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b Bi et of Fuel Cowposizion )

. . “in the previcus Report, it ¥sg ZZows in the four-bsll test rhat thetre was
sz ipzeresting synergistic effect batizen the isoparaffinic Bayol 35 and the haavy
ariaacic sethylnsphthalene. Sezii ‘mzdunts of either composens in the other would
bring about - marked reductics 72 uear. The optimum mixture sppesred to be about
307 wéthyinaphthilene in 72% 2ajo0l 35.

-

Thess tests were repeated using the bali-om-cylindsr apparatus. The ssée
‘zesults were obtained 33 shown in Figure 1. At thie time, 4t was found that 4%
redistilied mechyizaphthalene, which was known ¢o coatain both the I-methyl snd 2-
methyl fsomersd im about equal amounts, aiso contsined about 5% of a third component,
and that the eulfur content was 0.86%. The third component is evidintiy 4 sulfur
etmgound, probably a thiopbene, boiling wery cloze to the wethyloashtheienz, and
pérhaps forming an azeotrope. A sample of "high purity" l-methyldaphtheisne wes
vefore purchesed and tested in 307 concentration in Bayol 35, The result, also
shown in Figure 1, 13 &'check of the previous resiiit. Houever, thid semple of 1~
ui:bylnaphthajene 2l5c had an dmpurity, for ft anslyzad at 0.39% S. . Thera is some
question, thetsfore, whether this sulfur coapound might be causing some Of the ef-
factc [oind for methylnaphthalere. 1t {s our opinion, however, that this sulfur
caspound is not the setive component. Dats reported previously -indicated no Bul-
fur compound %o be this active, and we believe the effect 18 purzly one of heavy
aromaticd. However; -this will be studied further. ) .

_ Pigire 1 also shows the friction values, which were noL méasured in the
four-bail tesf. Unlike the wear results, no synergisa was Zound. Friction vae
highest with Bayel 35 sod lowest with sethyinaphthalene, with no minimum in the
onrve,

B. ‘ﬁffgcg ’of Dieac;l;led Water

Eariier tests had shown that oxygen increaess wesr by a corrosion process,
the rzaultant uear particles being largely ¥e0. It would therefore be likely thst
thiz corrosion would be accelerated by the presence of dissolved water. This was
£irsc confireed by 2 serfes of four-ball wesr tests run in air, using heptane as the
test liquid. 1In these tests, & layer of liquid water was put in the bottom of the
test cup. This ipsuved that the heptane was saturated with water throughsut the
test.,

The effect of this diszolved water is shown {n Pigure 2. The wear scar
diazater increaged by 40%, corresponding to an inmcrease in wear rate {grams/minute)
of 4-fold.

This result wade it obvious that the rzlative humidity of the stmosphere
axcur.] the test is a very important variable. The wpount of water that will dissolve
can be expected to depend on the partial pressure {{.e., the humidity) of the sur-
rounding atmosphere.

To copfive this, znother series of four-bull teste were run in ° th 0%

and 1007 hsaidicy, in both the presence and sbss.ce of oxygen. The fuzis were
Bayel 25, mathylsaphthalenn, snd 8 70/30 nizture of the two. Data | mted in the

previous Report had shtown there two {ueis to bohuve quite different  couard oxygen:
Bayol 35, at fsoparaffinic fue), gave low wear {u the absence of oxygen and i{ncreasing
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wear as the oxygen content increased. Methylnaphthalene, on the other hand, gave
extremely high wear i, the absence cof oxygen, indicating an entirely different
mode of wear. The 70/30 mixture gave lower wear than either pure component and
this was true both in the presence and absence of oxygen.

These tests were all run with the plastic collar around the test cup, and
the controlled atmosphere bled in continuously. Cenditions of 100% R.H. were ob-
tained simply by bubbling the gas (air or argon) through water. Dry conditions (0%
RH) were obtained with argon (99.995% Ar) by using it directly from the gas cylin-
der, where it is completely anhydrous. This was also done with cylinder air, al-
though in some of the earlier tests, ordinary compreesed air was passed through a
desiccant Instead. s,

The effect of dissolved water is shown in Figures 3 and 4. Figure 3 gives
the data in air. The effect of humidity is to increase the wear of Bayol 35, but
to decrease the wear of methylnaphthalene. Figure 4 gives the data in argon. Under
humid conditions, the differences in behavior between the different fuels is com-
pletely wiped out: The catastrophic wear of methylnaphthalene in dry argon disap-~
pears. So does the synergistic eifsct of mixtures of Bayol 35 and methylnaphthalene.
Thus, in the absence of oxygen, water is the great equalizer. But in the presence
of oxygen, water may elther increase or decrease wear, depending on fuel composition.

