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NATIONATL. ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

REVIEW OF CURRENT AND ANTICIPATED LUBRICANT PROBLEMS
IN TURBOJET ENGINES

By NACA Subcommittee on Lubrication and Wear
SUMMARY

A review of the current and anticipated lubricent problems as
related to aircraft turbojet engines (employing rolling contect
bearings) has indicated that the current and anticipated bearing
operating temperature ranges to be met by the lubricent are as
follows: (1) -65° to 350° F (current), (2) -65° to 500° F (future),
and (3) -65° to 750° F (future). The latter two temperature renges
are future goals predicated on future aveilability of suitable
mgterisls. The Subcommittee agreee that these goals are desirgble to
permit important advancements In gilrcraft turbojet engines.

For the current bearing operating temperature renge of -65° to
350° F, maximum oil reservoir tempersture is approximately 260° F. On
shutdown following operation in some of the present aircraft turboJet
engines, outer race bearing temperatures of 500° F are encountered,
making it essential that the lubricant be sufficiently heat stable and
high boiling to endure that temperature for about an hour. The upper
bearing operating temperatures of 500° and T50° F result in corre-
sponding bearing outer race shutdown temperatures of T700° and 1000° F.

Present and future lubricambts must therefore meet operating
requirements of fluldity, lubricity, volatility, and stability over
bearing operating tempersture ranges of; (1) -65° to 350° F (current),
(2) -65° o 500° F, and (3) -65° to T750° F.

For the three bearing operating tempersture renges of interest,
several approaches to the general problem of providing sdequate
Jubricants have been discussed by the Subcommittee. The most promising
approaches for the three temperature ranges are ss followa: (1) syn-
thetic lubricants in whole or in msjor part for the bearing operating
temperature range of -65° to 350° F; and (2) synthetics for the bearing
operating temperasture range of -65° to 500° F. It is too early to state
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which apprOaches for the bearing operating tempersture range of

-65 to 750 F are best; however, the following should be considered:
high-temperature greases, composite lubricants (solids dispersed in
fluid carriers), and solid lubricants.

Because aliphatic diesters are particularly promising in the first
two temperasture ranges, availability of these materials was reviewed.
It was concluded sufficient supplies made from native msterials could
be . produced commercislliy without difficulty within I or 2 years to
satiefy snticipated requirements.

It is recommended Immediate and extensive aircraft turbojet engine
research be carried out on the gynthetlcs to determine their sulitability
in the bearing operating temperature range of 65 to 350 F,

INTRODUCTION

Service experience with some of the present lubricents (specifi-
cation MIL-0-6081, grades 1015 and 1010, and AF specification 3519,
grade 1005) for lubrication of alrcraft turbojet engines has Indicated
that these lubricants are not entirely satisfactory, elther because
they are too viscous for engine starting (without dllution or preheating)
at low temperatures (grades 1015 snd 1010) or because they provide
marginal lubrication and/or are exceseslvely volatile at high tempera-
tures (grade 1005). Conasideration of the lubrication problems that may
arise 1n future alrcraft turbojet engines revesls that the demands on
the lubricants will be difficult (if not impossible) to meet. 1In
accordance, the NACA Subcommittee on Lubrication and Wear at two of
its regular meetings (June and October 1950) reviewed the problems
involved 1in providing adeguate lubricants to meet the stringent requilre-
ments of alrcraft turbojet engines for current and projJected use.
Several papers were presented by members of the Subcommittee which
established the general requirements and several possible solutions
were discussed. The primary objectives of this report are to present
(vased on these papers and the accompanying discussion): (1) an
enslysis of the current and anticlpated lubricant problems In aircraft
turbojJet engines including presentation of the requirements for lubri-
cants for both current and future use; (2) the most promising spproaches
to the problem of obteining lubricants for operation over the wide
temperature ranges anticipated.

