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ABSTRACT

Previous studies on the friction ard wear properties of jet fuels have
been extended to meta’'lurgieas cther than ste:! and to other kinds of wear, both
gbrasive and scuffing. C-rrosive wear is foind with most metals, even those that
are nowinally corrosion resistant, and can b: controlled by using surface-active
additives. Abrasive wear is triggered by corvrosive wear and can be controlled
iudirectly by eliminating corrosive wear or i directly by polar additives. Unlike
corrosive wear, scuffing is most severe in dry inert atmospheres. Antiwear addi-
tives are usually also antiscuff agents.
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1. INTRODUCTION

Thie report concludes a three-year rescarch study on the ceuses for the
11fferences in the lubricity of jet fuels. Lubricity, as defined herein, is a
fuel property; specifically, that fuel »roperty other Lian viscosity which accouats
for differences in friction, wear, and scuffirg.

Field Problem

Jet fuel lubricity was not a problem in operational sircraft at the time - |
this program started. However, & surver of pump and engine manr-facturers showed '
that there were some potential prcblems. For example, {r one experimentsl engine,
sticking and wear of an axisl piston pump had been encountered when using & highly
refined fuel at high temperatures. This problem could }e cured by &dding atout O.1%
of 4 special lubricity additive.

During the first six aonths of th's prograw & secsious field problemw did
develop. Jet aircraft operating from & particular base were enccuntering sticking
of a fuel control valve. The JP-4 supplied to this buse was vary highly refined
and contained no corrosion in' “itor in accordance with a rYeceat zhange in the USAP
Specification. The jet fuel was therexore etrocgl - suspect.

The goal of this program, however, was brosder  tun a vorrelatiom with a
single problem in the field. Rather it was a complete study of jet fuel comrosition:

]

to detcrmine what components present i{n jet fuels accvant for goud ‘ubricity, what 4
additive: wight be used to get still better lubricity, and how fuel lwririty is ]
influenced by other varisbles suchn as tempersturc, atmosphere,and wrtellurgy. ]
b

- pparatus ?
i

The first s ep was to find a test that could reproduce field experience. o1

Most lubricity testers have been designed for lubricsnts anmd rate all fuels &y
equaliy bad. Several different apparatus were examiped. Tbu Rsll-co-Cylindex Test
was found to be most satisfactory bnt a Vaue Pump Test and the 4-Ball Wear Tester
were also widely used. The Ball-on-Cylindor device megiures wesr, frictioc and the
smounc of metal-to-metal contact, all of which are usefui in evalunting fuels and
fuel additives. This apparatus could correctly distinguich betveen furls of good
and poor lubricity and showe:! that the degras of refining and the additive cm*rn
is far wore imprrisnt than pbysicnl nroperties surh ae viscosity.

Curiouely, altbough fieid problom: wers cften mers involved with soms
kind of friction, rathar than wear, the best correlation wws obtaioed with labnretoery
data on wear. 7Tt appsars that, 1a this case &t leest, botk fri “jon and wear ars -
the prodint of the same gource, cqmely an adhesior batwian the -ubbing surfr-es,
it i obvious that this ccrrelation should not be carried *no fir. Rowever, it 43
evident thai wear in laboretory testo, with suitable preceutions and with sown _ E R
obvicus erceptions, can pmu: frictiml bahsvio: i~ the ficld, , .

S A R R A R

'Y cttﬂy ﬁf :?a mrubiu thar might affact fet fual 1‘*‘”““7 whowed d‘"

A
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effect. Asnti-icing agents (ether-alcohols) had some effect but not nearly as much
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dissolved oxygen and water wera critically isportact. A asmple inerting of the
atacuphere in the Vane Pump Test, for example, reduzed wear by a factor of > 10,000.
This wear proceede by a corrosion mechsanism ard a mathematical model was constructed
which sbowed good agreecent with experimenial deta. All aubsequent tests were car-
tied gut in a contrclled atmosphere, esch spoaratus being modified eccordingly.
Cenerally the four extremes were used: dry alr, wet ai>, drv inert,and wet inert.

Surprisingly, the most important component for immarting lubricity cc
Jer fuels is the arometic hydracarbons, especialiy condensad-ring aromatice
{uaphithaiene derivatives). This behavic. had not been reported in the liters-ure.
Mixtures of paraffins and aromatics give lower friction, less wear and better scuff
resisténce than either ~omponent alome. Good jet fuels werz invariably found to
contain apyreciable quantities of arometics.

Paradoxically, the condensed ring aromatics alone are not gocd in a dry,
inert atacsphere. They scuff at extremely low loade. The excellent bebavior of
aromgtic-pw. affic blends is therefore a true synevgism.

2ulfur and nitrogen cowponents had relatively little effect on lubricity.
A avrvey of 10 jet fuels from tle field showed no correlatioa between sulfur or
nityvcgen content and lubricity. Also, the addition of all types of sulfur and
nitrogeec compounds (sulfides, disulfides, amines, etc.) did not improve lubricity
tc any extent. Similarly, the removal of rnaturally occurring scetic components by
caustic treat caused no cerious loss i~ lubricity. Olefinic hydrocarbons had some
effect but it was yelatively minor. Hence, oniy the aromatic coutent is an important
component -eo: far as lubricity is concerned.

Corrosion inhibitors which are normally added to jet fuels were found to
be exceptioc.,aliy effective lubricity agents, even at very low concentrations.
Their removal from fuels in the ficld (a move taken to improve the water separation
properties) appear :o be an important factor leading to the sticking problems
mentioned previously. These materia's are surfuce-active agents so that their
effect on lubricity is not .Jrprising.

On the other hand, anti-oxidants and metal deactivators had almost no
as the rorrosion iuhibitors and only at wuch higher concentrations.
Special lubricity additives were found to be even better than the corrosion

inhibi:ora. Some of :hese were effective at concentrations as iow as Sppm. Even
as simple a material as cleic acid was found to be very effective.

Temperatuxe

Friction, wear and scuffing all increase at higher temperature. Some of
this comes from the lowered viscosity, some from an increased rate of corrosive wear
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but some appears to be due to the temperature per se. Highly-refined fuels are
aore sensitive to the effect of temperature than conventionally-refined fuels.

A serious difficulty was encountered in measuring the effect of tempera-
ture in an air atmosptere. The fuel would oxidize during the test and the oxida-
tion products would act as anti-wear agents. The additiou of an anti-oxidant
minimized this effect somewhat but at temperatures above 2407, wear generally de-
creased rather than increased. This made it almost impossible to test additives at
high temperatures since the fuel aione was fairly good.

Metallurgy

Most of the work reported above was done with hard chrome steel. Some
limited data ware obtained on AISI 440C stainless steel. The conclusions, however,
were qualitatively the same as for the chrome steel.

4

Summary

The work thus far has identified the important fuel variables governing
jet fuel lubricity. Only the aromatic content and the surface-active additiver are
significant. However many of the operatfonal variables are as important as the fuel
variables, particularly the presence of disscvlved oxygen and water. There appears
to be a strong interaction between hydrocarbon type, additive content, atmosphere
and probably metallurgy as well.

The present report will focus on three major areas: scuffing, metallurgy,
and abrasive wear. Scuffing is an entirely different phenomenon from corrosive
wear; therefore those variables that influence wear were re-axamined to determine
their effect on scuffing. Several new metallurgies wer= examined, psrticularly
those that are corrosion resistant. The nature and importance cf abrasive wear
was also determined. In addition, the Micro-kyder rig was evaluated as a possible
lubriz{ity tester.




Il. EVALUATION OF MICRO-PUDER AS 4 TCOL ?DR ST/DYING J5T FURL LUBRTC;IX

A. Introductfor '

Because of wide appeal of a gear test for evaiuating the load-cartyivg
capacity of fuels and lubricants, it was desirable tu evaluate jet fuals in this

typs of test. Previous results huve shown that the standard Ryder gear rest is

not altogether satisfactory. A program was therefore set up. to evaluate .the Micro-
Ryder gear test as a jet fuel lubricity lester. Our conclusion is that tlis test

" device is not suitable for jet fuel testing.

‘ The Micro-Ryder is fust what the name implies. =t is a smaller version
of t+ ltlﬂd‘td Ryder gear. Several of the drawbacks for the larger Ryder are not
fouuJ in the smaller Ryder. For example, the slave gears are _oaded by means of
air pressure rather than gear oil; thus, test fuel canmot be cuntaminated. Also,
mich smaller quantities of test fluid are needed (35cc vs several gallons); thus,
certain pure hydrocarbon types and lubricity additives which have beer Ffound use~
ful in jet fuels may be very easily tested in the Micro-Kyder. It remgined for
this study to iavestigate the reproducibility of the Micro-Ryder as well as its
sensitivity toward jet fuels of varicus lubricity characteristics.

B. Modificatioas To Micro-Rydsr

As wentioned, the Micro-Ryder is a smaller version of the standard
Ryder gear test machine. In ordar to use the Micro-Ryder for fuels testing,
several modifications had to be made. Due to the extreme severity for fuels,
tests of 2-minute duratiop were run at each load, rather than the standard 10
minutes. In addition, the equipment was modified t¢ measure air pressures of
several millimeters of mercury. Thic modification was made because, for the range
of air pressures indicated on tke machine, the gear loading was too high; a large
amount of scuffing occurred at the lowest load, 1 psi. Tests were also run in an
argon atmosphere as well as in room air.

C. Esggrimental Results

. The Micro-Ryder was not able to detect the difference in lubricity of
two non-additive fuels. Figure 1 shows data on a highly refined fuel, Bayol 35,
and a conventionally vefined fuel, RAF-176-64. This figure is a plot of che per-
cent scuff as measured by microscopic examination of the gear teeth versus the
applied load in 1bs/inch .f tooth width. Normaily, one rates Ryder gear data by
noting the load at which 22.5 % scuff occurs. As seen in the figure, Bayol 35
and RAP-176~64 sppear equivalent at the 22.5% scuff point. At higher loads, the
conventionally-rafined fuel actualiy locks worse than the highly-refined fuel.
These findings are in direct contrart to those found previously with other wear
testers. Bayol 35 had beun shown to be much poorer than RAF-176-64 in lubricity.
This is shown in Table I, which comparea the scuff load at 22.5% scuff in the
Micro-Rydar test with wear data from other testers used in this program. 1In the
ball-on-cylinder devige, 4-Ball wear test, and Vickers vane pump, Bayol 35 was

'-dcfinitely inferior to RAF-176-64. In the Micro-Ryder test it was not.
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FIGURE 1 = MICRO-RYDER GEAR TESTS ON BAYOL 35 AND RAF-176-64
JET FUELS (77F, ROOM AIR, 2-MINUTE INTERVALS)




TABLE 1

COMPARISON OF WEAR TESTERS WITH MICRO-RYDER

Bayol 35 PAF-176<64
Ball-on-Cylinder 0.63 0.38
WSD, s
. 3 4~Ball Test 0.80 0.61
B T WSD, =m
h Vickers Vane Pump 204 0
. Vane-ﬁl., mg
Micro-Ryder Test 27 18

Scuff Load, #/inch
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The effect of a lubricity additive in the Micro-Ryder test was also
examined. Figure 2 gives data on 0.1% of ER-3 to Bayol 35 using room a’r &tmos-
phere. The effectiveness of ER-3 is readily seen in the Micro-Ryder, as Bayol 35
plus the sdditive exhibits about eight times the load-carrying capacity of Bayel 35
alone. This comparison is made at the 22.5% scuff point. This result is in agree-
went with previous data cbtained on the staudard Ryder gear earlier in the program.

The effect of atmosphere (Figure 3) also is in agreement with previocus
findings, i.¢., better performance with Bayol 35 is found in inert gas environment.

At first, it was planned to use the Micro-Ryder to measure gear scuffiny
at high temperatures in both air and inert stmospheres. In order to estimate the
severity of the Micro-Ryder at elevated temperatures, a low viscosity liquid,
normal heptane, was tested at room temperature. Heptane at room temperature has
a viscosity of 0.43cp, which is the viscosity of Bayol 35 at :00F. Thus, just the
viscosity effect alone can be estimated by comparing heptane with Bayol 35 in an
argon atmosphere. This is shown in Figure 4. Two points are to be made here.
First, if a test were run at 300°Fin an ergon atmosphere wit» Bayol 35, the data
would exhibit the trend shown by the heptane curve in Figure 4. That is, with no
oxidation occurring (argon atmosphere) only the viscosity effect would show up at
the higher temperature. The second poiat is th~t the Micro-Ryder is even more
severe for the lower viscosity fluid. At less than 0.5psi applied load, the
scuffing rose immediately to 22.5% with heptane. Therefore, testing jet fuels
such as Bayol 25 at higher temperatures would make the severity of the Micro-Ryder
worse than it is at room temperature.

D. Conclusions

The Micro-Ryder test is too severe for fuels testing. The failure of the
Micro-Ryder to rate Bayol 35 and RAF-176-64 correctly may be due to rumning tests
at loads below which it was designed. At these low loads, the test is apparently
insensitive to fuels of various lubricity characteristics. On the other hand,
additive and atmosphere effects agree with previous findings.

No additional work with the Micco-Ryder is planned since it is apparently
too severe for fuels testing. However, the viscosity data indicate that the Micro-
Ryder might be suitable for testing fluids in the lubricating oil range, that is,
higher viscosity fluids.
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T11, _SCUFFING OF STEEL

In must of the previcus work, the cest conditions were selected so that }
scuffing would not occur. Scuffing {s an entirely separate phenomencn from ordimkry -
wear and obeys ite own set of rules. It vesulis from a combination of teJt condi-
tions (high load, high speed, and high remperature) that cause the surface filwms
to fail. When the films cruck or rupture, fresh metal touches fresh metal, result-
ing in severe adhesion, high frictioa, and bigh wear. It should not be assumed tha:
whetever factors will alleviate ordinary wear will aleo alleviale scuffing.. In
fact, it will be gshown that the effect ¢< inerting the atmouphere haa dinmetrically
the opposite effect on scuffing that it has on wear.

In this section, the various parametere that have been shown to have some
effect on wear will he re-examined to determine their effect on scuffing. These
will include (1) oxygen atd woisture content of the atwosphere, (2) hydrocarbon com-
position of the fuei, (3) sulfur compounds, (4) additives and impurities, and (5)
temperature. The data io this section will be limited to hasd 52100 steel. Other
metallurgies will bhe discussed in the next section.

The following general conclusions can be drawn:

o Unlike wear, scuffing is most severe in dry inert atmospheres and least severe
in wet air.

¢ Wet air can sometimes lead to scuffing because of the abrasive nature of the
iron oxide particles formed.

e No scuffing with paraffinic fuels was obrained in the ball-on-cylinder test
even with btone-dry argon. However, scuffing with condensed-ring aromatics
in argon was more pronounced at low humidity.

¢ Condensed-ring aromatics when blended with paraffins decrease scuffing, just
ag they decrease wear.

e Olefins, especially diolefins, have some antiescuff behavior in blends.
e Sulfur compounds decrease scufiing in dry axgon but not in wet air.

e Lubricity ~dditives are also good antiscuff additives, but are required in
higher concentrations to give scuff protection.

o Scuffing 1is more severe at high temperatu.e, unless prior hydrocarbon oxidation
has occurred.

Scuffing iz not always self-evideut when it occurs. In the four-ball
tester 1t was dotermined as follows: A series of tests at increasing loads ware
run and the resulting wear scar diaweter plotted sgainst losd. Scuffing is evideunced
by & sudden increase in scar size: The load at which this occurs is the scuff-load.
Usually scuffing was accompanied by an erratic friction trace and a loud chattering
noise. At very high friction, th2 motor's overload trip would stop the test. This
is termed 'seizure."