Cuavievig
AT AL 2

C. Effect of Dissolved Water and Oxygen .
With Commercial Fuels LR

Recause of the importance of both oxygen and water vapor in the surround-
ing atmosphere, it was decided to evaluate the commercial jet fuels under the four
combinations of wet aiy, dry air, wet argen, and dry argon. Previous dats had been .
obtained in room air--217 oxygen and uncontrolled humidity. Tyt

Five commercial fuels were chosen (PW-523, RAF-164-64, JP-4, JP~5, and
Bayol 35) aL 160F and were run at varicus loads of 240g, 480g, and 1000g. ‘These
tests were carried out in the modified ball-om-cysinder vig with en enclosed fuel- 1
circulating system under the same four atmospheree: dry air, wet air, dry argon, L
wet srgon. The wet air and wet argon were very close to 100% relative humidity ac- L

cording to readings of dry and wet bulb temperatures.

The tost results are shown in Table 1 and the vwear scar diameters versus
loads are plotted im Figures 5 through 9. Several cowmon friction and wear phenor
ena among these fuels are noteworthy: (1) friction and wear are higher {n air than
in argon for both dry and wet conditions; (2) friction and wear in argon are not 5
only lower but also less dependent sn load than in air, 8o .hat the difference of P
friction and wear in 2ir and argon is movre evident at higher loads; (3) wear in wet =
air is higher than in dry air, (4) the difference in friction and wear in dry and .
wet argon is rather small, indicating theat moisture may not he detrimental in an L
inert atmosphere and (5) metallic contact appears generally lower in air than in S
argon. It seems that the oxide film is continuously formed and is taken off in -
sliding contact. The continuous removal of the oxide film by rubbing {s the prob- '
abla cause of higher wear in an oxidizing atmosphere despite its lower metallic
contact.

These results again showsd that the highiy-refined fuels give higher wear .
than other commercial fuels in air: 1in wet air, PW-523 and Bayol 35 gave appreci- S
ably higher wear than other fuels, both at 480g and 1000g, in dry atlr, PW¥-523 con-
sisteuntly gave higher wear at 21l loads. 1In argon,the highly-refined fuels did not
appear to oe iunferis to other fuels. Ou the ccatrary, JP-5 and RAF~176~64 gave
stightly higher wear ‘han the vther two fuels in wet argon at 1000z losd. This
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5£§gt¢&é, although not highly significent, e rather anowslous. JP-4, which has
© e _lowsr viscosity thas the other fuels, zould not be rum st 1000z in air bacause

of ‘exiessive friction. At lower loads, it gave foirly low wear and frictien.

L A series of tasts was also msde on Bayol 35 at 10003 snd 1607 4n dry air,
toom air, and air saturated with mofsturs, to evaluate the sffect of an intermediate
' ‘molature content on friction and wear. The resulte, given ix Table 2, show that

friction and wear in dry air and in huwid air are certainly different and that 26%
RHE (rcom.air) has about the seme affect ss 1007 RH.

D. BEffect of Temperature

Four-balil data reported earlier had shown some effact for temperature,
particularly for the poor-iubricity fuels. It -also appesred desirable ¢b find if
there was an interaction bstween temperature and atmosphera. These tests heve
bean extended to the ball-on-cylinder rig and the Vickers pump.

A [

1. Peur-Ball Tests L

Aoa . wa e e

A preliminary series of runs waz made in the four~ball teazer to sea if
éoivosive wear is unusually temperature-senmsitive. Bayol 35 in room air is known
to give corrosive wear. Therefors, it was tested at temperatures from 36C (97F)
tw; 3256. (257F). The resulcs are given in the table below. :

Effoct of Tempersture on Wear
' Bayol 35 in Room Alr

Tedperature, °C Wear Scar Dismster, mm
36 0.67
&3 6.74
99 0.73
125 .76

I% can ba ssen that wear incresses gomawhat with tempsrature, but the fn-
cxasse is, if anything, lese than expected. The four-ball tester does not saem to
be very sensitive under these conditions.