This report includes the papers (Appendices A through E) which
were presented before the NACA Subcommittee on Lubrication and Wear.
Because they were written. independently, there is some repetition,
particularly in the discussion of requirements.
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REQUIREMENTS

The primsry requirement for aircreft turbojet engine lubricants 1s
that they must be sultable for operation over the required temperature
ragnge. The current temperature range of alrcraft turbojet engines
using rolling contact bearings is shown as item 1 of table I. The
temperature ranges of items 2 and 3 are fubture goals predicted on Pfuture
availabllity of sultable materisls. The Subcommittee agrees thaet these
goals are desirable to permit important advencements in aircraft turbojet
engines, In the current temperature range of -65° to 350° F (item 1,
table I), the maximum temperature is for the outer race, of the turbine
bearing. Under these conditions, the temperature of the bearing outer
race, after engine shutdown is spproximstely 500° F. The corresponding
maximum oil reservoir temperature 1s 260° F. The temperature range of
item 2, table I involves a minimm tempersture of -65° and s maximum
bearing outer race temperature of 500° F. The corresponding bearing
outer race tempersture sfter shutdown would be approximstely T00° F.

The temperature range of item 3, table I involves a minimm temperature
of -65o F and s maximum bearing outer race tempersture of 750° F. The
corresponding outer race temperature gfter shutdown would be gpproxi-
mately 1000° F. As shown in the footnote to the table, temperatures as
low as ~100° F have been encountered in service but this minimum tempera-
ture 1is not now a requirement of the military services.

Temperatures such as indicated in item 2 of table I are already
being encountered in gulded missiles.

It has been generglly established in the pspers presented in this
report (Appendices A and B) that the present alrcraft turbojet engine
lubrication system requires lubricants with g maximum viscoslty of
approximately 10,000 centistokes at the minimum temperature of operation.
This maximum viscoslty is based on the pumpsbility of the lubricant in
present engine designs. ’

In the current tempersture range, the 2.5 centistoke gpecification
of grade 1010 oil at 210° F appears toc be entirely adequate, from =
lubrication standpoint. As indicated in Appendix A 1t is apparent that
a desirshle turbojet englne lubricaent for the current temperature range
should have the high-temperasture viscometric properties of grade 1010
oll, the low-temperature viscometric properties of grade 1005 oil, and
the lowest volatility (and highest flash and fire point) possible.
Since, as discussed in Appendix A, no petroleum fractlon known has
properties approaching such a turbojet engine lubricant, it is apparent
that a completely synthetic materisl will be required to meet this
specification. A poesible compromlise specification was written which
differed from this specification only in that the maximum viscosity
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at -650 F is 7000 centistokes Instead of 3000 centistokes. The
requirements are still so severe, however, that 1t 1s not belileved they
can be met by petroleum oils. A variety of synthetics are, however,
available to meet these properties. The specificatlions for grades 1010
and 1005, the Bpecifications cambining the best features of these two
lubricants, and the compromise gpecifications are listed in table I of
Appendix A. The compromise specification is as follows:

Viscosity at 210° F 2.5 centistokes (min.)
at 100° F 9.2
at O°F 135
at -20° F 330
-4o° F 1040
-65° F 7000 (max.)
Viscoeity index 108

Low-temperature stability -~75° F (max.)
Flash point 250° F (min. )

It appears from. the paspers and their discussions that the
lubricating effectiveness of grade 1010 oil 1s satisfactory under the
present opersting temperatures and loads of alrcraft turbojet engines.
This lubricaent 1s, however, unsatisfactory under the conditions where
high temperatures are encountered st shutdown becsuse the oll then
evaporates and "cokes" or lacquers. . It was concluded that grade 1005
0il 1s apparently marginel in ite lubricating effectiveness under the
operating tempersture range, some users reporting no difficulties and
others reporting difficulties. Grade 1005 oill is less gatisfactory
than grade 1010 oil with respect to eveporation from the bearing sfier
shutdown. Lo . }

It should be notedr here that this diescussion pertains to lubrication
of bturbojet engines only and does not apply to lubrication of the
reduction gear of an aircrsft turbopropeller engine. For this latter
service, a lubricant with a load-cerrying capacity equsl to that of
AN-O-3M or grade 1120 and with the viscometric properties of the com~
promise specificgtions is needed, There are numerous other propertles
of Importance including: oxldation and thermal stablllty, low volstility,
flammability, etc., (see Appendices).
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APPROACHES TO THE PROBLEM

Several gpproaches to the genersl problem of providing sdequate
lubricants for the temperature ranges listed in table I have been
discussed by the Subcommittee and are presented in the following
sectlons.