-« 11 -
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. I sll cases Zns tests were run unc.r a controlled atmosphere, usually
‘sither dry argon or uct (saturaced) air. A temperature of 240F was chosen to give
thd mt omra vonditions without eacountering excessive evaporation of the fuel

. “*n the hll-cn-cyundcr tester, high temperatures and high loads were
140 uedd. To avold demage of the friction-measuring device, the #pring was blocked
" g0 that no frictton r«dtng was taken; scuffing vas recognized by noise or "chat-

A toxua"

"In addition, vhen scuffing occurred, the wear track on the cylinder
showed & considerable depth. In tests whereordinary wear occurred, the wear track
shoved only s flattening of the surface asperities. Talysurf profiles of the

cylindor thus made it easy to distinguish between wear and scuffing.

A. Effect Of Atwosphere

Previous tests under non-scuffing conditions had shewn that atwosphere has
& profound effect. Wear is low in dry argon, intermediate in wet argon or dry air,
and highest in wet air. This appears to be & classical example of corrosive wear,
for the 7olime of wear was almost a linear function of the amount of oxygen aveil-
adle in the atwospheres, Inerting the atmcsphere always had a beneficial effect.
This was particulariy noticeable in the vane pump test, where running in dry
nitrogen reduced the wear rrom a prohibitive level to essentially nil.

» In acuffing, however, the presence of oxygen and moisture can be expected
to be beneficial. Because they do attack the metal surface, they help prevent the
zrupture of the surface film, and they rapidly bh~al any ruptures that do occur.
Scuffing 4s therefore moot likely in dry inert _ystems.

1. Four-Rall Te.ts

The ambiguous effect of oxygen and moisture i{s illustrated in Table II.
A series of 4-ball tests were run on two high-purity fuels, increasing the load
wucil scuffirg cccurred. All four atmospheres were studied. The two fuels behaved
simiiacly. In both dry argon and wet argon, scuffing occurred at loads of 2-3kg;
in dvy air, scuffing did not occur until 20kg (although wear at lower loads was
higner than in srgon). In wet air, s~uffing occurred a. less than 1 kg, but this
appears to be from a different cause. 1In wet air, corrosive wear is so severe that
the irrn oxide particles abrade the surface, exposing freih metal, and initfating
scuffing.

- This i{s seen more clearly by examining the scuffing tendencies of com-
mercial (less highly-refinesi) fuels under the same conditions. Table YII prcsents
data on BAP-176-64 (Jat A fuel) and JP-5. Agein scuffing {s moat severe in dry
‘sargon and least in dry air. The table bealow sumasrizes the resuits on both kinds of
fuels. )

- 12 -




TARLY 11

SOUFZING CF HIGHLY-REF INED FUELS

{(¥Four~Ball Tests, 240F, 120Urpwm, 15ain, 52100 Steel)

WEAR SCAR DIAMETER, wmm

M-523 Bayol 35
Dry Wet Dry Wet Dry Wet Dry Wet
Load, kg  Argon Argon Afr  Ar  Atgem Avgon Alr  Mr
0.5 0.20 .72
.20 0.23 0.48 0.78 0.28 0.23 0.58 0.88
0.58 -- -- 0.91 - -
S 0.48 1.92 0.58
S €.5C 0.58
10 0.63 0.65
15 0.61 0.57
20 S ]
COEFFICIENT OF FRICTION
0.5 0.15
i 0.19 0.10 * 0.22 0.17 * *
2 * - - * - -
3 ik 0.13 * 0.16
S 0.14 n.09
10 0.16 N.14
15 0.16 0.14
3o *¥ *h
* Friction erratic.
+* Friction off-scale.
S: Seizure~--overloasd trip stopped test.
- 13 -
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WEAR SCAR DIAMETER, mm

SCUFFING OF COMMERCTAL FUELS

TABLE IIf

AP RI B

P e TR T e

(Four-Ball Tests, 240F, 1200rpm, 15min, 52100 Steel)

COEFFTCIENT OF FRICTION

3
o
15
20
25
30

* Friction erratic.
*% Friction off-scale.
&: Seizure--overload t~ip stopped test.

RAF-176-64 JPp-5
Dry Dry Wet Dry Dry Wet
Argon  Alr = Alr = Argon  Alr  Alr
.28 0.30  0.35  0.27 0.39  0.55
s -- - 0.90 -- .-
0.50  0.52 1 0.50  0.65
6.59 S 0.53 s
s 0.60
8
0.10 0.15 2.16 0.13 0.19 0.14
dek - - Yk - -
0.14  6.13 0.15  0.16
0.14  ** 0.14  *%
*k 0.16
%k
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Scuff load, kg
Dry_Argon Dry Alx Wet Air

PW-523 2 20 <1
Bayol 35 2 20 <1
RAF-176-64 6 25 20
Jp-5 6 25 20

Note that the commercial fuels have better scuff resistance than the
highly-refined fuels, just as they had better antiwear properties. Note also
that the biggest difference between these fuels was In their performance in wet air:
The highly-refined fuels scuffed ever at 1 kg; whereas the commercial fuels did not
scuff until 20kg. This 1s believed to be because the polar impuritiss in commercial
fuels reduce corrosive wear (as previously shown), which 1s postulated as initiating
the scuffiag in wet air.

2. Ball-on-Cylinder Tests

A similar comparison was made between PW-523 and RAF-176-64 in the balil-
on-cylinder device. However, as will be discussed later, scuffing in dry argon
could not be obtained in this device, even at high loads, high temperatures and with
high-purity fuels, as shown in Table IV.

It was possible to obtain wear-initiated scuffing (similar to that in the R
four-ball machine under wet air) at 1000g load in both dry air and wet air. This : 3
was evidenced by tbe sharp increase in wear noted in Table IV and also by the occur- ki
rence of chattering.

On the other hand, the commercial fuels showed no scuffing at any tempera-
ture or load, as shown in Table V. Further evidence of the diffzrence between the
two fuels is given by the Talysurf traces im Figure 5. When scuffing (chattering)
does not occur, the wear track shows little more than a flattening of asperitdies.
When it does occur, as with PW-523 in dry air and wet air, the track is gouged out ;
to a considerable depth. It is ponseible to calculate the wear volume (V) of this ;
track from its depth (8) and width (W) and the radius of the cylinder (R), assuming
its cross-section to be a circular segment:

Ve=2/3Ws.2rR = % xRWs

= 93Ws (in cu. mm.)

The computed wear volume on the cylinder for those runs showing chattering is alsc
presented in Tatle V. It is about 1 cu. mm. The wear voclume on the ball can be cai-
culated from the wear scar diameter (d) and the radius of the ball (r), and is ,
approximately (xd4/64r). For & wear scar of 1 mm the wesr volume s only O.lcu. wm.
Thus, when scuffing occurs, the majority of the wear is on the cyiinder.

- 15 -
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TABLE IV

EFFECT OF LOAD ON WEAR AT 300F
(Ball-on-Cylinder Tests, 240 rpm, 32 min, Steel-on-Steel)

Fuel: PW-523

Wear Scar Diameter, mm

Load, g Dry Argon Dry Air Wet Air
60 0.22 0.36 0.42
120 0.27 0.52 0.62
240 0.32 0.50 0.65
480 0.37 0.53 0.77

1000 0.35 0.98% 1.08*%

(0.31) (1.01%)  (1.05%) ]

* Chattering occurred.

- 16 -
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TABLE V

EFFECT OF TEMPZRATURE ON WEAR
(Ball-on-Cylinder Tests, 1000g, 240 rpm, 32 min, Steel-on-Steel)

(G-35)%% (1.3}  (0.98)%* (1.2)  (1.08)*

Drv_Argon Dry Air __Wec Afr o BN

Wear Wear Hear : T

Fuel Temp., °F Severity WSD, mmn_ Severity WSD, mm Severity WSD, mm ) :
PN-523 160 Mild  0.28 Severe*  1.05 Severe*  1.09 S
(1.2) , (1.7) N

240 Mild 0.23 Severe*  1.17 Severe* 1.22 .

(2.2) (2-6) ;

300 Mild  0.3:1 Severe* 1.0} Severe* 1.05 i

RAF-176-64 160 Mild .30 Mild 0.39 Mild 0.48 x
240 Mild 0.42 Mild 0.41 Mild .57 3
300 Mild 0.35 Miid .51 Mild 055
(1.62)% (0.43)%% (0.93)%*
(0.38)%*
(0.45)%%

* Chattering during run and very obvious scuffing marks on the cylinder. Data
in parentheses are computed wear volume in mm> on the cylinder based on Taly-
surf profile measurements.

** puplicite run.

- 17 -
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i PW-523 RAF-176-64
Crv & - Dry Argon
Dry Air
Wet Alr
Wet Air
BALL-ON-CYLINDER TESTS (10009, 240 rpm, 240F, 32 min., 52100 STEEL)
FIGURE 5 - TALYSURF PROFILE OF WEAR TRACK ON CYLINDER
UNDFR SCUFFING AND NON-SCUFFING CONDITIONS
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The scuffing behavior of PW-523 is contrasted to the normai wear behsvior
of RAF-176-64 in Figure 6, which plots the wear data of able V.

3. Bone-Dry Atmospheres

The dry gases normally used in these tests .ontaiu 20-30ppm water, as
received from the compressed gas cylinders. It was felt that even this small quantity
of water could have some effect, so a program was c-rried out under "bone-dry" condi-
tiong-~<l ppm water in the atmospkere.

The booe-dry conditions were obtaine: using a heatlees dryer (1). The
dryer consists of two columns of desiccant (giifca gel) used alternately. Compres- -
sed gas (30-150 psi) passes through one column where its moisture is completely re-
moved. A small part of this dried gas is then expanded and passed through the
second column. Because the drying efficiency depends on the volume of gas used and
not its weight, this expanded gas regenerates the silica gel to its previous condi-
tion. A timer switches the gas from one column to the other every 30 seconds, so
that one column is working while the cther is regenerating. Thus, complete dryness
is obtained without heating and without using ecryogenic temperatures. The gas
leaves the drier at less than 1 ppm water. This amounts to 957 water removal from
an already very dry gas.

A gas-mixing system was constructed so that any desired mixture of oxygen
and nitrogen could be cbtained, and ac any desired moisture level. Cxygen was ana-
lyzed in the gas phase by a Beckman Oxygen Analyzer. Water was analyzed in the gas
phase by a Gilbarco Sorptio: Hyg:rometer. This instrument was satisfactorv at very

low water contents (<10 ppm); higher water coiutant was determined from the mixing
volumes of dry and moist gas.

To measure the dissolved water directly, some preliminary work was done
with a new water analyzar developed by the Analycical Research Division of Esso
Research (2). It consists of a gas chromatograpt. coupled to a crystal hygrometer.
This work showed that serious errors exist in the literature onm the solubility of
water in hydrocarbons and that the Karl Fischer riethod 18 not dependable in ‘nany
cases. It appears that the new technique is exceptionally well euited to Jet fuels,
But it was felt that a full-scale investigation of water solubilities, the speed at
which dissolved water will equilibrate with the atmosphere, and the perturbing
effect of surfactants, was beyond the scope of this contract

The water content in the fuel (liquii phase) should follow Henry's Law,
ead therefore be calculable knowing the partial pressure of water in the surrounding
atmosphere and the saturation content of water in the hydrocarbon.

For the friction and wear tests, the ball-on-cylinder machine was again uti-
lized in this study. The sample cell was sealed to eliminate back diffusion from the at-
mosphere provided the sample gas flow rate was high enough. AISI 52100 steel balls
and cylinders were used for most of the runs. The balls were initially of Rockwell
Hardness 63 R.. Some were heat-treated to give a hardness of 26 R_. The cylinders
are ~30 R,. For several runs a Timken roller bearing race of ~60 ﬁ hardness was
utilized. This was not only harder but also rcugher (30 A" CLA vs fZ p" CLA for
the regular cylinder) so that differences observed could be caused by either the
hardness or the roughness or both.

- 19 -




WEAR SCAR DIAMETER, mm

TRERE FTRRY

BALL-ON-CYLINDER TESTS
(1000g, 240 rpm, 32 min., 52100 STEEL)

FWORHFE B | Sponarten, n g i, |

L |
PW-523 (DRY AIR) —=4

/ /
2 PW-523 (WET AIR)

RAF-176-64 (WET AIR) N

0.6 - RAF-176-64 (DRY AIR) i
. 2 -V - ——e—
/ ) /

004 - J - -
. —— T

S S |
0.2} / RAF-176-64 (DRY ARGON) -
PW-523 (DRY ARGON)

100 200 300

TEMPERATURE, °F

FIGURE 6 - EFFECT OF TEMPERATURE ON TWO FUELS IN
VARIOUS ATMOSPHERES
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a. Paraffinic Hydrocarbons

Although paraffinic fuels did not scuff in dry argon, there was some feel-
ing that scuffing would occur under bone-dry conditions. Accordingly, tests were run
with dodecane, which i@ a high-purity hydrocarbon of jet-fuel viscosity. However,
as shown in Fig. 7 (dashed line) no scuffing occurred. The measured oxygen concen-
tration in the atmosphere was <0.01 (the lower limit on the oxygen analyzer) which,
agsuming Henry's Law to hold, would give <0.1 ppm dissolved oxygen.

The tests were repeated using the softened steel balle, with the same re-
sult. (Fig. 7, solid line.) No scuffing occurred under low-oxygen/bone-dry condi-
tions. Some differences were noted at high oxygen concentrations; the hard steel
ball gave more wear than the soft steel in pure oxygen. (Somewhat anomalous re-
sults were obtained in wet air, where the soft ball (Fig. 7, point {§}) gave more
wea’: than the hard ball (pointM®). According to these data, hard steel is more
sensitive to oxygen than to water whereas the reverse is true for soft steel.)

Some further tests were carried out using the harder Timken bearing in
place of the normal cylinder. Again no scuffing was obtained at 1 kg. At 4 kg,
however, scuffing did occur under bone-dry conditions and at oxygen concentrations
below 17. These data are given in Figure 8. Only the combination of high load
and hard surfaces, and absence of water and oxygen, brought about this kind of acuf-
fing. The table below summarizes the data.

Coefficient
Ball Cyl. Load (kg) W.S.D. (mm) of Friction
Soft Soft 1 «34-.38 .09-.07
Hard Soft 1 .32 .17
Soft Soft 4 A .12
Hard Soft 4 41 .12
Hard Timken (Hard) b 1.63 46

It again should be mentioned that the Timken bearing has about twice the roughness
of the normal cylinder and that this could also have some effect. At any rate,
the ball-on-cylinder test can be run under conditions sufficiently severe to
bring about scuffing with paraffinic fuels in the absence of water and oxygen.

b. Aromatic Hydrocarhons

1-Methylnaphthalene and the other condensed ring aromatics show opposite
t~havior from the paraffins. These aromatica have been shown to scuff at extremesly
low loads at low oxygen and water contents., Bone-dry conditions would be expected
to aggravate the situation. Such was found to be the case, as szhown in Fig. 9,
which 1is & plot of vear vs. oxygen concentration at varicus humidicies.

It cean be seen that as water concentration decyeases, it takes more and
more oxygen to prevent scuffing. This {s sunmarized i the following tablae:
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BALL-ON-CYLINDER TEST

0.5 30 minutes

40009 BALL 63R¢
77F CYLINDER 60R¢

BONE DRY

WEAR SCAR DIAMETER, mm

| ] |

0.01 0.1 1.0 10
% OXYGEN IN ATMOSPHERE

FIGURE 8 - WEAR VS OXYGEN FOR DODECANE - HARD CYLINDER
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WEAR SCAR DIAMETER, mm

T | T
BALL-ON-CYLINDER TEST
1000g, 240 rom, 77F, 30 min. .
30 ppm WATER -
0 ppm
500 (19
0.29— -
10,0G0 ppm
0 . I I
6.01 0.1 1.0 10 100

% OXYGEN IN ATMOSPHERE

FIGURE ¢ - MVSOXYGKIPOR1!¢THYLMPHT§ALM
NORMAL HARDNESS CYLINDER
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Scuffing of l-Mechylnaphthalene

ppm Water % 02 to Prevent Scuffing
0 7
30 4
500 2
10,000 0.01

The data at 30 ppm were those reported earlier. The later data show less of & dif-
ference in the fingl wear scar between scuffing and non-scuffing. The reason for
this is unknown, but it Jdoes not affect the overall conclusions.