2. BalleoneCylinder Zests

The ball-on~cylinder device shows a considerably greater sensitivity to
temparature. Zeots wers run on Baysl 33 ak varicus loade at 2407, The yesulis
sre tabulated in Tabls 3 toguthar with those obtained from tests are 1607 xud 877
previcuely reported. In an inert astmosphiavs, friction snd wear showad caly a minor
dependance on teupevature. However, im air the offests wore pronounced. Por the
&B0g load, both friction and wear st Z40F wove double than st 150¥. at 240F end
1000z load, the frfction was oo excessive the test bad 2o be terminatad.

The effect of cownpevsiurs 18 even mova seriking Weo plotted at differ~
ent concentretioms of dizsolvad oxygan as in Figure 30, Wear scsr diamersrs wove
2.3 tioes bigher st 2307 than ac I6U%. Folotion dats sre given 1n Tahie «.
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TABLE 2

.,,,
o

EFFECT OF ATMOSPHERIC WOISTURE ON WEAR OF BAYOL 35

G o

. I Bglinon-Cylinder. Teats (1000 gm Load, 240 rpm, 160°F., 32 min.) -
, / ) Wear Scar ")
Atmosphere % RH Coef, of Friction Dia., mm Iy
dygon ., . ... 0 . 0.13 ‘ 0.28 5

Bry Air h 0 0.14 0.4t
. 26 - 0. 24 0.59

Wet Afr 100 , 0.213% 0.65

% Priction trace very erratic.

4
-
-



TABLE 3

EFFECT OF TEMPERATURE
ON FRICTION AND WEAR OF BAYQL 335

Ball-On-Cylinder Tests {240 rpm, 32 ndn)

1000 em Load 480 gm i.cad 240 gm load

In Aixr* In No* In Air* In Ho* In Air* In No*

 Year Scar, mm

@ 87°F 0.53 0.25 0.30 0.20 0.28

@ 160°F 0.57 0.25 0.34 0.24 0.30

@ 240°F - 0.26 0.55 0.29 0.29
Coefficient of Friction

@ 87°F .15 0.13 0.14 0.13 0.12

@ 160°% 0,27%% 0.13 0.16%% 0.15 0.15%%

@ 240°F - 0.12 0.32%% 0.11 0, 145k
Hotes:

* In Adr - Ia open air (in equilibrium with atmeospheric moisture),
In Ny -~ 87°F and 160°F ruos in Np, 240°F runs in Argom.

%% Priction trace erratic.

0.19
0.24
0.22

0.12
0.13
0.13
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TABLE 4
EFFECY OF OXYGER ON WEAR
Ball-On-Cylinder Tests
(24CF, 480g, 32 min, 240 rpm)
Digsolved 02, Coefficient Wear Scar

Atmosphere pom
Argon ( 0.005% 02) 0.4
2.2% 02 6.3
6.5% 02 i9
Alrx 59

* Priction trace erratic.

of Priction

0.11
0.12%

0.40%
*




3. Vickers Vane Pump Teasts

Vickers vane pump tests wers glsc run at kigher temperatures on several
commavcial fuels in a nitvogen atmosphera. The test data are shoun in Tadle 5.
8ince the vigecosity of the fuals is considerably reduced at these higher tempera-
tures, the pressure could oily be maintatned at 150 psig or lower due to the exces-
sive f.ternal leakage. The severity of the test depends on both load and fuel vis~
coglty. It may be expressed numerically by s dimensicnless group, 4N, where 4

is the fuel viscosity, N is rotatica speed of the pump, and P is theppressure. The
pressuys 1is equivelent to the luad to press the vanes against the rin%. The values
of yN, were estimated to be 1.82 x 1076 with Bayol 35 and 1.10 x 1676 with PW-523

at tge lower temperature of 90F and 350 psig under which conditions very severe
wear were observed. The values of y4 N, for this series of tasts, as shown in Table

S, were close to the above values, igdicating that the severity of these tests might
be similar to those at the low temperatures, despite the difference in pressure.
Therefore, these test conditions evaluate the effect of temperature per se, apart
from its effect on viscosity.

The results confirm that wear can be reduced to a very lew level im an
inert atmosphere even at a rather high temperature. This may lead to a practical
way to solve the lubricity problem of jet fuels 4in the field. Tescs in dry air
and in wet air are under way to investigate the effect of humidity and oxygen.
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Ii1. DMECHANTISN STUDIES

The data presented so far show a number of pugzling effscts and unusual
jntersctions. Particularly, the high vear of methylnaphthalena in the absence of
oxygen and water, and the synergistic effect of mixtures of Bayol 35 and methyi-
naphthalene nezed expleining. Accordingly, tests arve being carried out to learn
moye about the mechanism by which these effects occur.