Bearing Operating Temperature Range of -65° to 350° F

Petroleum lubricants have the two advantages of availability and
of considersble service experience. They have disadvantages such as
high viscosity at low temperatures, high voletility st high temperatures,
and low flash point (Appendices A end B). Improvemenis in grade 1010 oil
with respect to lower viscosity at low temperatures without sacrifice in
high-temperature viscosity and volatility properties are desirable. It
1s not belileved that such improvements are obtaingble without resorting
to entirely new methods of petroleum refining.

For the bearing operating temperature range of -65° to 3500 F the
aliphatic diesters gppear to show considerable promise. As shown in
Appendix A, the diesters can be synthesized with low pour points and
excellent VI's. The diesters are compatlble with and responsive to the
Inhibitors used in petroleum oils and their lubricating ability is
equivalent toc that of similar viecosity petroleum oils. Dilesters meeting
the compromise specificatlons previously listed cen be made from adipic,
azelalc, and sebacic aclids. As a general rule the diesters are much less
volatile than similsr viscosity petroleum lubricanis. Other advantages
of the diesters are thst, being pure chemical compounds, they dc not
foem or show changes in viscosity or pour polnt with vaporization of
some of the fluld. Although there is considergble experience with these
materials in reclprocating englnes, there 1ls very little turbojet englne
experience gvallable on these mgterisls.

Polyalkylene glycol ethers have very desirable viscometric
properties although very little is Imown of their lubricating effective-
ness under salrcraft turbojet engine conditions. Those having viscositiles
below 10,000 C.S. at -65° F are intermediate in voletility between the
diesters and the petroleums,

Of the availsble nonpetroleum fluids, the methyl silicones have the
best viscometric properties. A disadvantsge of the methyl silicones
lies in oxldation stebility. Although oxldation stability of the methyl
8ilicones is much superior to that of petroleum oils and most other
orgenic compounds up to 400° F, they gel rapidly when subjected %o
temperatures above 400° F under oxidizing conditions (Appendix A).



6 _ NACA RM 51D20

Since the bearing outer rece shutdown tempergture is 500° F, it is quite
likely the methyl silicones would deposit gels in the bearings and oil
passages. The greatest limitation to the use of the silicones is that
they have poor boundary lubriceting propertles for steel sliding on
ateel.

The diesters (and polyethers) are the most promising available
lubricants for the bearing operating temperature range of -65° to 350° F.

The avallabllity of synthetic fluids is a very important cornsidera-
tion regarding thelr possible use. A synthetic fluid must be avallable
in lerge quantities (1,000,000 to 5,000,000 gallons per year) and the
rew materials obtained domestically, Basic ingredients for the manu-
facture of many adiplc diesters are glready derived from petrochemicals,
The supply of the polyethers can be expected to meet any likely demand.
No serious barrier exists for large scale procductlon of these two types
of fluids. A number of guitable oxidation Inhiblitors are avallable to
stablilize both the dlesters and the polyethers., Wear preventatives will
be necessary in both of thege fluids if the flulds are used to lubricsgte
reduction gear systems of turbopropeller engines.

Bearing Operating Temperature Range of -652 to 500° F

In the bearing operating temperature range of -65° to 500° F
(item 2, table I), the synthetice again show the most promise. For the
diesters and polyethers, more effective high temperature antloxidants
are required. For the silicones, the problem of "gelling" becomes
increasingly severe as the temperature increases becsuse of the rgpid
Increase in gelling rate.