All the above data were taken with & load of 1 kg and the hard bali. An
attempted use of the soft balls for this lubricant resulted in no scuifing even under
conditions of pure N;. This is in agreement with the dara from the Vickers pump
test, where no scuffing was found with methylnaphthalzne in nitrogen. More intense

conditions, such as obtained with the four-ball tester, are needed to get scuffing
conveniently,

8. Hydrocarbon Type

1. Condensed Ring Aromatics
Scuff At Very Low Loads

It was previously reported that the condensed-ring aromatics, l-and 2-
methylnaphthalene, scuffed at very low loads in dry argon. This finding bhas now
been extended to other aromatics--phenanthrene, naphthalene and diphenyl,-- vhich are
golids at room temperatures. Naphthalene and phepsnthrene were run in ball-oan-
cylinder tests at 300F, along with l-and 2-methylnaphthalene and Bayol 35 as
refersnce. All the condensed-ring aromsticas scuffed badly (Table VI), as evidenced
by large wear scars on the balls, noisy chattering duxing the test, and deep wc.r
tracks on the cylinder. As before, the addition of woisture (wet argon or ‘et air)
eliminated the scuffing. Fig. 10 shows the difference in the Talysurf traces of
the wear tracks for 2-methylnaphthalene in the three atwospheres. Th¢ rus In dry
argon shows the unmistakable deep wear track associated with scuffing, whereas the
tracks in wet argon and wet air are barely disceinible.

Diphenyl, which is not a condensed ring aromatic, babaves ic an inter-
mediate fashion. In the ball-on-cylinder test in dry argon st 175F, diphenyl
scuffed at 240c, better than the 60g for l-ee hyluapbthalene, but worse than the
more-chan-1000g for Bayol 35 (Table VII). This behawior does not extend to the
single-ring sromatics: At 77F, bensene did not scuff up to the 4000g limit of the
machine, whereas {so-octane (2,2,4-trimethylpentane) scuffed at 830g. Rote that
{so-octane vas better thau l-methylnaphthalens {n spite of 1tc much lower viscosity
snd higher volatility. '

In the vane pump, however, l-methylnaphthalene would not scuff in dry
aitrogen cven at ~ load (outlet pressuce) »f 400psi (Table VIII). ‘There was
almost no wear and very little roughening of the surface. Appsrently, the unit
loads obtained in the vene pusp &re very modest compared to those in the bsili-om-
cylinder test, and much lower thon those in the four-ball test.
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TABLE VI

_ 7 WEAR OF POLYNUCLEAR AROMATICS AT 3COF
(Ball-on<Cy'ivder Tests, 1000g, 240 rpm, 32 min, 52100 Steel)

) ] Ury Argon Wet Argen Vet Air
S , Wear Wear Wear
N Aromstics javerity WSD, wm Severity WSD, mm Severity WSD, mwm
Naphthatene Severe® 1.45 . == -- Mild 0.69
’ {(8.1)
Phenanthrene ) -- 2.70 - - -- --
Bayol 35 . Mild 0.35 o= - - 0.91
l-Methylnaphthalene Severa*  1.87 Mild  0.61 Mild  0.48
: (5.0)
2-Methylnaphthalene Severek 1.44 Mild 0.92 Mild 0.45
{8.1;

* Chattering during runs and very ohvious scuffing marke on the cylinder. Data
in parcnthemes are computed wear volume in mm3 on the cylinder based on Taly-
surf profile nessurevents.
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FIGURE 10 - TALYSURF PROFILE OF 2~-METHYLNAPHTHALERNE IN BALL~ON-CYLINDER TESTS

(1000g, 240 rrem, 300F, 32 mir, 52100 Steel)
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TABLE VII
SCUFFING OF AROMATICS

(Bsll-on-Cylinder Test: Dry Argon)

. Scutf Load, &
Hydrocarbon _JIF_ 175F

l=Methylnaphthalene 400 60
Diphenyl -~ 246
b Bayol 35 »4000 >1000
Benzene , b >4000 -
2,2,4=-Trimethylpentane 800 -
t
3
}
|
- 28 -
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TABLE_VIII

VICKERS VANE PUMP TESTS ON 1-METHYLNAPHTHALENE IN NITROGEN

Pressure, psig 400 370 ?

Pumping Rate, gpm 0.39 1.07 ' %

Volume Etficiency, % 22 59 %4

Wear, mg z
Wt. Losys of Vanes 1 1
Wt. Loss of Ring 0 2

i Surface Roughness, u inch

N
Vanes, Initial 8 7 ‘ ;
Vanes, Final 9 7 :
; Ring, Initial 15 1

Ring, Final




2. Condensed-Ring Aromatics Reduce
Scuffing In Blends With Paraffins

Previous work had shown that condensed-ring aromatics when added tc a
”rtfﬂn:tc“ fusl would reduce wear under non-scuffing conditions. Their ability to
‘veduce scuffing has been found to be equally dramatic. Fig. 11 shows the result
‘oF four-bBall teats carried cut in wet air. The addition of l-methylnaphthalens to
~the paraffinic Bayol 35 giveo an increase in scuff load from 6kg to 60kg. Further-
weee, ‘this effect is noted at all atmospheres and is truly synergistic as noted in
“fable IX. Bwen in dry argon, where pure l-methylnaphthalene is so prone to scuf-

’ fm. um blended with Bayol 35 it increases the scuff load five-fold.

: ~his autiscuff property of aromstics is a characteristic of all aromatics,
«&Lthmh not all aromatics are equally effective. Also, they are effective even at
- 3% concentration as shown in Table X. In these tests, the four-ball machine was

. run 8¢ incressing loads until the friction was so high that the overload-trip would
‘shut ¢f the motor. It was found that 1% of l-methylnaphthalene increased the
"satguyre" load from 10kg to 50kg, that tetralin (tetrshydronaphthalene) was about as
M, and that quinoline (a condensed-ring heterovyclic nitrogen compound) was even
becur. Ia contrast, the condensed-ring aliphatic, decalin (decahydronaphthalene),
" had no effect whatsoever.

m. sawe antiscuff effect was found at higher temperatures (Table XI). In
dry azgon, Bayol 33 scuffed at 3kg. The addition of 5% l-methylnaphthalene or
fodane increased the scuff lcad to 10kg. In wet air, the effect was even greater.
‘Bayol 35 scuffed at 1 kg, whereas the aromatic blends increased this to 20kg.

These dats give further support to our earlier findings that the heavy
aromatics in commercisl fusls are responsible for their good lubricity, and that
 their removel in making highly-rafined fuels is vesponsible for the poorer friction
+*  and weay properties of these fuels.

3. Olstins

0lsfins have also besn found to have some effect on wear, although the
effeact is not nearly as striking as that of the condensed-ring arommtics. The mono-
olefins, such ax dodecens-1, ctc relatively ineffective, but the diolefins are much
batter.

' ’ The same pattern holds for their antiscuff behavior. A series of four-
ball tasts wera carried out fn dry argon and wet air at 77F and 240F on 5% olefin
blends in Beyol 33. Results axe given in Tables XII and XIII, and summariszed in the
tabla balow, The bert of the olefins is allyl benzene, which gave a scuff load of

- S04kg under all conditions. The chemical structure of this compound closely re-
saudles that of indm. whick was lhm in the preceding section to ba very good also.

CHy

1

CH
7

Ri . Rz

Indens Allylbenzsos
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FOUR-BALL TESTS
52100 STEEL

*" 1200 rpm =
25°C

15 minutes

1.5

1.0 - PARAFFIN + -
_ PARAFFIN 30% 1-METHYL -
NAPHTHALENE +

P

WEAR SCAR DIAMETER, mm

B I I A N § L4 L1111 1
1 2 5 10 20 50 100

LOAD, Kg

FIGURE 11 - AROMATICS INCREASE LOAD-CARRYING CAPACIT?Y i
OF PARAFFINS--FOUR-BALL TESTS
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TABLE IX

SYNERGISM OF AROMATIC/PARAFFIN
BLENDS 1IN SCUFF PROTECTION

(Four-Ball Tests, 1200rpm, 77F, l5min, 52100 Steel)

% l-Methylnaphthalene
in Bayol 35

0
30
100

Scuff lLoad, kg
Dry Argon Dry Airx Wet Air

12 9 6
60 60 60
<3 A 25
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TABLE X

AROMATICS PREVENT SCUFFING AT 1% CONCENTRATION

(Four-Ball Tests: 1200rpm, 77F, wet air, 52100 Steel)

_Aromatic in Bayol 35 Seizure Load*, kg
None 10

1% 1-Methylnaphthalene 50 '
1% Tetralin 45

1% Quinoline >50

1% Decalin ' i0

* Load at which overload-trip shut off mcutor
because of excessive friction.
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Scuffing Of Olefin Blends

Four-Ball Scuff Load, kg Relative
Olefin (5 wt?%) 77F 240F Oxjdation

in Bayol 35 Dry Argon  Wet Air Dry Argon  Wet Air Rate

None 10 <5 <3 <3 -

Dodecene-1 - - 5 3 v

Allylbenzene 30 >30 >30 >30 4

a-Methylstyrene 15 29 10 15 1160

2-5-Dimethyl-1-5 20 c 10 >30 2.6
hexadiene

2-5-Dimethyl-2-4- 15 15 10 15 26
hexadiene

Vinylecyclohexene 15 15 10 15 350

It had been previously felt that the lubricity of the olefins was correlated with

their ease of oxidation, and in a sense this is true.

But the correlation between

scuff load and oxidatinn rate is rather poor, as shown from the last column of the
above table. The oxidation rates were estimated by Boland's empirical rule (3),
Algo, the olefins were effective under dry argon, where oxidation would be impos-

sible. Hence the lubricity of olefins is due to something more than their

susceptibility to oxidatiocn.

On the other nand, the above tahle shows that in air the olefin blends
give higher scuff loads at 24CF than at 77F, whereas in argon they are better at

77F than at 240F. That is, the olefins are able to overcome the pro-scuff effect of
temperature, provided air is present. This does

look like an oxidation e ffect.

There is an interesting relationship between resonant and non-resonant
isomers. Note in the table below that 2,5-dimethyl 1-5 hexadiene (non-resomant) ie
better than 2,5-dimethyl 2-4 hexadiwne (resonant) and that allyibeazere is better

than g-methylstyrene.

viefins (5% In Bayol 3%)

Scuff -

None

2-5 Dimethyl-2-4 hexadiene
(C-CoC-C=d-C)

2-5 Dimethyl-1-5 hexadiene
(C=d-c-c-¢=C) c

a-Methyl Styrene ({ QO > Cc~C)
\

Allyl Banzene (@ C-Cn=()
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In Arpor | in Wet Alr

3

10

10

10

3

1

15

> 30

15

> 30
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-A wmore detriled comparicon of the test resuits for 57 allylbenzene and

é»ﬁthyl_uyrm is shown in Pig. 12.

A further study on the effect of oxidstion or wear and scuffing is re-

vorted im Table XIV. Ball-om-cylinder tests were made on dodecane (alkane), dodecene

(olefin), and indene (aromatic) at 240g load. Theme hydrocarbons were redistilled

- chenicsl resgaats; the dodecane wes furtler purified by passing through the silica

g2l colugn before the test. A ceries of tests wae carried out on each hydrocarbon

> 4p the follwsing eequerce: (1) a br "l-on-cylinder test in argon or air at 77F,

{2) heat to 300F in argon, (3) a bali-on-cylindev test on the same sample in argon
or eir at 300F, (%) cool to 77F in argon, and (5) a repeat tall-on-cylinder test
at 777 i argon or air.

In sir, dodecane gsve higher wear at 77F chan ac 300F. This clearly
jodicates the uxidation effect as eviderced by the lower weer in the repeat run
st !7F and the increase of Reut. No. in the sample after tests. Id argen, indene
guve nighk wear at 77F and caused gcuffing at 300F--in a ncnoxidizing atmosphere
_he wesr became more severe ac a higher temperature. It i: alao noteworthy that
we oxidation of indene at 300F did not change its ponr lubricity as shown in the
epeat run at 77F.

It is well-knoun that there are two possible ways for the nropagation
of the alkyl peroxy radical im autoxidstion of hydrocarbons, namely.

ROO. + RH ROU! + R- 1

20G: + C=C

ROOC - 3 ) (2)

Por dodecane, Reaction (1) iz the only nossible step, and the prodi :t of the oxi-
dation 18 mainly carbonyls such as a carboxylic acid that may adsorh on the surface
to foru a prolective film. For indene. the propapating step has been found mainly
to be Reacvion (2}, and the major product after oxidatior is a copolymer with the
oxvven {4)e The oxy-polymer has been found to be:

L/E’)\ . = m\__'/_\! :
€ b |
O e

This polymeric fii y be foomed ir the cumtecc region to give wear protection in
the presence of oxygen. Howevev, thir d%e not explain wny indene has such poor
antiscuffing properties in the £33l place. -

It is eviduant that a great deai mcre needs to be learned about the
relstirnship between structure, resctivity .and lubricity of hydrocarbons. The
broad facts have Leen delineated in this werk, but the reasons for their behavior
ar? still unkiowm.

From the practical standpoint of jet-fuel quality this information may
not be pertineat. In order to get the high thermal stability required for super-
ganic aircrast, the f:iels must be highly reffned. In partinlar, the olefins,
sulfur compounds and nitrogen compounds--including heterscyclics--must be removed.
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Q )
[72]
& ., .
5 027 owes% ALLYL BENZENE (O) CHCH,=CH,) .
= a4 5% a-METHYL STYRENE ({0) CiCHy)=CH,)

] I | I ]

0 10 20 30
LOAD, KILOGRAM

FIGURE 12 - COMPARISON OF SCUFFING LOAD BETWEEN
Q-METHYL STYRENE AND ALLYL BENZENE

(FOUR BALL, TESTS - 1200RPM, 15MIN, 240F)
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Ait

Alrx

3. 77F, Argon
Alr

" Final Neut No,
ppm KOH

enmsnen, —

g ,:'_;1,. m, Awon

2. 300?, Argon

EF]

162

.. 83"

* Test stopped at 4 minutes due to excessive friction and,cha‘tt'erin’gf._

Wk Friction reading erratic.
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In this process, the condensed-ring aromatics are also taken out. The resulting
fuel consists almost entirely of paraffins and cycloparaffins and has poor lubricity.
Although the lubricity could be restored by adding condensed-r!ng aromatics without
jwpairing the thermal stability, it is probably easier and cheaper to do this with
lubricity additives. The use of condensed-ring aromatice does have the advantage

of giving a higher-density fuel (more BTU/gallou) and less problems with water emul-
sions, but runs into the danger of poorer luminometer number.

C. Sulfur Compounds

Wear tests had previously shown that aulfur compounds of the type and in
the concentration found in jet fuels were ineffective lubricity agents. To see if
they were good antiscuff agents, some additional tests were run.

1. Ball-On-Cylinder Tests

Three organic sulfur compounds, thiophenol (a mercaptan), dioctyl sulfide
and dibenzyl disuifide, were tested in the ball-on-cylinder rig at 1000g load using
PW-523 as the base fuel. The concentration for thiophanol was 30ppm S which is
above the sllowable limit (10ppm) for mercaptan sulfur in jet fuels. The concentra-
tion for sulfides was 100ppm S, the sulfur content of most jet fuels. Thiophenol and
dioctyl sulfide ¢id nc: <how any antiwear and antiscuffing effect as shown in Table
Yv. The dfsulfida showed some antiscuffing effect in that the runs at 160F (but not
240F) ran without any chattering noise and no severe wear was measured on the cylinder.
However, the difference of wear scar diameters was not significant.