A. Effect of Inert Atmosphere

Although {t seemed fairly obvious that the difference between air and
argon was one of cxygen vs. no oxygen, gome four-ball tests were run to see if
there was any major difference between three inert gascs: argon, nitrogen and
carbon dioxide. The results, given in Table 6, indicate that the inert gases are
similar if not identical in their effect. Particularly, all three, when dry, gave
very high wear with methylnaphthalene ard, when wet, gave very low wear.

All subsequent work has therefore been done with argon, which has about
the same solubllity as oxygen, and can be obtained as 99.995% Ar with essentially
no water whatsoever.

B. Bffect of Antioxidants

1. Pour-Ball Tests

- —an

Oxygen obviously has a strong effect on wear, increasing it with Bayol 35
(paraffinic) and decreasing it with methylnaphthalene (aromatic). It also appears
that tha srimary attack of oxygen iz on the meral to form Fe0, and not on the fual
to form oxi{dation products which then attack the metal. However, to check this, 2
few four-bsll runs were made using two common antioxidants: phenyl-alpha-naphthyl-
amine (PAN) and 4,4'-methylene-bis-(2,6 di~t-butyl phenol), QDTBP). Both ware run
at 1% concentration in Bayol 35 and methylnaphthalene. This is far above the usual
concentration in jet fuels, but was used to magnify any effects. Runs were made in
air and argon, wet and dry.

The results are given in Table 7, but they are not very conclusive. PAN
reduces the wear of Bayol 35 in all cases but this is exactly what would ba expected
from adding a heavy aromatic hydrocsarbon, which is what PAN is. The effect seems
more probably the effect of PAN's eromaticity rather than its antioxidant character.
PAR had no effect sn the wear of methylnaphthalene in argon; nor would it be expected
to. MDTBP reduced the wear of methylnaphthalene in dry argon; it behaves like water
in this regpect. But again, thie cannot be due to its antioxidant qualities,

The only e«ffects that could be connected in any way with antioxidation
are the decrease in woar with Bayol 35 in wet air, and with methylvaphthalene in
dry air. Both additives are effective under these conditioms.

Further tests are required at lower ~oncentrations to avoid the effects
of composition change.

2. Ball-on-Cylinder Tests

Ball-on=cylinder tests were carried out oun Bayel 35 contsining C.17
MDTEP, and vavicus contents of digscived oxygen at 160F and 1000g losds. The rve-
ealte ave pre-coted in Table § and plotued in Figuxe 11 slopg with similes Jdats on
Bayol 3% alone, a7 d Bayol 35 contsining oleic acid, It s obvious that this
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TABLE 6

EFFECT OF INERT ATMOSPHERE
(Four-Ball Wear Tests, 36C, 10kg, 1200 rpm, 15 min)

Wear Scar Diameter, mm

Bayel 35 Methwl Nonhthalane
Dry  Wet Dry Wet
Argon 0.58 0.46 1.78 0.43
Nitrogen 0.72 0.69 1.5 0.41
Carbon Dioxide 0.59 0.42 1.62 0.47
Aiz 0.56 0.79 0.62 0.43

Oxygen 0.67 0.75 0.48 0.46

MRYALEL W DTS

N,
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TABLE 7

EFFECT OF ANTIOXIDANTS QN WEAR

4-Ball Tests: 1200 rpm, 36C, 10kg, 15 min

Hear Scar Dismetex, mm

In Argon In Afr
Antioxidant Base Fuel Dy Vet Dry Wet
Fone Bayol 3§ 0.58 0.46 0.56 0.79
17 PAN” " 0.42 0.41 0.40 0.46
1% MDTBP** " 0.52 0.50 0.56 0.59
Hone Methyl 1.78 0.43 0.62 0.43
Naphthalene
1% PAN " 1.81 0.41 0.48 0.38
1% MDTBP " 0.85 0.46 0.46 0.40

% PAN = Phenyl-alpha-naphthylamine

** MDIBP = 4,4'.methylene-biz-(2,6 di-t-butyl phenol)

esnan
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TABLE 8
EFFECTIVENESS OF ANTIONIDAMT
0.1% MDIBP in Bayol 3§
(Ball~on-Cylinder Tests = 150F, 1000g, 240 rpn)

: Coefficient of Wear Hear
Atmosphere ppm 0, Friction Dismeter, om
Argon 0.4 0.14 0,28
2% 0, in Argon 6 0.22 0.29
7.3% 02 in Acgon 21 0,22 0.38
Alr 59 * 0.65

