explain the low wear ob-

served. These models are shown to be inadequate and some steps are

taken to complete them. It is shown that 27 of the 28 anomalies are
explained by the expanded models. A plan for applying this know-

ledge to design practices is outlined. (Extensive bibliography

listed).

8. Brown, K.M., "Treating Jet Fuel to Meet Specs," Hydrocarbon Processing,

pp 69-74, February 1973.

Since some jet fuel specifications have little or no bearing upon

fuel performance, this is a review of how jet fuel quality is in-

fluenced by the processes of Doctor sweetening, copper sweetening,

and the Merox process, (2 references listed).

9. Furey, N.J., "Metallic Contact and Friction Between Sliding Surfaces,"

ASLE Trans., Vol. 4, pp 1-11, 1961.

Development and use of a new device to study metallic contact and

friction between sliding lubricated surfaces is discussed. The

device consists basically of a fixed metal ball loaded against a

rotating cylinder. The extent of metallic contact is determined by
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measuring both the instantaneous and average electrical resistance

between the two surfaces, and friction between the ball and cylinder

is recorded simultaneously. (14 references listed).

10. Garabrant, A.R., "Lubricity of JP-5 and Diesel Fuels," Exxon Research and

Engineering Co., Final Technical Report No. GRU.IPD.74, December 1974.

This report presents data obtained for the U.S. Army in its con-

sideration of the replacement of diesel fuels with aviation turbine

fuels, ani also its pursuit in developing a universal middle distil-
late fuel in which certain lubricity parameters are sought. The

wear and friction characteristics of eleven selected aviation tur-
bins and diesel fuels were evaluated with the aid of the ball-on-

cylinder machine. Limited additional testing of some of the fuels

was done with the aid of the Vickers vane pump. Fuel nitrogen and

sulfur levels, as well as back end volatilities and viscosities,

are factors in wear phenomena, Relative humidity of the ambient

air, or water content of the fuels, has a significant effect upon

the fuels' lubricity properties, Wear phenomena observed with the

ball-on-cylinder machine and the Vickers vane pump are correlatabte.

(7 references listed).

11. Grabel, L., "Effect of Corrosion Inhibitors on the Lubricity and WSIM of

JP-5 Fuel," NAPC Interim Report No. NAPC-LR-80-7, June 1980.

This report gives some history on lubricity of JP-5 as experienced

by the U.S. Navy. Using a ball-on-cylinder machine and an Emcee

water separometer, the effects of corrosion inhibitors on lubricity

and WSIM, respectively, of JP-5 are investigated. (3 references
Listed).

12. Grabet, L., "Lubricity Characteristics of JP-5 Fuels," NAPC Interim

Report No. NAPC-LR-79-6, March 1979.

This report summarizes the results of a program to determine the

lubricity of JP-5 fuels in use at the time it was published. It is
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also intended to serve as an aid in future decisions about lubricity

and fuel specifications and additivo, (4 references listed).

13. Grabel, L., "Lubricity Properties of High Temperature Jet Fuel," NAPC

Report No. NAPTC-PE-112, August 1977.

This report discusses the initiation of a program by the U.S. Navy

in 1975 toward a better understanding of the causes of fuel-lubri-

city problems and a means of solving the problems if they do occur.

The ball-on-cylinder machine was employed for this work in an effort
to determine the factors that are of importance in fuel lubricity.
(11 references listed).

14. Gulin, E.I. and Belous, A.R., "Laboratory Unit for Evaluating Jet Fuel

Lubricity," Chemistry and Technology of Fuels and Oils, Vol. 11, No. 7-8,

pp 629-632, July-August 1975. (Translated from Khim.i Tekhnol.Topliv i

Masel, No. 8, pp 38-41, August 1975).

A laboratory test device for rating the lubricity of jet fuels was

developed and is discussed in this paper. The device gives a aim-

ulation of the conditions under which fuel is employed as a lub-

ricant in the rocker unit of the fuel pump/control. A criterion is

proposed for evaluating fuel lubricity. (9 references listed).