2. Four-Ball Tests

In the four-ball test three types of sulfur compounds (mercaptan, suifide
and disulfide), euch combined with one of thyree differemt organic groups (alkyl,
benzyl and phenyl), were tested at 77F in dry argon and wet air. The concentrations
were 50ppm as S for mercaptins (above the maximum sllowable by specification) and 200
ppm a8 § for sulfides (a typical concentrationm).

The results are presented in Table XVI and summarized below,

Effect of Sulfur Compounds On Scuffing

Scuff Load, kg
In Argon In Wet Alr
-SH  -s- -ss- -SH 5.

=82~
——

Alkyl 10 i0 10 10 5 5

Benzyl 15 10 10 15 5 5

Phenyl 15 10 10 10 5 5

Base Fuel — =-=cnc-a Smecmmcmcs ececvmews Jeccmanenn
- 41 -
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TABLE 3V

EFFECT OF SULFUR COM,DUNDS ON UCUFFING
(Ball-on-Cvlinder Tests, 1000g, 240 rpm, 32 min, 52100 Steel)

ase Fusl: ~523
Dry Argon Dry Air Wet Air
Tenp . Wear Wear Wear
Additive °F__ Severity WSD, mm Jeverity WSD, mm Severity WSD, mm
None 160 Mild 0.28 Severe* 1.08 Severe* 1.09
(1.2) : (1.7)
240 Mild 0.29 Severe* 1.09 Severe* 1.17
(2.2) (2.6)
50 ppm S as 160 Mild 0.42 Severe* 0.92 Severe* 0.94
Thiophenol (0.64) (0.9)

240 Mild 0.41 Severe¥ 1.10 Severe¥* 1.20

. (1.05) (1.7)
100 ppm S as 160 Mild c.28 Severek 1.06 Sevare* 1.14
Dioctyl Sulfide {0.97) (1.7
240 Mild 0.35 Savere* 1.i4 Severe* 1.22
(1.6) (2.3)
100 ppm S as 160  Mild  0.39  Mild 0.86  Mild 0.92
Dibenzyl Disulfide (0.07)

240. Mild 0.28 Severe¥ 1.05 Severe* 1.02
(1.3) : (1.6)

* Chattering during runs and very obvious scuffing marks on the cylinder. Data in
parentheses are computed wear volume in mm3 on the cylinder based on the Talysurf
profilc measurements.
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It will be noted that in wet air none of the sulfur compounds was effective, All
gave large wear scars et 5kg, and the sulfides and disulfides also gave high fric-
tion indicative of scuffing. This 1is in agreement with our conclusion based on
wear deta: sulfur compounds in jet fuels are not responsibla for differences in

. lubricity observed in the field.

_ ' The data in dry argon, however, are different and are rather intriguing.

- Al the sulfur cowpounds eliminated scuffing at 5kg and the wear scars were very low.
Thus, these compounds are lubricity agents when oxygen and water are absent. In
_this tcspect they are similar to the condensed-ring aromatics.

The behavior of these sulfur compounds alsc has some interesting
theoretical aspects. Unlike the lubricity additives, the sulfur compounds have
very little effect in wet air. Apparently their antiscuff effectiveness cannot
function whan water or oxygen are present. This implies either a competition for
the surface between the sulfur compounds and oxygen/water (a competition which the
sulfur compounds lose) or & complex reaction ianvolving the sulfur compound, the
steel surface, oxygen and water. This latter seems more likely for, as noted
earlier, the sulfur compounds are pro-wear agents under non-scufiing conditions.
The same effect was ted in these experiments and is summarized in the table
below.

Effect Of Sulfur
Compounds On Wear At 1 kg Load

vear Scar Diameter, mm'
In Argon : In Wet Air
Sulfur Compound -SH =S~ ~§S~ -SH -8~ -88-

Alkyl ) 0.20 0.20 0.20 0.60 0.53 0.57
Bengyl 0.17 0.18 0.18 0.47  0.58 0.58
Phenyl 0.20 0.18 0.27 0.50 0.45 0.57
Bage Fuel Seeamman 0,20-~--cnmon eccmanea 0.47-~cacau--

. In wai: air, there is a definite increase in wear particularly for the disulfides
and the alkyl mercaptan.

One other peculiarity of the sulfur compounds was noted. When scuffing
occurred in dry argon it wag sudden end catastrophic. Friction was so high as to
“cause "seisure” (the overload trip to the motor would stop the test). In wet air,
scuffing would occur as evidenced by high and erratic friction and a large wear
scar, but "seizure" would not occur until several load increments higher. This
behavior is illustrated in Fig. 13. In general, it can still be concluded that
sulfur compounds play little part in the lubricity of jet fuels,
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COEFFICIENT

WEAR SCAR DIAMETER, MM

OF FRICTION
o o
N H
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o
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o
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o

[
N
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0.4
0.2

u IN ARGON N
= -
A A

_ N B
IN WET AIR

- -

] 1 1

- SEIZURED -

"IN WET AIR j‘

_//7 x -

= " -4

_—o—% \IN ARGON

_ & -
[ B O N S N I 2 G I B

0 5 10 15

LOAD, K!{.OGRAM

FIGURE 13- EFFECT OF DIBUTYL SULFIDE ON SCUFFING

(FOUR_BALL TESTS - 1200RPM, 15MIN, 77F)
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D. Lubricity Additives

Several lubricity additives had been evaluazed earliar and many were found
-~ to ba quite effective ir reducing wear. One of the best was oleic acid. Also eva-
. luated were tricresyl phosphate (TCP) and zinc dialkyl dithiophosphate (ZnDDP), two
© wellekpuwn sntivecr additives, and a seriec of proprietary materials coded ER-1, ER-2
6t6s ER=1 has had soms field experiauce in test ergines; it has baen used at rela-
7 tiwely hWigh concentrations, 0.1%. ER-3 was developed expressly as a jet fuel lubricity
. edditive. It is effective st concentrations of 50ppm and even lower.

1. JYour-Bsll Tests

The asutiscuff ability of fowr lubrioity additives at 50ppm in PW-523 is
given ia Table XVII. Theze terts were run at 240F. Ia argon, only ER-3 had any
sppreciable effect on scuffing. It incroascd the scuff load from 1 kg to 4-5kg.
Other additives--RR-1, ZnDGF, and olédc acid--were ineffective. In wet air, the
additives were somcylat batter. Pig. 14 shows that both oleic acid and ER-3 pue-
vented scuffing out %0 15kg., ZR-" and ZaDDP were much lees effective. Some scufting
occurred with ZalDP et iosds a8 low as 2kg, tut the frictiow never becawe high anough

. to cause seizure even at 7kg. .

However, at 1000ppm (0.1%) concentration all these additives shcwed some
" entiscuff properties as showm in Talble XVIII. A comperison of scuff loads for these
additives at two different cuncentrations is gilven below.

Four-Ball Scuff Load, kg
(Base Puel: IMIW-523)

Dry Argon Wet Lir
Additives 50ppm 1000ppm 59ppm 1000ppm
None . 1 0.5
ZnDDP 2 10 2 yAY
S cia Olejc Acid 3 10 20 > 30
' ' ER-1 2 10 3 15
ER-3 5 30 20 > 30

It will be noted that all the addicives are more effective in wet air than

. in dry argon. This ie the same effect noted easrlier with the naturully-occurring
polar compounds found in comwercial fuels. It is believed to be a reflection of the
natural tendency of all fuels to scuff less if oxygen and water are present. Both
oxygen and water form oxides, which reduce adhesion and scuffing. In addition, the
siuple aducrprion nf water also tends to diminish scuffing. The reason that non-
addicive fuels scuff wore readily in wet air is that corrosive wear plays an important
part in the scuffing process: the presence of oxygen and water causes the formation
of irou oxide which in turn causes abrasive wear and scuffing. The lubricity additives
suppress corrosive wear and thus allow water and oxygen to fulfill their antiscuff
function. Also, the additlves themselves are more reactive with the surface when a

full oxide layer is pruseax.
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A second irrortant fact from the above table ie that the scuff load in-
creases as the concentration increases. This 1s different from the case of cor-
rosive wear, whexa only 50ppm was usually sufficient to eliminate the wear, and
further increases in concentration had little effect. Again this is not surprising:
scuffing is a dynamic condition in which the surface layer is continucusly rubbed
off and must reform before the next traverse. Higher lcads cause the surface layers
to be rubbed off faster, and this must be countered by & faster film formatiom, i.e.,
& higher concentration of additive availadle at the surface to react.

Both of these facts are illustrated in Figs., 15 and 16 which show the com-
plete data for ER-3. 1In dry argon 50prm ER-3 is only effective up to 3kg, whereas in
wet air it is effective up to 15kg. 1Increasing the concentration to 1000ppm ia-
creases the scuff load in both dry argon and wet air.

2. Ball-On-Cylinder Tests

The effectiven~ss of ZnDDP, ER-1 and ER-3, were also evaluated at a con-
centration of 50ppm in ball-on-cylinder tests. The conditicns {1000g load and 160-
3U0F) were such that the base fuel, PW-523, would scuff. It will be seen (from
Table XIX) that ER-3 prevented scuffing (chattering) at all temperastures, ER-1 st
160P and 240F but not 300F, and ZaDDP only at 160F. Essentially, thc same results
were obtained in both dry air and wet air. There is a good correlation between
scuff load a: constant temperature (a&s determined in the four-ball rig) and scuff
temperature at constant load (as determined in the ball-on-cylinder rig).

An important observation is that high wear on the ball is not always
accompanied by high wear on the cylinder. Note that at 160F, all additives gave
zero cylinder wear (no scuffing), but the ball wear varied fiom 0.53 to 0.97. On
the other hand, high wear on the cylinder is invariasbly accompanied by high wear
on the ball. 1In other words, when scuffing occure, wear .8 high on hoth surfaces,
but when scuffing does not occur only the ball shows measurable wear. By examin-
ing both surfaces, it is possible to determine whether high weer on the ball is
due to scuffing or to normal corrosive wear.

It is anparent that with 52100 steel all of these additives ace antiscufi
agents to sowe dagree. Mcre data on the antiscuff behavior of additives is given
in sudsequent sections, particularly in other metallurgies.

B. Effect Of Temperature

Sevaral examples have already been given showing that scuffing i3 more
susvere at higher temperatures. Part of this may be because of reduced viscosity,
bui high tamperatuyres would be expected to be harmful because scuffing itself s
concideved to Le surface-temperature phenomenon.

1. Four-Ball Tests

. ‘Table XX shows scuff loads at 77F and 260F for PM-523 and its blends with
additives, ER-~1 and ER-3. It will be seen that the scuffing beccmes more severe at
bigher tempevaturec. This {s true for highly refined fuels as well ss fuels con-

T taining additlives.

. 80 -

s e R . - . . o - £

S R e B e e

st i L

i R R i i
iy "

5K e B

N _,?!Aﬁi f\




R S AT D COe

Bl ] T

r
SEIZED

&
g
3
3
!
i
i
&

IN DRY ARGON -
50 PPM ER-3

1000 PPM ER-3

WEAR SCAR DIAMETER, MM

] i ] i | I .
0 10 20 30
LOAD, KILOGRAM
FIGURE 15 - EFFECT OF ADDITIVE CONCENTRATION
(FOUR BALL TESTS - 1200RPM. LSMIN,
240F, 52100 STEEL)
- 51 -
= - R L T




WEAR SCAR DiIAMETER, MM

1.0 ——— T | T l
IN WET AIR SEIZED
0'8 - . =]
50 PPM ER-3
0.6 A -]
A L
0.4 a %/ ]
— 1,000 PEM ER-3
0.2
] i 1 | 1
0 10 20 30

' "AD, KILOGRAM

FIGURE 16 - BFFECT OF ADDITIVE CONCENTZATTON
' (POUR BALL TESTS - 1200RPd, 1SMIN,
. 240%, 52100 STEEL)

~ 82 =

TG I SRS 1




TABLE XIX

ANTISCUFFING EFFECT OF ADDITIVES

(Ball-on-Cylinder Tests, 1000g, 240 rpm, 32 min, 52100 Steel)

Dry Air
Additive Cylinder Ball

in PW-523 temp., °F Wear, mm WSD, mm

None 160 1
240 2
300 1

3 1.05
6 0.87
7 0.93
50 ppm 160 Nil 0.85

ZnDDP 240 1.3 0.91
300 1.6 1.14

80
70
13

50 ppm 160 Nil
ER-1 240 Nil
300 0.1

- O Q

53
45
55
5%)

50 ppm 160 Nil
ER-3 240 Nil
300 Nil

(Nil) (

OO OO

ey .

T T e T e

Wet Air

Cylinder
Wear, mm

Nii

Nii

Nil
(Nil)

1
1
1

G
0

0.
(0.56)

Ball

WSD, mm

09
17
10

70
00
17

95
85
u7

70
58
53

el AL ¥
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TABLE XX

TEMPERATURE EFFECT ON 3CUFFING LOAD

(Four-Ball Tests, 1200rpm, steel)

Argon Wet Air
Additive in PW-523  77F  240F 17F 240F
None 5 2 3 0.5
1000ppm ER-1 25 10 25 15
1000ppm ER-3 45 30 >60 45
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2, Ball-On-Cylinder Tests

The determination of scuff load in the four-ball test is & time-consuming
operation, involving several separate tests. An alterantive procedure was to in-
crecase the load smoothly uvntil scuffing occurred. The Roxana four-ball machine is
ideally suited for this, for the load is applied pneumaticeally. However, this
procedure was not satisfactcry. Reproduci%ility was extremely poor and the scuff
load was always far higher than obtained with the separate-test method.

Another approach wag to run th: ball-on-cylinder test at constant load
but to increase the temperature until ccaffing occurred. Scuffing was evidenced
by high friction and severe chattering noise. Thkis technique was not entirely
successful, but it revealed some interesting facts.

The tests were carried out in dry argon only. The fuel sample was pre-
heated to 120F, and during the test the temperature rose continucusly ai a rate of
about 10°F/minute. If no scuffing had occurred at 350F, the test was stopped. The
total test time was therefore about 25 minutes.

Fig. 17 shows the behavior of Bayol 35 4in this test. At 240g, ro scuffing
was obtained up to 350F. At 2000g and 4000g, scuffing was complete as soon as it
occurred &t all. However, at 1000g the scuffing behavior was intermediate: friction
rose somewhat more slowly, and then ieveled off before final failure. This run was
then repeated, but the test was stopped at the high friction level before failure.
Fig. 18 i{s a nhotomicrograph showing the difference in the sppearance of the wear
scar showed welding and metal transfer. When the test was stopped before failure,
theie was no sign cf welding or metal transfer.

A plot of scuff temperature vs. load (Fig 19) shows that scuff tempera-
ture decreases smoothly as load increases.

Additives were also tested in this manner, using a load of 4000g. Res:.its
are given in Table XXI. Those additives that gave a higher scuff load in the four-
ball tester also gave a higher scuft temperature in the bail-on-cylinder device.
ER-3 was best, showing no failure. A piotomicrograph of the wear scar from this
run 1s also shown in Fig. 18. The other additives were in the order vlelc acid,
ZaDDP, and ER-1. Tt is noteworthy that wherea:t ZnDDP and ER-1 showed nc effect on
scuff load i{r the 4-ball test, they did show some effect on scuff temperature.

It may be that this procedure is more sensitive in picking up small differences,

or it could be that this {s due to a fundamenta) diiference in the test procedures,
In the scuff terrerature test, the additive has & longer time to establish & pro-
tective {ilm.