* feratically high.
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anzgggi@nu io {ieffective in iuproving the lubricity of the baee fuel. Thiwz cons
f}xmﬁ“t%?t the oxygég attack is &t the meral surface rather than uxidation of the
‘fusl. . 2

" ¢ Effect of Olefc Acid

. In the prgvidis Repert, it was foudd that olefc acid was an effgetife
antf additive in the presence of oxygen but not in its absence. (§eé Pigure
11.}) tThis suggested thit oleic acid might Ye working by preventing, ¢orrosion
rather phan by any ighorent lubricity property. To learn more about’ this, oleic
acid wag run under a variety of conditions in the four-ball wear tester.

P i

., Bleads of 50 ppm olefic acid in both Bayol 35 and methylnaphthalene were
run in both argon and air, both wet and dry. Resulta are given in Table 9 and in
Figuresil2, 13 and ¥4.. .

' It appears that oleic acid is most effective in reducing corrosive wear
and has,littie effect elsewhere. In Bayol 35 in air, oleic acid cut wear in half
as showh in Pigure 12._ Basentially, it reduced the WSD to a low level of about
0,37 mm:regatdless q%;ghe hunidity. One can speculate that oleic acid is funce
tioning.as a corrosidn inhibiter, forming a protective £film on the surface that

py i‘»—n—

rggiéfb%oxygen attack.
; 1In argon, oleic acid again maintained wear at a low level. Ag shown in
Pigure 13, it reduced the relatively high wear im dry argos, but 314 mot further

réduce the lower wear in wet argon.

; - L ]

, - ; In methylnaphthalene, cleic acid is completely ineffective. 1t did not

' ‘.‘2&.-3 Sham wenetes bafale wswmmoe foo dame: mascmm mond F8 tead aeePor —fmman o LLm ot Ao abil aal
LR sl':\: VLY AR FOGL LM ML Y Qi)uWily Gl AL GV WILY UWAKWE TLRLTLARD I LT VLUEL
cﬁhes,eghere the wear was already low. This is perhaps not too surprising for it
had beeq reported in the literature that orgenic acids work best when oxide films

are present.
i

;. Tests of this nature will be carried out on other lubricity additives
and in greater detail.
N
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PO IPSOIPAN S AR T e

ppm Oleic Acid

EFFECT OF OLEIC ACID G WEAR

TABLE 9

3

4+Bgll Wear Teste: 1200 rpm, 36C, 10 Kz, 15 ming

50

50

Wear Scar Diameter, mm:

13
0.43
0.36

0.46

Bayol 35 Ye Naphthalene
Atmosphere Dry Molst Het Iry Moist
Axgon 0.58 --+ 0.46 1.78 ---
Axgon 0.30 0.38 0.44 1.81 1.76
Alx 0.56 --- 0,79 0.48 ———
Alr 0.37 0.38 (.42 0.53 0.47

0.36

1
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1V. PUTURE WORK

It is evident that at least four factors are important in lubricity: hy-
drocarbei. composition, atmosphere, temperature, and polsr additives. A fifth factor--
metaliurgy of the rubbing surfaces--can certainly be expected to be important, too.

it is also evident that there is a complex interaction between these vari-
ables. Mixtures of paraffins and heavy arcmatics give less wear than either pura
component; oxygen increases the wear of paraffins but decreases the wear of heavy
sromatics; polar additives decrease wear in air but not in argon; high temperature
cause more wear and friction in air but not in argom.

Future work will therefuce concentrate on these interactions, trying
to £ind the underlying causes.

@ A large number of hydrocarbons will be evaluated, both in the pure state
and as-mixtures, to observe any unususl effects and to get a pzetern cor-
relating moleculsar type with lubricity. These tests will be carried out
in different atmospheres, as has already been started.

® Varicus lubricity additives, corrosion inhibitors, and other jet fuel ad-
ditives will be examined in different base stocks, different atmospheres,
and different temperatures.

¢ The effect of fusl oxidation will also be examined. This appears to ba
a gource of scme confusion in the literature.

6 Tests will be run in the Vickers vane pump rig at higher temperature and
algo in different atrosp’ ere.

¢ The effect of metallurgy will be examined using the four~ball tester be-
cause of the ease of obtaining test gpecimens in this machinz. This
work will not brgin antil March vwhen 2 new four-hall machine becomes
available.