15. Gureev, Al. A., Churshukov, E.S., and Gureev, A.A., "Lubricating and

Protective Properties of Diesel Fuels With Respect to Steel," Protection

of Metals, Vol. 12, No. 1, pp 106-108, January-February 1976. (Trans..

lated from Zashchita Metallov, Vol. 12, No. 1, pp 108-111, January-Feb-

ruary 1976).

This work consisted of a study of the lubricity of diesel fuels with

respect to steel and an investigation of the factors involved in

downgrading of protective properties when fuels are hydrotreated.

Fuel lubricity was evaluated on the basis of the cathode current

generated by the part of an electrode located under a film of elec-

trolyte and above the interface in an electrolyte/fuel system. (5

references listed).
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16. Hamilton, L.P. and Sparks, B.E., "Pumps for Low Lubricity and Corrosive

I Fuels," ASME Paper No, 75-GT-102, March 1975.

One of the advantages of the gas turbine is that it can burn almost

any kind of flammable liquid. The aim of the fuel system engineer

must therefore be to provide equipment which can pump and meter any

fuel which is acceptable to the engine, without limiting the engine

performance, life, or reliability. The reasons why the authors

believe this aim to be of particular importance at the present time,

and the kind of engine to which it is most relevant, are outlined.

The principal topic, the design and development of pumps able to

achieve this "multifuel capability," in also discussed. (2 refer-

ences listed).

17. Krotky, J., "Properties of Fuels Used in the Czechoslovak Aircraft In-

dudtry," U.S. Army Foreign Science and Technology Center Report No,

FSTC-HT-505-79, January 1980. (Translated from Zpravodaj VZLU, No. 4

(124), pp 181-187, 1977.I
This paper focuses on antifriction properties, lubricating quality
of fuels, and their corrosiveness. Those parameters of fuels for

aircraft turbine engines which affect the functioning of the fuels

and control systems are discussed. The potential for contamination
by mechanical impurities, water, and microorganisms are examined.

The reasons for increasing demand for high-purity fuels are cited.

18. Lazarenko, V.P., Skovorodin, G.B., Rozhkov, I.V., Sablina, Z.A., and

Churshukov, E.S., "Influence of Corrosion Inhibitors on Jet Fuel Lubri-

city," Chemistry and Technology of Fuels and Oils, Vol. 11, No. 5-6, pp

356-359, May-June 1975. (Translated from Khim. i Tekhnol. Topliv i

Masel, No. 5, pp 19-21, May 1975).

Lubricity evaluation, using a friction tester, for a number of

commercial jet fuel samples in various grades is presented, The

effects of a number of corrosion inhibitors on fuel lubricity are

also shown. (10 references listed).
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19. Martel, C.R., Bradley, R.P., McCoy, J.R., and Petrarca, J., Jr., "Air-

craft Turbine Engine Fuel Corrosion Inhibitors and Their Effects on Fuel

Properties," AFAPL-TR-74-20, July 1974.

This report discusses the effects of corrosion inhibitors on the

thermal stability, filterability, and lubricity of aircraft turbine

engine fuels. The corrosion inhibitors were found to affect the

thermal stability, filterability, and lubricity of fuels different-

ly. For example, some of the corrosion inhibitors gave no mea-

surable improvement in the lubricity of the fuel while others were

quite effective, using the Furey ball-on-cylinder test device.

Similarly, most of the corrosion inhibitors caused no measurable

deu8 itdation of the thermal stability of the fuels while others did.

All of the corrosion inhibitors were found to decrease the filter-

ability of the fuel when sea water and a bare steel surface were

simultaneously exposed to the fuel containing the corrosion inhi-
bitors. However, the severity of the filtration problem varied

among the corrosion inhibitors. (11 references listed).

20. Misra, A.K., Mehrotra, A.K., Srivastava, R.D., and Nand.', A.N., "Complex

Esters as Antiwear Agents," Wear, Vol. 26, pp 229-237, 1973.