0f the hydrocarbons used as additives, methylnaplhitlalene showed no {lilure.
while dodecene was entirely f{neffective.

two sulfur compounds were also examined: 170ppm of thiophenol (5Upps ac §)
showed some effect, but 550ppm of bulyldisylfide (200ppm as §) was as good as 3Qppm
clefc avid. Earlier data had shown that butyldisulfide wvas aot eiffective {n redoucing
weatr at room temperature. :

J. - Vane Fump Tents
Vickers vane pump tests on Bayol 35 at 3O0F are ~ompar~d {n Table XXT1 wiih

those at 240F previously reporied. In these test(s, an sttemn! was made to offset
ihe pro-scuff effect of the lowered viscosity caused by the increase {n temperature
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TABLE XXI

ADDITIVE EFFECT ON SEIZURE TEMPERATURE

{Ball-on-Cylindzr Tests--4000g, 240RPM,
Argon, Steel-on-Steel)

Base Fuel: Bayol 35

Sefzure

Cylinder Temperature Run Tine
Nc. Additive °F. Min.

136 None 177 5
50ppt: ZnDDP 280 (285) 14 (15)

SOppm Oleic Acid 32¢ 19

5Cppm ER-1 265 it

50ppre ER-3 >350 27

137 None 160 3

5% Dodecere 185 5

5% 1-Methylnaphthalene 360 25

5% Indene 310 22

140 None 195 5

50ppm S as Thiophenol 252 13

200ppm S as Butyldisulfide 330 18
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TARE XRTT - . {
. VICKIRS VANE PUMP PERTORMANCE OF BAYOL 35 AT EIGH TAMFERATURES

Dry Nitrogeu Lo Wet Air
{26 Hr. Runs) {4 Yr. Runs)

S Tempecature, °F - %0 300 240 20 |

"»‘Pressyxre.j paig - - 150 - 125 - 150 125
: Vtiaeosity, cpat sump . : o ) ‘
* tewperature . ] _ 0.0  0.43 0.60 0.43

" Pumping Rete, gra@ . 0.49 0.37 ©0.27  9.38
 Voluse Bfffciency, % . 2 2 o 15 2

‘ Wear, mg
. Wt. Loss of Vares
E Wi. Loss of Ring

U -z 2
H : 473 19

N e
W .

~_ Surfece Roughness, p inch

il 11
>2062 12 !

Vanes, Initial _ 25
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(0.60cp/240F vs. 0.43cp/300F). This was doune by reducing the load (outlet prassure)
from 150psi to 125psi. 1In dry nitrogen, the higher temperature ga~e hizher wear.
However, in et air, wear was much more severe at the lower temperature. This is
probably b¢ &use the higher temperaturse caused oxidation, and the resulting oxids-
tion products were antiwear compounds. .

In rone of these tests was true stuffing observed. The vane pump is wear-
lir‘ted, not scuff-limited. . :
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IV. OTHEX MRTALLURGIES

.- The conclusions for hard steel systems have been strengthexad by studying
- othux metsllvrgles such as stainless steel, K-Momel and silver. Althougu these

- pystems scuff moxe eagily and glve higher wear than 52100 steel, tis effect of such
parameters as oaygen/water content, fuel cowposition, additives and temperature are

remarkably the came in all metallurgles. Some differences weze noted, but these
wexe exceptions rsther than conmonplace.

< A. Corrosive Wear Occure with
Sorzosion-Resistunt Metals

Corzoaive wesr 18 not Limited to casily-rusted metals. To the contrary,

f;f:i;*té‘found with nearly all metallurgies. Table XXIIT presents data from four-ball
7 tests on elgat Jifferent metallurgles, ranging from tungsten carbide to silver.

,?The teats were carricd out st very iow speed, 20rpm, In order to avoid scuffing.

- In every case, with the exceprion of ailver, wear was higher in wet argon than in

- dry axgon, and £till nigher in wet air. That is, with all netallurgies, water and
o¥ygen accelerate wear. It js interesting to note that the stajinless steels (SS~440C
. and 88-302) are actually somewhat wore prone to corrnsive wear than the chrome=-alloy
52100 steel.

Tre explanation ~f thie lies in the nature of corrosicn mechanism of

" stainless steels. They owe their corrosion resistance to the formaticn of a leyer
of the alloying elem:nt (e.g. chromium) at the surface. This layer prev-nts the
diffusior of ironm atoms to the surface. However, the formation of the protaitive

. layer also proceeds by a diffusion process and this process takes time. "n a rub-
-.bing system, this lay2r is rubbed off aven before it has a chance to forw. Hence,
torrosive wear can teke place just as easily wiik stainless metale as with ordinary
steecla.

» Nore ir Table XXITI that even tungsten carbide axhibits co-rusive wear,
slthough this may he becauec of attsck on the cobait "cement"” used to bind the
tungscen carbide granules together. Stainless 302 shows corrosive wear at 1 kg
1yad, but eppears to be at incipient scuffing in dry argon at 3kg as evicenced by
the large wear scar (0.87mm). Silve: givce larg. wea: 8cers in all chree atmos-
theres. The wear was no greater in wet air (0.53mwm) thea ia drr avgen (0.57mm).
This vould be because silver is very resistant tv oxidation (the fornation of silver
oxids haz a slight positive free-energy ot rcom temperaturz), and therefore does

not undergo corrosive wear, or it could he thet inef>ieut scufiiug 18 occurring
here, too.

A cylinder of K-Monel was fabricatad in order to run wear tests on this
metal 'n the bull-om -cylinder machine where scusfing i8 nc® such a problem.
Table XXIV gives data for loads of 60 and 240g. 4s in *he f mr=-boll test, K-Monel .
showr. increesed wear with 2xygen and woisture in the order: dry argon. dry air,
wet air. Friction {s also considersily h’gh.r ln we: aiyv--abnut 0.25 vs. 0.i0 in
the other two atuospheres. This confirms tne pro-wear effect of humid air or cor-
rosion resistart metals.
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TABLE XXIII

CORROSIVE WEAR IS OBSERVED
WITH NEARLY ALL METALS

(Four-Ball Tests: 28rpm, 15min, 77F, Bayol 33)

Metallurgy

Tungsten Carbide
52100 steel, R.60
52100 steel, Rc4é
52100 steel, R¢25
§8-440C
35-302
K-Monel
Silver

* 960 minutes.
** 960 minutes, 20kg.

Wear Scar Diameter, mm

1 kg load 5kg load -

Dry Wet Wet Dry Wet Wet
Atgon  Argon  _AMr Argon  Argon  _Alr
- -- -- 0.20%* - 0.33%*
0.20 0.20 0.37 0.20 - 0.53
-- -- .- 0.73 0.25 0.50
0.21 0.27 0.37 0.43 -- 0.53
0.17 0.20 0.42 -- -- -
0.23 0.23 0.50 0.87 -- 0.62
0.33% 0.36% 0.49% -- -- -
0.57 0.77 0.53 -- -- -
.
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TABLE XXIV

EPFECT OF ATMOSPHERE ON LUBRICATION
OF_K~MONEL-ON-K-MONEL

(Ball-on-Cylinder: 240vpm, 3Zmin, 77F, Bayol 25)

WED, mm
Load, g Dry Argon Dry Alr Wet Alr
60 0.16 0.21 0.30
240 0.23 0.33 0.52
CoFr
60 0.08 0.10 0.26
240 0.10 3.15 0.24
-~ 64 -
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B. Scuffing Occurs Keadily with tle
Softer, More Corrosion-Registant Metals

Four-ball tests with these light jet fuels on the softer, corrosion-
resistant metals frequently give scuffing, even at the lowest loads obtainable on
the machine. Stainless 302, for example, scuffs at lower loads at 77F than 52100
cteel does at 240F:

Scuff lLoads of Two Steels

Temp. Scuff Load, kg, for Bayol 35
Steel °F Dry Argcr Wet Argon Dry Air Wet Air
Chrome-alloy 52100 240 2 3 20 1
Stainless 302 77 <1 3 5 <1

More complete data on $5-~302 asre given in Table XXV.

1. Scainless Steels Scuff Fasily in Wet air

Note from the above table that the effect of atmosphere is the same with
both steels. The presence of either meisture (w2t argon) or oxygen (dry air) re-
duces scuffing Oxygen is particularly effective. However, the combination of the
two (wet air) causes scuffing to occur even more easily than does dry argon. As
already discussed, the scuffing in wet air of 52100 steel is believed to be caused
by the abrasive action of irom oxides cutting through the surface films. That {is,
this scuffing {8 induced by heavy corrosive wear and stainless steels are apparently
just as subject to it. This is another indication that steels which can prevent
static corrosion cannot prevent corrosive wear.

2. Soft Steel and Other Metallurgles are
Resistant to Scuffing in Wet Air

Not all metallurgies show high scuffing in wet air. K-Monel, for example,
scuff~ less in wet air than in either dry air or wet argon (Table XXVI). The anti-
scuff properties of oxygen and water appear to be additive in this case. The same
is true for softened 52100 steel. Data are summarized below:

Four-Ball Scuff Load, kg,
for Bayol 315

Atmosphere K-Monel Soft 52100 Steel
Dry Argon <1 7
Wet Argon 4 10
Dry Alr 2 20
Wet Air >10 25
- 65 -
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TABLE XXV

EFFECT OF ATMOSPHERE ON SS-302

(four-Ball Tests: 1200rpm, 15min, 77F, Bayol 35)

Mexr Scar Dismeter, mm

Load, ks  Dry Argon  Wut Argon  Dzy ;ir Wi
1 * 0.27 0.30
2 * 0.28 0.30
3 * * 0.28
4 * 0.33
S *

* Scuffed-~high erratic friction trace.
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1pperentiy with these metals the oxiie products formed in wet air go not cause
‘sufflcient abrusion to bring on suwffing. Lince, the formstion of che oxide layer
simply protecta cgeinst scuffing. Fig. 20 is a photomicrograph of the wear scars

obtained in dry argor (scu.fing) acd in wer sir (non-scuffing).

3. Polsr impurities Give
Ambigucus Scuffing Behuvior

It was alveady noted in Section III rhat the presance of polar 1mpu:it1es

(a8 found in commercisl fuels) could suppress the corxrosive effect of oxygen and

moisture. In tnvse cases where corrosive vear ceuses scuffing,its suppression by
poler impurities is beneficizl. Thuu* RAP-176-04 waz much better thau Bay»>i 35 in
iis scuffing behavior on 52100 steel in wet sir  Heowever, in the casc of K-Monel
and soft 52100 stezl, the reaction of oxygen and molstuve at the surface ir helpfu.
in rndicing ecuffing. Hence, 1f polar impurities ‘iiterfere with thie reaction,
they could be harmful. Th:ut is, polsr impuritied cam have two opponing effecta:
they can adsort on the surface to prevent wear; they can interfere with tie adsorp-
tion of oxygen 2und moistu-e.

Table XXVII shows dats for RAF-176-64 on K-Monel. These dats, along with
those for Bayol 35, are pizmanced graphicaily in ¥ig. 21. In wet atgon, RAP-175-64
is better tham Bayol 35, whereas in wet air the weverse is fruc. Appsvently, the
fmpurities ir RIF-176-64 are more effective in prevenring scuffiug thsn 18 wolsture
alons, but tie combiustiis of moistuze and oxygen is evey more effective, ard the
impurities in RAF-176-54 prevent them frow their maximum ef Jectiveuess.

This ambigrous cffec is cven more &ixliking with soft 52100 steel.
FPigs. 22-25 compsre Bayol 35 witn RAT-176-64 in the four atmospherzs, and the scutf
lcads are au:nurized below. :

- Four-Bail Scuff Loasd, kg

Atmesphere “Beyol 35 RAF-176-54
Lry Argon : - o7 . | 25
Wet Axgor - 19 15
Dy Alr 20 20

tet Alx 5 ?

Toe two tuels show sloost diumetricaliy vppenite effecta.  In this case, the
polar impuricics spperertly so couflict with the duygen .ad woiviure that neither
one cen Svnction effent’ vely. Sence, Beulting seiurs of lum leads in wet air. Thet
ie, ibe polar imour.ties appear to be pro-scuft sgonts. This saw. effsct will be
noted later with luoricity additives.. R :

Fron the point of view of field erpericnce, this phenomenon does not seem
to be pertinwnt. Appareatly, scuffing of this kind ie not a problem in the field.
At least, there are no repovhed cesed where less-highly-refined fuels have ghowa
poover lubricity, as they 41d in these scu{7ing tests.
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TABLE XXVII

4-BALL TESTS: K-MONEL

(1200rps, 15ain, 74F, BAP-176-64)

% 8cuffea
** Priction erxratic

sce-u--Jear Scar Diameter---cocev-e--
Load, kg: 1 2 5 7
Dry Argon * * - -
Wat Argon 0.40 0.42 0.43 *
Drv Alr 0.48 * - -
Wet Alr 0.55 0.61 0.63 *
S receCoefficlieat 0f Friction------
Loed, kg: 1 3 5 7
Dry Argon 0,85%% 0.934% - -
Wet Acgon 0.25- 0.08 0.07 0. 60x*
Dry Air U.12 0,815 - -
Wet Afr 0.12 0.12 0.11 Off Scale




WEAR SCAR DIAMETER, mm

mm

WEAR STAR GIAMETER.

PIGURE

L I T AR S TR 1 et PSR S e e e

1.2

T T T } ]
= SCUFEING !
1.0 4
BAYGL 35
0.8+ i -
0.6 ‘":w 'c -
'l
0.4M N
RAF-170-64

0.2+ "'1

e.GL 1 i i | 1 1
0 2 4 6 8 10 12 14

(a) WET ARGON
l.2 T T T T T
t = scurrmve
-
ﬂ
9.4+ BAYOL 35 -
9.2 ..
0.6 (T WU SR UUUNIE R S 5
9 2 a4 & 8 16 12 14
L.OAD, k9
&) WET AIR

21 - CONPARISON OF BAYOL 15 HITH PAP-176+84
ON K-MG#EL (FOUR BALL TESTS - 120URPM,

o Ame, Jiw

e .




(1331s s¢ 8 ‘avl
NIRGT ‘Wd¥N0ZT1 - S1521 TIvd dN0d)
uz”.‘._::‘um ANV MVEIM 810444V FSAT 13aANd -~ T WNNIL
B4 ‘Qv07 _
92 2 22 0Z 8T 9i #T 2T Ol € 93 v ¢ 0.
[ A R I A A ISR R R R R "0 !
. : |
ponten. — J—Hoo
NODYY AYQ ,
| —4z'0
=
— —1¢0 @ ~
’ ™ ~
. v '
R i 2
— * o
s \\ m O w
=
m
- —s¢0
S€ T0AVE o
- ~42'0 3
Y9~9L T~V
- -{ 80
ONIZNDS SILVSIaN | 7 670
B IR B | L4 ! | WU NSO NP I TV 3




T 7 his T Y R ol oty g -
P . S e PO o e i e et =+ e e o oSSR A
TAd1S G >4 ‘dvl
‘NIRST ‘WI¥00Z1 - SLSAL TIVE HNOX)
ON1JANDS ANV ¥VAM SLOZAAV ddAL Tidnd - €7 INOIA
6% ‘avo
92 %2 2 oz 81 91 ¥vI 2T O1 8 9 v zZ 0 .
— <t 1 T 1T 1T 1T 1T T 1 T |°°
- —1°0 m
L —2°0
o -
- NOSUY 13M le-g W_
poe [}
— ~{v0 & R
) > '
H L
- \\\ —49’0 m .
P I'4 =
./ / 0 3
— p9-9L T-4VM 7 ! ¢ 1oAva 190 &
—L0 32
—{8'0
— 60
ONI44N9S SILYIINI |
I NSNS IS RO U R 01

oy




{T291s G °%§ ‘4wl
‘NIWGT ‘Wd¥0021 - SISZL TIVH ¥nod)
ONIAANDS ONY dVEAM S1D03dav AdAY 13nd - %7 FENOLIA

5% ‘avon

92 vz 22 0z BT 91 %1 2T OT 8 9 ¥ 2z 0.
T 1T 1T T—T— 717 71T—T1T

At e S YK 8 R AOR AL RETH AL

P
a——
p—
nd

PO,

SN

dIY Add

oHFs N 5

- s N.Q
. 1 s |
¢ — ¥9-9LT-dv to ¢ -
] — —v'0 &
. v L)
B -, 8
o ) - —1s°0 2
AT ~ 6€ 10AVE z
, e \\\\ | . u
: su\ =90 A
; ®
— —-1£'0 3 )
e

A | | INIZ4NIS SILYIIANI *-._»..e‘ o
T R I NS SN N N MU SN NN N B T




{134d1is S¢ °9 ‘avi
‘NIWGT ‘Rd¥00Z1 - SISZL TIVE ¥NOd)
ONIZJINOS ANV WVAM S)OdIdvV AdXL TANd - ¢ UNOIZ
¢
o £y ‘avo
92 %2 22 02 8T 91 ¥HTI 21 O1 8 9 v r4 0.
] _ T _ I [ T T T 1 0°0
— —1'0
B iV 13m 20
- —Hege = :
H m w i
> =
L \\0. —~H¥0 v
X % deo @ |
B - ) X =)
R x X lo.g =
A |, X X l9o 1
’ -
[ m
x
- ) —~L°0
S€ "I0AVE ¥9-9L T-4VY 3
- ~{g0
{
3 | —~6°0
ONI44n9S saLvolant | 6
L1 | | IS I I I _ ! 0 1




¢. Condsased-Ring Aromatics are Good Antiscuff,

Mtivear Agents in Other Metallurgies

It had been previously repurted that l-methylnaphthalene scuffed easily
i1, dry argon, and further that mixturea of l-methylnaphthalene and paraffins had
" exceptionally good lubricity in all atmospheres. Data were presented for both
52100 steel and 440-C stainiess cteel. These findings have now been extended to
other metallurgies, with substantially the same results (Table XXVIII).