Diol-centered complex esters using diethylene glycol, 1,3-butane

II diol, neopentyl glycol, polyethylene glycol (molecular weight 200-

* 1000), 1-phenoxy 2,3 propane dial as centered dials and sebacic acid

H as dibasic acid with outer monohydric alcohols as 2-ethyl hexanol,

1-henzyloxy propanol-2 and methyl digol were prepared and assessed

as antiwear agents in aviation turbine fuels, diesel fuels, and

light mineral oil. These types of complex esters, in general, were

found to be effective antiwear agents. (4. references listed).

21. Misra, A.K., Meh,,tra, A.K., and Srivastava, R.D., "Fuels of Improved

Lubricity," Indian Journal of Technology, Vol. 13, pp 406-410, September

1975.
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"The influence of some high molecular weight polymers and eaters on

the lubricity of various fuels (ATF and diesel) produced in India

has been studied. In general, all the esters and polymers used

brought about considerable improvement in lubricity, esters being

more effective than polymers. (34 references listed).

22. No Author (Lestz, S.J., Principal Investigator), "Fuel Lubrication Ef-
fects--Military Engine Fuel Requirements," Quarterly Report (pp 8-10,

October-December 1973) and Monthly Progress Report No. 12 (pp 9-11,

February 1974) on Basic and Applied Fuels and Lubricants Research, U.S.

Army Fuels and Lubricants Research Laboratory, Southwest Research In-

stitute, San Antonio, TX, Contract DAAK02-73-C-0221.

A pin-on-disk machine was used to study relative frictional and wear

characteristics of several fuels which might be employed in the Army

multifuel truck engines. A summary of the wear volume and average
coefficient of friction for each fuel is presented.

23. Onion, G., "Reaction Film Lubrication," Chartered Mechanical Engineer,

July 1979.

The author describes briefly the different regimes of lubrication
and explains boundary lubrication in greater detail. He attacks the

asperity-interaction view of boundary lubrication which he considers

to have been disproved many times. From his observations of lubri-

cated surfaces, mainly on components of diesel fuel injection sys-
tems, he offers an alternative hypothesis, "reaction film lubrica-

tion." He maintains that lubricating films are produced "in situ"
by chemical reactions between the diesel fuel and the steel surfaces
and that these reactions also cause chemical polishing of the sur-
faces. He believes that this process explains many of the apparent
anomalies in boundary lubrication and that it will be shown to be a

common regime in other applications. (6 references listed).

24. Petrarca, J., Jr., "Lubricity of Jet A-1 and JP-4 Fuels," AFAPL-TR-74-15,

NTIS Report No. AD 784772, June 1974.
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This report describes the evaluation of an instrument that gives an

indication of the lubricity of a fuel and of the results from test-

ing Jet A-1 and JP-4 fuels with the device. The instrument is the

Furey ball-on-cylinder. The preliminary investigation dealt with

establishing the repeatability and reproducibility of the rig on

pure hydrocarbons and Jet A-i fuels. Also, the results from the Jet

A-1 fuels served as the basis for a direct comparison between the

wear scar diameter from the ball-on-cylinder and the coefficient of

friction from the Bendix-CRC lubricity simulator. (10 references

listed).

25. Petrarca, J., Jr., "Aviation Turbine Fuel Lubricity Evaluation of Corro-

sion Inhibitors," APAPL-TR-75-47, September 1975.

This report describes the evaluation of the effectiveness of cor-

rosion inhibitors as fuel lubricity agents. The study was conducted

with the Furey ball-on-cylinder machine, tn the study, the eleven

corrosion inhibitors were evaluated as lubricity agents in three

base fluids, at various concentrations, and at the two bass fluid

temperatures of 75' and 150°F, (10 references listed).

26. Poole, W. and Sullivan, J.L., "The Wear of Aluminum-Bronze on Steel in

the Presence of Aviation Fuel," ASLE Trans., Vol. 22, No. 2, pp 154-161,

April 1979.

A study was made of the action of a commercially-available corrosion

inhibitor added to hydrofined aviation fuels in reducing the wear of

aluminum bronze sliding on KE 180, 13 percent chromium steel. From

measurements of friction and wear and an extensive examination of

surfaces using Auger electron spectroscopy, a surface model was

proposed which sheds light on the mechanism of wear protection.

27. Seregin, E.P., Gureev, A.A., Bugai, V.T., Makarov, A.A., Sarantidi, P.G.,

and Skovorodin, G.B., "Lubricity of Diesel Fuels," Chemistrv and Technol-

2a if- Fuels and Oils, Vol. 11, No. 5-6, pp 360-363, May-June 1975.

(Translated from Khim. i Tekhnol, Topliv i Masel, No. 5, pp 21-24, May

1975).
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In this study, the lubricity of diesel fuels in relation to fuel

viscosity, the content and composition of sulfur compounds in the

fuel, and the presence of naphthenic acids and finely dispersed free

water was determined. The experiments employed a friction tester

which produces sliding friction and gives results that are claimed

to correlate quite well with the plunger wear in gas-turbine engine

fuel pumps in tests on nonadditive fuels. (7 references listed).

28. Tao, F.F. and Appeldoorn, J.K., "The Ball-on-Cylinder Test for Evaluating

Jet Fuel Lubricity," ASLE Trans., Vol. 11, pp 345-352, 1968.

In this paper, the emphasis is on the advantages of usina the ball-

on-cylinder machine for evaluating jet fuel lubricity. The machine

can operate At low enough loads so that subtle differences in fuel

quality can be detected. Examples are given of the effect of re-

fining, the differences in additive action, the importance of test

atmosphere, and the influence of temperature. Other test methods

appear to be too severe for all-around fuels testing, and some of

these test methods are discussed. (7 references listed).

29, Thompson, J.S., "Aircraft Fuel Pumps--Where We're At (A Review of Some

Problems and Their Current SoLutions)," ASHE Paper No. 78-GT-lO, April
I , 1978.

European-designed tank-mounted boost pumps, the thermal diffuser,

engine-driven backing pumps and gear pumps have all changed, and

Improved, over the last few years. This paper outlines the reasons

for the nhanges, the problems they are designed to overcome, and the

ufficiency of the solutions offered.

30. Vere, R.A., "Lubricity of Aviation Turbine Fuels," SAE Trans., Vol. 78,

Section 4, pp 2237-2245, 1969.

A laboratory test rig was used to evaluato European jet fuels for

lubricity and showe' that the more highly refined fuels are poorer

in lubricity than the conventionally refined fuels. The addition of
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P surface-active addit 4 ve such as a corrosion inhibitor improves

lubricity. EAperience of additive rddition to fual for aircraft of

two European airlines in 1968 confirmed laboratory results. Highly

polar compounds extracted from conventionally treated fuels signift-

cantly improved lubricity when added to highly refined fuels. The

blending of 10 to 20 percent of a conventionally treated fuel to a

highly refined fuel improves lubricity to the level of the conven-

tional fuel. (3 references listed).

3t. Vere, R.A., "Dilution Restores Lubricity to Hydrotreated Jet Fuels," SAE

Journal, Vol. 78, No. 4, April 1970.

This article states that highly refined jet fuels lack lubricity and

can cause fuel Pump failure. By use of pin-and-disk machine, it has

been uhown that lubricity and wear rcsistance of a highly refined or

hydrotreated jet fuel can be restored by proper blending with a

chemically treated fuel. (2 referencos listed).

32. Vere, R.A., "Aviation Fuel Lubricity," Advisory Group for Aerospace

Research and Development Conference Proceedings," AGARD-CP-84-71, pp 11-1
A I through 11-13, 1971.