In the table below are summarized data on $5-302, K-Monel and silver in
dry argom.
Scuffing Behavior of Condensed-
Ring Aromatics in Dry Argon

(Four-Ball Tests: 1200rpm, 15min, 77F)

$S-302 K-Monel Silver
(1 kg) (3kg) (1 kg)

Bayol 35 Scuff Scuff Scuff
30% 1-Methylnaphthalene 0,25 0.48 0.78
in Bayol 35

1-Methylnaphthalene 0.82 Scuff Scuff

In each metallurgy, the performance of the paraffin/aromatic blend was
superior to either component alone. Although the reascn for this superiority has
still not been discovered, it appears to be a property of the liquid and not a
specific reaction between the hydrocarbon and a single metal type. The effect is
particularly striking in the case of silver, for silver scuffs in all atmospheres,
as seen in Table XVIII. The rums with the paraffin/aromatic blend, although giving
gsomewhat high wear, were quiet and the friction traces were smooth.

Some differences among metallurgies were found in their behavior with
aromatics and paraffine as can also be seen in Table XXVIII. In wet air, <-Monel
scuffs with methylnaphthalene, but not with Bayol 35. The reverse is true for 302
stainless, which scuffs with Bayol 35 but not with methyinaphthalene. Other
anomalies can also be found. However, the most important observation is that in
every case the 307 blend of methylnaphthalene in Bayol 35 gives no scuffing.

Some higher temperature tests on K-Monel were carried out with aromatic/
paraffinic hydrocarbon blends. These results are shown in Table XXIX. In argon
{wet snd dry) both base fuels scuffed even at a low load of 1 kg. Apparently,

Jie higher temperature nffsets the effert of water in preventing scuffing in wet
grgon. In air, scuffing did not occur snd the wear was not too great. Oxidation
of the fuel probably accounts for the reduced wecr at the higher temperature. Both
l-methylnaphthalene and indere are very effective as antiscuff agents. This is in
agreement with data at 77F. Table XXIX also shows that indene exhibits high anti-

wear activity in dry air.

- 76 -

SR

P s

o




R . e s - - R s oo 2w

33nog 92°0 0%°0 33nog 33nog - %20 33nog -~ Lz2+0 33nog z3°0 €z*0 33n0g
0L°0 0£°0 LE°0 £€5°0 €9°0 LZ°0 92'0 L8°0 92°0 SE*0 8L°0 §2'0 0c°0 90
-- -~ ~- €9°0 -- - -- -- -- -- -- -- -- 33n0g
- -- -- 15°0 - -- -- .= - - -- -- -- 43008
33nag 3308 850 gs°0 33Mds 00 [XAL 338 L2°0 TE0 33n0g  33Nog 0Z°0 33nog

TRD YD I eess o) D G A1) 9938 IO I D ER 1) 19938 R 1) A1) G 19935 {5y

3AITS Z0E-SS 00TZS 3JOS TPUOK-N JIBATES ZOE~SS 001ZS 3308 2IBATYS  ZOE-SS 001ZS 3305 I2A1ES  ZOE-~SS 001ZS 330§ 19UOH-Y

- 1YV 198 IW Aaa wod1y aem woBzy AIq —

[ BRETEETTS [l CEIE G T

(2£¢ ‘urwgr ‘wdappZ1 :84831 11Pg-anog)

SANITE DILVWO¥V/NIAAVIVA HLIM SAIDINTIVIZW SNOINVA A0 ONLAANOS

ITIAXX d14vVL

001
123
<1
S

0

Gt 10ked uy
auateyiydey
TA4IR~T %

17 -




Doeg e

LI S g ST

paz3Inog »
- 62°0 0%7°0 8%°0 SE Toded uy 3uapul %0€ .
s¢ 1ofeq uy ®
- ZE0 SE°0 1€°0 suswyiidwuilyism-1 %0€ ,
¢¢ 1odeg ug
- rA MY €€°0 * auareyIydeuiiyzsm-1 %5 h
- 6€°0 * > 79+9L1-4Vd :
. €0 BE°0 » * ¢€ 1odeg
ITV 19m a1y Kag uoB1y jom uoB1y Kagq 1eng

cowssseccco--iNSE ‘IJIWRTJ IVOIS ABIY----c--cmeow

(8% 1 ‘urwgy ‘wdigozy ‘e3Isel 1iwE-b)

TANOR-A NO 4091 1V SJOLILVWO¥V ONIH
GASNAANOD ONV TANA ASVE 40 103LdF

XIXX 19V




D. Additives are Not as Effective, and
Somet.mes ara Pro-Scuff Agents

In general, it was found that lubvicity additives, which were very eifec-
tive for eteel-on-steei, varied in their effectivenees with other metallurgies such
an K-Monel end silver.

1 . K"Manel
The effect of several lubricity additives on K-Monel are shown in Tabie

XXX. The most striking feature is that oleic acid 18 not an antiscuff additive, but
in fact increases scuffing. This ie¢ summarized below:

o Scuff Load, &

Additive in Bayol 35: Noi e 0.1% Oleic Acid
Dry Argon <1 <l

Wet Argon 5 <l

Dry Air 3 3

Wet Air >5

This effect is similar to the comparison of Bayol 35 and RAF-176-64. The presence
of polar additives apparently interferes with the antiscurf action of oxygen and
moisture. Other scids, such as stearic and elaidic, show the samz effect, ar noted
in Table XXX.

The phosphate additives, tricresyl phosphate and n-butyl acid phosphate,
show a similar effect. Although TCP shows some antiscuff behavior in dry avrgom,
and both additives show some entiwear activity in wet air, they cause scuffing in
wet argon and wet air.

The lubricity additives ER-]1 and ER-3 are somewhat better. They do not
show any pro-scuff tendency, and they have some antiscuff properties in certain
cages. At a higher temperature, 160F, ER-3 is clearly superior to ER-1 as shown
in Table XXXI. It prevents scuffing in all atmospheres even at 50ppm, whereas ER-1
allowe scuffing {n dry avgon and wet argon at 100Cppa. Again, note from the table
that oleic acid is a pro-acuff agent in wet air.

The ability of several additives co raduce corrosive wear with K-Monel

is shown in the table below. For this, the ball-on-cylinder apparatus was used.

(See table following npage)

- 719 -




et s s 0560 1] ottt i i a4

W
f sosjou pue vof3oTz3 YI¥Y - wu“muwum *
: - €0 - - - - - - - x - ve¥E 170
: - 09°0 05°0 = 05°0 £°0 * gy*0  Z%'0  EY°0  9€°0 £-¥3 ¢
- %60 - * 17°0  S€°0 x L0 9€°0 * - I-¥4 170
, * s§*0  &v0 - ¥ Z9°0 - ¥ $%7°0 * . sE°0 InLi1o0
L A S ersydecnd
- ‘s 0£°0 - * 0€'0 - - T - - =PIV Thand-v 100,
: . - - . - - - - Ve - % DIV CUPsflA 1D
- - x50 - - - - - * - x PYOY STIesuy 100
- = S50 - x 09°0 - - * * x  PFIV 3P0 170
$°0  8s°0 159 - ¥ 0%'0 * 9$°6  8%°0 * * - ~ suoy
‘. ! ' : S "5t iokwg uj
CiEe : . ; o BATITPPV LIM.
: < T T3 X R A T 1 T 1 Ci8% ‘pvoT
] 3TV I9A I¥V RaG _ "COZAV oM woRay Aad : .
w mmemee s esidwenccseneocea--T0 ‘I337WERQ 1EVS APIY-mmmmmmmmmmmmemocommemmmean
” . m o (a7 ‘urmgy ‘mdagozl ‘a89L T1¥E-7)

gy e et g gergrer-grrpreal

ﬂnz.gtu NO SAALLIGAQV ALIDINENT 40 1OZddd

3 3 B . B XX Z1494

-

AR

v st sty

N s e L T S N T




T T

 mpt st

e

e ey

SuizInog »

s 190D * * (000T) PTY 31210 1°0
S T . * (0091) T-¥ 1°0
- - wE"o 9%°0 g0 (0s) €-83 S06°0
E SR A S 5 X €7°0 £5°0 {0007) €-¥3 1°0

B e L RELE L PV T R P X PP R

LRl w0 8Evd * | * auoN

i IIV 39m 11V 16 UcBIV oM uoray Aid (wdcY g ded
T meeevessesccem P Z930WRTG 2RI ABIHes - e m——n Ul SATIEPEV L IM

e i - i

- 81

4 (894 1 ‘urmgy ‘wdxpoz1 ‘5338L TiPE-Y)
{ TENOH- NG Z09T1 iV SEALLIQUV ALIDIE4ALT 30 1043ds
£ J— 3
; ‘ TXX S14ve :
— - ; e e s - T s I T T A T T A T SR AU e [N - - &
or - v g raraiatis . - [ (Tt - "




R e C A ek e ]

Effect of Additivee on K-lonel

(Ball-on-Cylinder: 240rpm, 32min,
77F, 240g, wet air)

3 Additive in Bayol 35  WsD, mm  CoFr

None 0.52 0.24
. 0.1 ER~3 : 0.18 0.08
' 0.1 Oleic Acid 0.38 0.12
0.1 1ICP 0.28 0.13
0.1 ZnDDP 0.31 0.12
0.1 n-Butyl Acid 0.37 0.i0
Phosphate
30% l-Methylnaphthalene 0.25 n.12

*a found in the tour-ball tcstar, ER-3 is the most eff:ctive additive, but the

 other additives alsc show antivesr activity.

2. Silver

Several additives were tested to determine their effectiveness as anti-
scuff agents on silver. Table XXXII shows the results obtained with the four-ball
tester. BER-3 was the best of the four tested -- it eliminated scuffing in all
four srmospheres. Oleic acid was an antiscuff additive in both wet and dry air.
This is juat the opposite Yo its behavior .ith K-Morel, where it was a pro-scuff
sdditive. Apparentlv, silver is eo inert that it doez nof react significenily with
oxygen or moisture, and so the oleic acid dces not have a .ompeting reaction. Under
these conditions, it i{s quite effective.

Referring again tc Table XXXII, ZnDDP was effective as an antiscuff
agent in threc out of the four atmospheres -- it was ineifective in dry argou.
Its cffectiveness probably lies in the fact that it contains sulfur which can
form silver sulfide 23 the antiscuff agent.

Three of these additives were alco tested on the ball-on-cyliuder machine
using silver-om-silver. Table XXXIII shows that all were effectivc in preventing
high friction, chstter, and excessive wear. Oleic acid was the most effective as
indicated by the vize of the wear scar and fricticn coefficlent. This is also
shown in a plot of friction vs. time (Fig. 26). Oiefc acid immediately reduces
friction snd maintaine it at a low level. On the other hand, TCP and ZnDDP show
a gradual tise ‘n friction with time. These resuits agxee with nrevious steel
data: in wet aix olaic acid is wore afiective than ZnDOP or TCP. More imporrantly,
these data show that organic acids are rather effective srdditives even on an un-
resctive metal like silver.

the work on metallurgy effects has added to lhe ides thet corrosive
wear is a malor vear process. Unlike static corrosion, {t cannot be prevented by
using so-callad corrosion resictant metals, but it can be controlled by using
surface active sgents in the lubricant.
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TABLEZ XXXITI

oge

S7FECT QF ADDITIVES WITH STLVEX-ON-SILVER

P o T R oor

-(Ball-cu-Cylinder: 240rpm, 32min, 77F. éf“g. wet air)

O

X AMdditive in Baycl 35 WSD (om) Cc¥Fr

s e Ay Bt e a2 .m0 | ey St o=+ = i 1 1

Rote . 1.32x *

0.1% Oleic Acid - 0.23 . 0.097

0.1Z ZaDDP 0.65 0.46

0.1% ITP 0.75 0.46

)

e

* Test discentirued at 20min due to bigh friction
anG chatter.

T

iy e
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V. ABRASIVE WEAR

A third iuportont mode of wear is by abrasion. This can be of two

 kinds: (1) If the surfaces are rough, the asperlities of one surface can plow or

gcratch the other surface, (2) If hard particles (dirt or wear debris) are sus-
pended in the liquid, they can become entrapped hetween the rulbing surfaces and
cause scratching. This latter kind 1s of most interest here. It is particularly
critical if the surfaces are case-hardened, for then the init{al wear will result
in very hard wear particles.

A short program was carried out in the Vickers vane pump to leara
more gbout abrasive wear with jet fuels. From this work, the following conclusions
can be drawn:

® There i8s considerable evidence that corrosive wear triggers
abrasive wear.

® The increase in wear with increasing load appears to be
largely due to an increase in abrasive wear.

® The amount of abrasive wear is not linearly dependent on
the amount of wear particles present, but requizes a cer-
tain minimum amount before wear becomes serious.

® Abrasive wear is not correlated with Moh haxrdness,
crystal structure or particle size of several metal
oxides.

© Abrasive wear can be controlled by additives.

A. Abrasive Wear 1s
Caused By Corrosive Wear

Abrasive wear and corrosive wear occur by two eatirely different
mechanisms, In corrosive wear, the irom is first oxidized and then rubbed off; the
resulting debris 1is either an iron oxide cr iron hydroxide. In abrasive wear, the
steel surfaces are mechanically attrited, and the rasulting debris is largely itoun.
1f it is postulated that the ratio of abrasive wear to corrosive wear is the ratio
of unoxidized iron to oxidized iron, then a chemical analysis of the wear Jdebris is
an exact indication of the kind of wear occurring.

Accordingly, two Vickers vane pump tests were run under identical con-
ditions (90F and .50psig), one ia dry air and one in wet air. The wear particles
wire so fine that they could pass through the 20 u filter in the circulatirg system.
The fuel after tests was filtered rhrough s 5 u Millipore filter, washed with
hexane, and driec. Microscoric examinations were made on these samples before and

after filtration.
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The results with optical microscopic examination is briefly summarized
as foilows: Some particles are black and do not transmit ligi.t. Others are semi-
transparent and of an o.ange to brownish color, indicating the presence of Fe,03
and/or Fe(OH)3. These appear to be aggregates of small particles. Some agglomer-
ates are combinations of black and brown particles. The opaqueness of the particles
makes it difficult to determine, with any certainty, if crystallinity exists. A
sample was examined by X-ray diffraction. Only c<-Fe could be definitely identi-
fied. The particles vary in size from an occasional large one, about 30 u in its
longest dimension, to ornes as small as 2 p. Even the smallest appear to be agglom-
erates. The particle size that accounts for the bulk of the material is estimated
in the 10-15 u range.

Electron microscopic examinations were alsv made on both the Bayol 35
before and after pump tescs and the filtrate from the Miliipore filter. The micro-
graphs are shown in Figs. 27-29. The filtrate, although appearing clean by visual
observation, etill contained a considerable amount of very fine particles of <2 i
size.

Chemical analyses were made on these wear deoris. The iron of various
val nce states was analyzed by an unpublished procedure developed at Esso Resesrch.
The oxygen was analyzed by neutron activation. The carbon snd hydrogen analyses
were by the IKA Microcombustion method. The results are shown in Table XXXIV. The
compogitica cf oxides, as shown in Table XXXV was estimated by soclving three
simultaneous equations which were formulated by the Fe+3, Fet2 and 0y balances and
assuming the iron hydroxide to be either Fe(OH)3 or Fe(OH),. The corputed % H
agrees well with the analycical results. The Fe-distribution in wear debris, as-
suming it contains Fa(OH)3, is summarized below:

In Wet Air — In Dry Air
% By Weight % Dietribution % By Weight % Distribution
Fe- 59.1 65.0 71.1 77.1
Fe0 11.6 12.7 10.¢ 10.9
Fe203 7.6 8.4 6.9 7.5
Fe(CR) 12.6 _13.9 4l 4.5
90.9 100.0 92.1 10C.0

It will be se€en that oxidation is greater in wet air than in dry air. About 30% of
the wear debris wae in.oxides in wet sir, and only 207 in dvy eir. 1In particular,
the amount of iron hydroxide i{s greater. It is also ancteworthy that the mejority of
th: wear is an unoxidized {ron, the ratio of {ron to iron oxides bdeing 2-3 to 1,
indicating the importance of abrasive wear when iron oxide perticles are present,
This abrasive wesr is clearly triggered by corrosive vear, since it does not occur
under an iner: blanket.

The effact of temporature is alao udaqulvo:ll. When teats were vun at 2407

or JOOF in dry nitrogen, vory lit®ie wesr occurred, 4s already seen in Table XXJI.
The absence of oxygen and watsr precluded corrosive wear snd this precludad abrasive

.8?~
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FICURE 27 - ELECTRON MICROGRAPH OF BAYOL 35--7000X




FIGURE 28 -~ ELECTRON MICROGRAPH OF BAYOL 35 AFTER A
PUMP _TEST AT 350 PSIG IN WET AIR--7000X
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FIGURE 29 - MICROGRAPH OF FILTRATE FROM 5 g MILLIPORE
FILTER POR BAYOL 35 AFTER PUMP TEST--7000X
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TABLE XXXIV

ANALYSES OF WEAR DEBRIS FROM PUMP TESTS

Analyzed Items

Feo

Fe+2

Fe+3

Total Fe (By Analysis)
Oxygen

c
H

Sample From a Pump Test
at 350 psig, 90F

Semple From a Pump Test
at 350 psig, 90¥
in Dry Air

in Wet Air
59.1 71.0
9.0 ) 80.0 7.8
11.9. 7.1
80.4 84.8
10.5 6.1
7.0 7.0
0.2 0.1
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TABLE XXXV
ESTIMATED COMPOSITION OF IROW OXIDE IN WEAR DEBRIS

" " ¥ MR 1 LAY, 2 5 RGN s X s

Percent
» Wet Adr +1 +3

1. Assumed to Cor*ain Fe((m)3:

FPercent Fe Lot O

a0 ‘ 11.6 9.0 - 2.6
Fe, 0. 7.6 -- 5.2 2.3
veloth 12.6 - 6. 5.7
: 32.0 9.0 . 10.6
2. Aesumed to Cortain Pe(OH)Z:
Fed : 0 . U ae
Fe, i C 17 : - 11.9 5.1
refod), 152 s4 oo 46
32.2 9.4 11.9 9.7
1n Dry Afr
1. Assumed to Contain Fe(OB)3:
Fe0 ) 10 7.8 -~ 2.2
F¢203 ) 6.9 ~-~ 4.9 .0
Fe(0R), 4,1 == 2.1 1.3
21.0 7.8 7.0 6.3
2. Ar>umed to Contain re(on}-z:
Feld 6.5 5.0 - 1
Fe,0 19.1 - 1.0 3
retot), .6 29 = b
21.2 7.8 7.0 8.1
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wear. When tun in wet aiz at 240F, there was such noise and obvious distress in the
pump that the test was stopped after four hours. The higher temperature had
accelerated the corrcsive wear. At a still higher temp=rature, 300F, serious oxida-
tion of the fuel occurred. The oxidation products actad to inhibit corrosive wear
and thus preventea abrasive wear as well.

B. Abrasive Wear Increases Wiih Load

To assess the effect of load, two pump tests were run at two different
sutiat pressures, 250 and 330psig. The wear debris was analyzed for Fe®, Fett, and
Fet+t+, 88 well as for ¢, C, and H. From this and the total weight loss, the amount
of abrasive weazr can be calculated. Table X¥XVI presents the data. kaising the
load from 250psig to 350psiy increased v-ar from 3.2g to 6.1g. All of this increase
was due to abrasive wear, the corresponding values baing 2.2 and 4.9g. The amount
of corrosive weayr was aimost exactly tpe same in the two cases: 1.47 and 1.43g as
izron oxides.

Thiz conciusion is entirely logical. It means that corrosion occurs
irresp~ctive of load, but that abrasion is load-dependent.

2. Abcasive Wear Does Not dccur Until the
Avount of Wear Debris Passes A Thrashold Value

It is obvious that abrasive weer will not occur unless corrosive wear
precedes it, for in rhe absence of oxygen no pump wear occurs at all. This makes
it possible to test the abrasiveness of wear particles, uncomplicated by corrosive
wesr. accordingly, the cffect of particle concentration was evaluated in a series
of tesis on Bayel 35 in & nitrogen atmosphere. New Bayol 35 was mixed with varying
amounts of Bagol 35 from an esarlier test vun 1in air at 250psig. The amount of wear
debris was 0, 25%, 507 and 10G% (100% equals 1.6mg debris per gram of fuel). The
100% test fmo dilution with fresh fuel) was run by first runaing in air at 200psig
and then in nitrogea using 3 new pump cartridge.

The data sre giver iu Talle XXXVII. As expected, the fuels containing large

smoutits of wear debris gave very severe wear: 13.3g for the fuel containing all
the wear debris from the preceding test, 11.7g for the fuel containing 50% of the
debris. Surprisingly, however, the fuel with 25% of the debris showed almosi .o
wear at all. Tonos, sbrasive wear is not s linear function of the amount of wear
particles, bdut 15 in the form of Fig. 30.

Analysis of the wear devbris from the high wear tests shows that very
little of it is {rcen oxide, thereby confirming that this is pure abrasive wear.
Table XXXVITishows that the run containing 507 added wear debris starfsd with 736eg
jron oxide in the fuel snd finished with 553mg. The entire 11,775mg wear was
thus unoxidised from.

. Abraziva {harscteristics of Iron Oxides ave Hot
Correlaryd with Hardaeas, Crystal Structure or Fasticle Sire

Sevarasl different fron oxides and olher melal oxides were obtained and
tested {rr shiasive wear in the Yickers pump. They were added 1o Rayol 35 at
130pgea, which should be encugh to ceuse sbrasive wear, based on carlier Lests.

The goanits are given in Table XXXIX. Both of the f2rri. oxides, --Fealy and +-Fep0y,

gave Severe wear, the weight losz being about B grams. Alundum (e-Al203) gave
about 0.23¢. The other three oxiden--Fo3Q;, FeO(IN} and Cu,0--gave less than
ey weetr. FeQ(GH) Cid give severc wear wien ide amount was increcased to J20ppm, as
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TABLE XXXV1

EFFECT OF LOAD ON ABRASTVE WEAR

(Vickers Vane Pump Tests - 90F, Room Air)

Pump Pressure, psig 250
Ring Wear, mg 3122
Vane Wear, mg 125
Total Wear, mg 3247
Analyses of Wear Debris, wt?
Re’ 53.9
Fet2 11.7
Fet3 11.3 »36.3
Oxygen 13.3
C 5.4
H 0.4
Estimated Wear Debris*, mg 4055
Fe' in Wear Debris, mg 2190
Fe - Oxides in Wear Debris 1473

. = otal . Wear

Fe in steel)

7 Total Fe in Wear Debris
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TABLE XXXVII

EFFECT OF WEAR DEBRIS ON ABRASIVE WEAR

(Vickers Vane Pump Tests, 350psig, 90F, In nitrogen)

Base Fuel: Bayol 35

% of Wear Debris*

Wear, mg

Vane
Ring

Surface Finish, p-inch

Vane, Initial
Final

Rirg, Initial
Final

Chemical Analyses cf
Wear Debris, %

Fe’

Fet2

Fet3

Oxygen

c

H

* Wear debris obtained

None 25% 50% 100%

a——— | —mrm— esm—m—

3 11%*% 1681 1551
0 61%* 10094 11768

20 6 6 8
38 7 137 85
13 10 33 7

8 33 128 70
-- 59.2 87.0 86.4
-- 6.6 c.7 0.4
-- 13.8 1.1 1.3
-- 6.4 5.1 6.2
-- 0.6 0.3 0.2
-- 12.2 2.2 1.9

from previous test at 350psig in air.

1007 equals 0.167 by weight in the fuel.

** Averages of two runms.
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TABLE XXXVIII : ‘
MATERTAL BALANCES OF ABRASIVE WEAR :
DUE_TO WEAR DEBRIS
25% 50% ;
Wear Debris Wear Debris ,
Wear Debris ] :
Weight, mg 974 © 13803
% Fe’ : 59.2 87.0
% Fe Oxides* 32.6 jlo-O
Fe®, mg 5717 - ~12¢00
Fe Oxzides, mg 317 - © 553
Fe’ Relgnce, mg = = = e -
-- s Frem Added Hear B hrisl -S4 0 T Tgue -
From Pump Wear** _12 11775
Totsl Fe’ 628 12865
F2 Cxides Balance, mp
Frcm Added Wear Debris 368 736 S
! * Summation uf % Fet2, % Fet3 and oxygen.

** Jf assumed all wear is abrasive; i.e. all Re°’.
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shown in Table XL, another indicaticn that abrasive wear is concentration-depen-
dent. However, Fe304 gave no wear, even at 1000ppm.

It was rather surprising that no correlation could be found between
abrasiveness and other properties such as hardness, particle size or crystal
structure. Aluminum oxide is easily the hardest, yet it was not as abrasive as
ferric oxide. 1Its particle size, by microscopic examination, was only slightly
smaller. These data are also given in Table XXXIX.

E. Olefc Acid Reduces Abrasive Wear

It has generally been assumed that additives such as oleic acid function
as antiwear agents by chemisorbing on the surface, thus inhibiting ~r -rosive wear
and also decreasing adhesicn. It was therefore :ite unexpected to find that
oleic acid could eliminate abrasive wear. A Vickers pump test was run on Bayol 35
containing 200ppm x-Fez03 and 500ppm oleic acid. Without ol¢ iz acid, only 100ppm
o-Fe203 would cause severe abrasive wear, 7079mg. Adding oleic acid reduced the
wear to 5mg (Table XLI).

To try to get some explanation for the effect of oleic acid the solids
were filcered out of the fuels and exundaed vuder the electron microscopes and by
IR. No diffeience could be noted in the IR spectra. The electron micrographs
of the oxide particles are gshown in Figs. 31 and 32. Some differences can be seen.
The fuel containing oleic acid showed more clumping of the solid particles and the
individual oxide crystals seem less sharp. One cau only speculate whether this
has any significance.

To summarize the work on abrasive wear, it appears that not enough 1is
known about why particles ere abrasiwve, why there should be a threshold concentra-
tion, or why or how additives act to prevent abrasive wear. However, it was not
within the scope of this contract to investigate abrasive wear more theroughly.
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TABLE XL

CONCENTRATION EFFECT ON ABRASIVE WEAR
LA AAZAON EXFECT ON ABRASIVE WEAR
(Vickers Vane Pump Tests, 350psig, 90F, Nitrogen)

Base Fuel: Bayol 35

—FeO(OH) _ Fe304
100ppm  320ppm  500ppw  1000ppm
Mear, mg
Vanes 5 1169 19 0
Ring 27 9378 6 0
Surface Finish, p-inch
Vanes, before test 8 6 - .-
after test 10 151 - -
Ring, before test k)1 12 - -
after test 23 39 - --

N . e bt s,
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TABLE XLI

EFFECT OF ADDITIVE ON ABRASIVE WEAR

(Vickers Vane Pump Tests, 350pai, 90F, Nitrogen)

200ppm «-Feq03

100ppm o-Feq03 +500ppm Oleic Acid

Bayol 35 in Bayol 35 in Bayol 35
Wear, mg
Vares 3 942
Ring 0 7027 4
Surface Finion, }-1nch
Vanas, belore test 20 6 13
after test 38 139 16
Ring, before test 13 8 18
after teazt 8 59 14
T
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FIGURE 32 . ELECTROMMICROGRAPH OF X -Fe303 AFTER A
PUMP TEST WITH OLEIC ACID
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Y1, CORCLUSI(AS

" ticn this thras-year study tke following geroral facts have been learved:

Herhed differences in the lubricity of jet fuels do ind2nd exizt. Fuels
o mnm. comercially can vary froam gocd lubricity to lubricity as bad as chast of
.gf-a pure hydrocarben. Thece diffsxences arxe létgely due to the cliemical composition

- of the fuels and not to their physical characteristics such as viscosity or
volatility. Although as a clase the low-viscoaity JP-4's are worse than the higher-
-viscosity JP-5's, it i3 entirely possible for one sample of JP-4 to have con-
- sidacably betier lubricity thar that of a high-purity JP-5.

The two most iaporiant constituents in jet fuels leading to good lubricity
ars avowatic hydrocsrbons and surface-active additives. The fwportance of azomatics
(particularly condensed-ring aromatics) had oot besn appreciated before. Thesr re-
‘moval iu the refining proceas--to get low luminometer number and high thermal
stability--appeara to be the cnlef reascn for luvricity preblews in the field.

_ Surface-aciive additivus are excellent lubriczity agenis. Oxgenle acids
"ars particul2rly effective, ioparting lower friction &nd wear at concentrations as
- low as Sppm. Corrosion iuhibitors of the type norually used in jet fuels are good
- lubrieity agents, but special lubricity additiver are even better.

S The othex *ompnnentu of jet fuels era re! ativelv unimporignt. Non dif-

B :T_fir.nces were noted between pariifinic ead naphithapl:z ecwpocente (elicyelic and

- gyeiic aliphatics). Olefins have scme mild lubricity, but they are generally

~ prasent in ouly winor amounts. Somewhat surprisingly, neither suifur compounds nor
sitrogen compounda have any effect, at least not in the concentrations normslly
-found in jat fuels. Additives other than corrosion inhibitors were also relatively
imeffective. These include the anti-icing agents, metal deactivators and anti-
oxidants. ‘ .

To study the: lubvicity of jet fuels in the laboratory, the apraratus must
. bc captble of operationg &z very low loads. iligher loads rauses scuffing, an entirely
" Jdifferent kind of wear phenomenon, and one appareatly not related to jet fuel prob-

- lew> 4in the-field. The ball-on-cylinder device waa the bhast all-around apparatus
... for -his purpose. A good correlation was obtained between wear in this device and
friction problm in m fleld.