Fuel pump failures have occurred in Europe during the last 3 years

for which the fuel has been considered to be in part responsible. A

laboratory test rig has been developed which has evaluated European

Jet fuels with regard to lubricity. Thin has shown differences in

the lubricity levels of different fuels. Active lubricity agents

have been identified as fully saturated heterocyclic compounds and

polynuclear aromatics. The addition of a surface-active additive

sach as a corrosion inhibitor also significantly improves lubricity

but can incur conductivity problems in the field due to itb syner-

gistic effects with antistatic additive. From a series of field

incidents, a pattern is emerging. Modification of the fuel pump

hardware is the best solution to the problem. The ad41tion of a

corrosion inhibitor to the fuel has been shown to alleviate the

problem. (4 references listed).
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33. Vere, R.A., Askwith, T.C., and Hardy, P.J. (Editors), "Lubricity of

Aviation Turbine Fuels," Second Report of Work and Findings of the MOD

(PF) Fuel Lubricity Panel, Esso Research Centre, Abingdon, REF: AX/395/

014, January 1976.

"tf I Since 1970, the Ministry of Defence (Procurement Executive) Fuel.

Lubricity Panel has expended considerable time in an effort to

produce an effective and realistic test to be able to specify a

lubricity parameter foi an aviation turbine fuel. Although a great

amount has been learned about lubricity. it has been shown to be

very complex and remains not possible to define a test that can

accurately guarantee control of the lubricity of an aviation turbine

fuel. At the 14th meeting of the Fuel Lubricity Panel it was de-

cided that in advance of further studies, a report of its activities

tu date should be written. The first step was for each panel memberý

to prepare a summary of his own studies. From these contributions,

this report, which constitutes a review of lubricity activity as

seoe by the editorial Proup, wae prepared and printed.

1'.
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ATTN CODE 60612 (MR L STALLINGS) 1 ATTN RDPT
WARMINSTER PA 18974 WASHINGTON DC 20330
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HQ AIR FORCE SYSTEMS CMD OTHER GOVEIRMENT AGENCIES
ATTN AFSC/DLF (LTC RADLOF) 1
ANDREWS AFB MD 20334 US DEPARTMENT OF TRANSPORTATION

ATTN AIRCRAFT DESIGN CRITERIA
CDR BRANCH 2
US AIR FORCE WRIGHT AERONAUTICAL FEDERAL AVIATION ADMIN

LAB 2100 2ND ST SW
ATTN AFAL/POSF (MR CHURCHILL) 1 WASHINGTON DC 20590

AFWAL/POSL (MR JONES) 1
WRIGHT-PATTERSON AFB OH 45433 US DEPARTMENT OF ENERGY

DIV OF TRANS ENERGY CONSERV 2

CDR ALTERNATIVE FUELS UTILIZATION
USAF SAN ANTONIO AIR LOGISTICS BRANCH

CTR 20 MASSACHUSETTS AVENUE
ATTN SAALC/SFq (MR MAKRIS) 1 WASHINGTON DC 20545

SAALC/MMPRR (MR ELLIOT) 1
KELLY AIR FORCE BASE, TX 78241 DIRECTOR

NATL MAINTENANCE TECH SUPPORT
CDR CTR 2
US AIR FORCE WRIGHT AERONAUTICAL US POSTAL SERVICE

LAB NORMAN OK 73069
ATTN AFWAL/MLSE (MR MORRIS) 1

AFWAL/NLBT 1 US DEPARTMENT OF ENERGY
JWRIGHT-PATTERSON AFB OH 45433 BARTLESVILLE ENERGY RSCH CTR

DIV OF PROCESSING & THERMO RES
CDR DIV OF UTILIZATION RES
USAF WARNER ROBINS AIR LOGISTIC BOX 1398

CTR BARTLESVILLE OK 74003
ATTN WR-ALC/MMIRAB-1 (MR GRAHAM) I.
ROBINS AFB GA 31098 SCI & TECH INFO FACILITY

ATTN NASA REP (SA/DL) I
P 0 BOX 8757
BALTIMORE/WASH INT AIRPORT MD 21240
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