‘The etwosphers surruunding the tubbing surfeces was found to be extremely

o ﬁtpott‘nt. Very low wear aud Ericrion cuuld be obtained by blauketing the system
-~ with & dry insrt gas. A vane pump, for example, could uperate wichout wear and

with good volumetric effiziancy in dry nitrogen, under conditions where it would

. wedy out in a few hours fo ordinary air. It appeavs chet laerting fuei tanks would

. be bepeffcial, not only for rndu»ing thermal degradation of the fuel, but for be:i-

- tex iuhricatias as wall.

: Scuffing {s aggravated by su inexrt atmnsphere. - The nreaence of either
~5csyg:n or-wktar greatly reducar thie ‘effec: as do condeneed-ving aromatics, but the
. elfect of additives s frequent.y poor. The importunce of water has usuelly been
.+ o=arlooked. it may be possible to exzlude oxygen from a fuel system amd atill aveid
ST {nag‘paugihtli:y cf scufiing, by nni1taining 8 eertazn emount of dissolved water in
. \th !uﬁ.

. b -
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Wear and scuffing increase with temperature and certain additives may be-
come less effective. This effect is often vbscured by the oxidation of the fuel
which results in the fcrmation of good-lubricity oxidation products.

This research has also resulted in several findings that are important
in the better understanding of the wear process. In particular, this work has .
shown the importance of corrosive (oxidative) wear as a major wear mechaniem. The ‘ ig

nature of scuffing and abrasion has also been clarified. The importance of con-
densed-ring aromatics in imparting lubricity not only applies to fuels, but is
apparently the major difference between good-lubricity petroleum lubricants and
poor-lubricity white oils. These findings have resulted in szveral papers subuitted
for publication.

——
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VII. APPENDIX

EQUIPMENT AND TECENIQUES

- A Test Bquipment And Procedures

e In this program three test devices were mainly used for lubrication test-

. ing. - They were (1) thes ball-on-cylinder device to determine friction and wear in

. the "mixed-file" regime between hydrodynamic and complete boundary lubrication, (2)
- & standard four-ball apparatus to meagsure wear in the more heaviiy loaded region and
zlso to determive the "scuffing-load", (3) a Vickers vane pump to measure wear and

~los® of volumetric efficiency in an actual pump. The Micro-Ryder test was also eva-
lustad a possible ludbricity tester for jet fuels. This device has been described in
Bection II «bove.

1. Ball-Ou-Cylinder Machine

This appacatus measures metallic content and friction and has been pre-
viously described (5, 6). The apparatus is shown in Figure 33. The system, con-
“sisting basically of a fixed metal ball loeded agasinst a rotating cylinder, is one

of pure sliding.

The extent of metallic contact is determined by measuring botl. -“2 ingtan-
tansous and average electrical resistance bLetween the two surfaces. In general, the
slectrical resistance fluctuatea very rapidly from a very high value to a very low
value, suggesting chat metallic contact is discontinuons. The average recorded
‘resistance, therefore is a time average and is consequently related to the percent
of the t}un that metallic contact cccurs--hereafter referred to as "percent metallic
contact,"”

The friction between the bsll and cylinder is messured by means of a small
differential transformer and is recorded continuously. The differences in frictional
bshuvior tetween fuels is often not so much ir the average level &8 in the relative
suwoothness of the trace. A poor fuel gives a jagged tracc, indicating stick-elip,
which is easy to see, but hard to expreas #8 A number.

Wear of the ball or cylinder can ba determired by weking direct measure-
wents undezr a microscope. The wear scer on the ball is not circular but elliptical,
with the major axis parpendicular o the direction of travel. fThis comes zbout be-
cause of the wear of tha cylinder, which is somewhat softer than the ball. The wear
scar zoported fs the averags of the mmjor &aad minor axie., In the case of scuffing,
the wear on the cylinder is large ard mey seasily be measured by means of & surface
profile tsker axizlly ecruss the wear track.

With this apparatus, the sntire region from hydrodynamic (ro metallic con-
tact) to pure “bourdary" lubricatiun (continuous metallic contact) cén be readily
{nvestigated. Tlere is generslly & close correlation between friction, wear, and
parcent netallic coutac’. However, percent metallic contact loses its significance

~ at highar loads whave the contact is 100% for &ll fuels. Also, where stick-slip is
cbserved {very erratic friction) the bull literally chatters on the track, giving a
misleading low value of metallic contact. Por this study, the metallic contact
neasurements are of fmportance mostly in detecting the formation of & non-conductiig
leyer on the rubbing surfaces. This laysr comes from the reactior between the metal
surface and a fuel additive, and generally resuits in lower friction.
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" For non-addicive fuels. the wear scar i¢ a good measure of the degree of

,>; friction. Wecr scst dismmier (HSD) is therefore quoted axtensiveiy. For fusls con-
taindag sdditives or lerge amounts of sulfur or nitrogen compounds, the wear scar may i
7 nor mflacﬁ the degree of friction. These casas are slways nutated in this report.

Hbl’ of he test balls used in this study are staexiard haif-inch Grade 1

- bal.ll -ldt of ATSI 52100 steel and having 3 surface roughnsss of about 2 micro-
.- inches Cl& (Center Lina Average). The cylinders (1.75 in. dlameter) are also zsde
—"o! AISI 52100 steel and huve a surface roughness of about 17-12 micra-inches CIA.
) The nlrdnssi of the balls is 65 Rockwell T; - £ che cylinder 20 Ruckwell C.

tor % portion of rhis work, several different metalluryies were ewpioyed.

" ‘Balf-inch balls were used and special cylinders vere fabricated of the desired
. astallergy. Tha balls were very smooth (CLA about 2 iz in) and the cylinders were

lished to similar smoothness. Hardness values are shown below:

Rockwell
> - qardnesg, R
Metal Ball Cylinder

Stainless Steel 440C 60 -
K-Monel 34 32
Tungsten Cartide 70 -
Staialess Steel 302 3 -
Silve~ 98(Rg) 98(Ry;

In Jhe case of silver, steel specimers wexre electrolyrtically piated to a thickness

‘of 1/2C inch. After all tests, wicroccopic examination showed that tae silver

coating head not been broken-through.

In nrdes to stuly the effect of dissolved oxygen and water on frictiom
sr< wear, each of the test instruments was modified, The first modification to the
bali-on~-cylinder apperatus consisted of adding a& fuel~-circulating system, which also
allowed the use of higher temperatures. The test fuel {s heated in & reservoir
while bubbling in a gas containing a certsin percentage of oxygen. It flows by

~ gravity icto the fuel container which is -closed and kept at tie same atmo:pheie

‘g that of tae fuel reserveir. The temperacure of fuels in ihe coucainer is con-
trolled by vesying the heating of the reservoir with a Variac. The test fuel is
pumped back to the -—eservoir through a glase bulb containing a senser for oxygen
analysis. Thne test is started whea the oxygen in the fuel, as indicated in the
exygen analyzer, and the temperature veach.a steady siate.

I.ter it besume a8 that the test fuel was equilibrating very rapidly
with the sas environment. .. :5-minute soek period was found to be ample. Therefore
the apparatus wis simplified by designing 2 rew teet cup having & smeller fuel
capacity, a buili-ir electrical heating el -.nt and Chermc:cuple, and a gas inlet
line to the hottom of the fuel sample. A cover fite o-2r the cup and around the
chuck holding the bsil. A gas flw rate cf 0.5 cu.ft./min effectively prevents dany
back diffusion.

In these tests, the metallic contact and frictional behavior of a given
lubricant at & given load and speed are recorded with time. The teste were
generally run for 32 minutes af room temperature (77F), and at 240 rpm (5€ cu/sec
3liding speed). Loads were varied from 15 to 4000 g, corresponding to mean Hertz
pressures of 21,80C to 128,000 psi. In each test, a new ball and fresh track were
used, There 13 some variation in the test results from cylinder to cylizder,
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probably because of ainor differsucas fa sut-of-roundness. This source of error was
nininized by making comparitive rins on the same cylinder (10 or 12 separate tracks)
thue #1lowing & diredt rajatlive puting. .

Por ~ontroildd afmv-’mru the apparatus was foJ with 2 contisuous strism
of gas of ‘ciown ~XNBRU CONELMN sRS k:u..“dity. Oxygen coatent vas controlled by
wixiag mstared amcents of -afr ani 12 ipert gss fros cowprassed gas cylindexs.  The
inext gas wos 3iipar pitsofiE or wogon, generally argon because of a apecified
$9.995Z purisy. 1z s fo-& saser. pure oxygen wis clsc used.

2or i coc?r'.scd gas cylinders, the water eontent is exceedisgly ioe --
15-20 ppm- corveapd@i=a s 2 relative humidity of 0.1%. Sc=e tests sere conducted
updar bone-dry conditions. The methud used to obtain booe-dry conditions is dis-
eufizd ia the te.s under "Bone-Dry At-ospk“res" {5ection III). PFor tests at 100}
kh, the gz bohdled through vater. & f2v cases, 2 layer of water wis inserted
ar the bottom of the cup containing the test fegl. Only the axtrewes of humidity
were examined--0 or 100% RH. Intermediate huxidities were exsmined only in the
room-rixr rume.

2. Pcur-Ball Fear
And Scuff Tester

One of the most common instruments used in lubricitv studies is the four-
tell wear rester. BRssically, the mechinc ~c--iara of 2 spheri<al metsl £511 hela
in = rorating chm-k, i conlael witk k- fzeos of three ctationzry petal balls.
“ﬁis siopie pyrawmidal geometty ailces an ancar?le evalsaticn of wear caused by toe

lidirg bodies in contact. The fricticmal puil canm slso be computed via a simple
spting gauge. At the conclusion of the test, the three cell balls are studied
wicroscopically to determine the size of the wear scar produced. Such scars are
generally circular or sifightly z211iptical in form, with relatively uniform vertical
striations present in the wosu area. The parameters that appear te be significant
in determining wear snar dismeter (WSD) are load, speed, time, and elmosphere.

The instruments used early in this investigation were the Normal Four-
Pall Wear Teater (Scientific Precision Compaay, Chicago, Illinois, Catalog #736u3)
aud the Shell Extreme Pressure Four-Ball Tester {(Catalug #2008). These are dis-
cuseed in the snnual Technical Report, Part 1 of this study. The Normal four-ball
wear tester was modified to include a plastic collar arourd the test specimens.
Oxygen can be excluded by cassing dry argon into the test zome. Dissolved oxygen
was no*t purged but from the results it is apparent that most, if not ail, of the
oxygen 1s removed during the soak period preceding the test.

For the rasulis presented in this report, a G.E.-Brown modification of
the four-ball wear tester was used. In this urit, the load is applied by &
pnecmatic piston rather than mecharically. 1his machine has an enclcced space
around the test specimens. In the machine as purchased, tha gas is fed above the
test liquid. This wac nodifled to feed the gas to a point near the bottom of the
test cup, thus getting a better and more rapid purging.

The new machine alsc needed modification of the loading arrangement.
The load is trcansmitted from the pneumatic piston to the test balls through & shaft
sliding in a sleeve. Considerable friction was found between the shaft and sleeve,
with the result that the actual load could be as much as 2,000 g in error. The
sticking was eliminated by enlarg®ng thec sleeve and inserting a rolling-alement
bushing between the sleeve and shaft. This reduces the error to less than 50 g.
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-Only the gener&l procedures can be mentioned here a3 the detaile of each
tpeeiﬂe test series are discussed in the text with the results. The ganeral tech-
nique was to place the bslls in contact and set the desired loading. The system

was than puraed with the desired atmosphere for about 15 minutes (previously found
‘ﬁgvb- smple time). The test was then started at the pre-set desired speed (for
most of che work, 1200 rpm top ball speed). Unless otherwise stated, test time was
- mtoutes. Previously it had been shown (see annual Technical Report, Part I,
pv 24, of thio study) that 15 minutes was well into the so-called normal wesr rate
utcn (7, 80 that mningfui comparigone could be umade.

E :‘\.‘3#. vi&;a Vm g%

AT S < pbotoghph of the Vickers Vane Pump system is shown in Figure 34. The
-~'~§nap h s positive dizplacement vane pump, Vickers V-104-Y-10 type, with a rated
capacity of 1.8 gpm at 0 psi and 1.1 pgm at 1,000 psi. It is driven by a 2 hp
motor at 1155 rom. The fluid circulates through a pressure relief valve, sequence
_¥alve, rciamater, cooler and sump of ten-g~llon capacity. The temperature of the
‘fluid i the sump is thermostatically controlled by an elactronic relay. The flow
system is connected with 3/8 inch stainless steel tubing. A calibration burette is

tuctalled in parallel with the rotemeter. The fluid can be bypassed into the
bumtto for pracise measurements of the flow rate.

S
p)

-Tha pumping cartridge is resplaceable. It consists of 12 vanes (15 mm x
12 " x 2 me2) placed freely in the slots of a votor and conlined by & ring. The
venes are forced outwsrd by both centrifuged force and the outlet pressure of the
fluid which is fed behind the vane. Both sides are covered with a bronze bushing.
Major wear takes place due to the sliding action betwezn vanes and the ring. Minor
: w_:‘:_;ocms»ua the surfece of the bushings.

& secondary device is atrached to the pump system. It consists of a pair
: of h;rérm}.i" ¢ylinders, one of which is driven by pump pressure through an arrange-
‘ment of a solenold valve and limit switches. Its reciprocating motion drives the
piston of the second cylinder ir which the test fluid is charged under Ny-pressure
at coe-end and dischsrged at the other end. Wear, leaksge rate past the piston
Tingt,and su=face finish of piston asgembly are measured. To date, this secoudary
device has not yet been nsed for this proiect.

Rach test waz made at 2 specified pump di scharge pressure and specified
.sump temperature. Because of the low viscosity of jet fuels relative tc the ususzl
hydraulic oils, the higheat pressure possible was ouly 350 psig. Test duration was
24 hours, and a new pumping cartridge was uscd for each run. All the components
were weighed and their surface oughness measured by a Talysurf Profilimeter.

To 1uvestigate jet fuel lubricity at higher temperatures and under con-
trclled atmospheres, a new pump test stand (Mark II) was built. The entir: system
has &n enclosure which is constantly exhausted during the test. The fuel Jlow is
basically the same as that of the other unit used for previous tests. Major modi-
fications include: (1; reducing the sump to two gallons capacity, (2) automatic
recording of the pressure and flow rate, (3) provision for controlling stmospheric
enviranment in tte sump, (4) adding a bypass for a high-pressure millipore filter
to chack the pump wear at any time, (5) adding a fuel-sampling system controlled by
a tiwer, and (6) various safety features, such as overheating shutoff, low-fuel-
level shutoff, snd sutomatic extinguishing system in case of fire. The system was
deaigned to be opersble at sump temperature of 300F and 3 pump discharge presaure
of 3000 psig.
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4. Oxygeu Analyser (Beckman Model No. 777;

The sensor for the oxygen analyter consiects of & gold cathode separated
from & tubulsr silver anode by an epoxy costing. The anodo and cathode are
electrically separated hy a KCl gel. The assemb’y is separated from the fuel by
& gAs perweable Teflon membrane. The dissolvad oxrgen comes in coniact with the
electrode by diffusing through the membrane and th. following reactions occur: .

03 + 2H0 + 4e"—»= 4OH" (at cathode)

4 Ag + 4Cl™——» 4AGCLl + 4e” (@t anode)

The current in the cell is proportional to the partial pressure of the oxygen
present. To calibrate the analyzer, air or aitrogen is bubbled through the fuel
at the same temperature at which testa were made., When the analyzer reading
-stabilizes, actual oxygen content in ppm is determined by gas chromatography. The
oxygen content in ppm of any subsequent reading is interpolaced from these two

dqtetminqtiom .

B. Data Anslyeis TechniquesA

No general data analysis techniques were neceasary for this study. Data
‘treatment for specific series of tests are discussed at appropriate places in the

text. For example, in the evaluation of the scuffing characteristics of the fuels,
the wethod of plotting the wear scar size vs. the ioad is discusred in the section

on "Scuffing of Steel” (III).
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