Bearing Opersting Temperature Range of —650 F to 750o F

The bearing operating temperature range of =65° to T50° F (item 3,
table I), is not an immediste requirement for aircraft turbojet engines,
however, spplications of this nature already exist In gulded missiles
because of the high ambient temperstures encountered at supersonic
flight speeds. It 1s expected that simlilar operating conditions will
be encountered In the future with piloted alrcraft.

It is possible that greases and rolling contact beasrings may be
developed which are suitable for application at high temperatures.
While no dsta were obtained et high dn values (dlameter in millimeters
multiplied by speed in rpm) the data of Appendix D indicate that,
at 600° F, 17-millimeter bore bearings operated with a finite life with
sillicone gresses. Some greases which are avaliable for temperatures
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much higher than those obtainable with ordinsry petroleums are reported
in NRL report 3672 entitled "Phthalocyanine Lubricating Greases" by

C. G. Fitzsimmons, R. L. Merker, and C. R. Singleterry, dated

May 25, 1950, Naval Research Laboratory, Washington, D. C. This report
indicates that adequate lubrication was obtained in ball bearings with
a copper phthalocyanine-silicone greasse at temperatures to 225° C

(437° F). There is g need for further research on high-temperature

. greases, Blnce very little Information is now avallable on such greases
or their performance at elevated temperatures.,

Composite lubricants consisting of a fluld carrier plus an additive
of elther the soluble or of the suspended solid type may possibly be
used for the bearing operating temperature range of -65° to T50° P,
Preliminary experiments at the NACA Lewls Flight Propulsion Resgearch
Laborstory have indicated: (1) low frictlon can be obtained with
lubricents such a8 MoSs in & liquid carrier, (2) composite lubricents

(MoSs 1in sir) will lubricate rolling contact bearings successfully at
temperstures as high as 1000° F for periods of time as long as

2%-hours. The results of the preliminary research on rqlling contact

bearings (in process of publication) alsc indicated that the bearings
1

operated successfully for 10% hours at elevated temperature 2§-hours

at each of four temperature levels: L400® F, 600° F, 800° F, and IOOOOZFJ
CONCLUDING REMARKS

The most promising spproaches for items 1 and 2, table I are as
follows: (1) synthetic lubricants in whole or in masjor part for the
current bearing operating temperature range of -65° to 350° F; and
(2) synthetics for the bearing operating temperature range of -65°
to 500 F. It is too early to state which approsches for item 3 are
best; however, the following should be consldered: high-temperature
greases, composite lubricante (sollds dispersed in f£luid carriers),
and solid lubricants.

RECMMENDATIONS

Angiysisg of the current snd anticipated lubricant problems as
related to aircraft turbojet engines has indlcated that petroleum
lubricants may not be entirely adequate In the future. In accordance
the following recommendstions are made:
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1. Immediate and extensive agircraft turbojet engine research and
development are required on dlesters and other synthetics meeting the
compromise specification (of Appendix A). This research is required
to determine sultability of these synthetics in the bearing operating

temperature range of -65° to 350° F

2. Research should be carried out on improving the oxidastion
reslstance and wear properties of the synthetic lubricants for the
temperature range of -65° to 500° F before initiating extensive engine

research.

3. Extensive research is required on high-tempersture greases,
composite lubricants, snd solid lubricents to determine their suit-
8bllity in the bearing operating temperature range of -65 to T50° F
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APPENDIX A
THE DEVELOFPMENT OF LUBRICANTS FOR EXTRFME TEMPERATURE
OPERATIONS FOR CURRENT AND PROJECTED TURBINE-
POWERED ATRCRAFT ENGINES

By C. M. Murphy and W. A, Zisman
Naval Research laboratory
3270-160-50/h1 . o ' June 5, 1950

Subj: The Development of Iubricants for Extreme Temperature Operation
for Current and Projected Turbine-Powered Aircraft Engines.
NRL Problem No. 32C02-06D (BuAer Problem No. TED NRL 0L05)
Interim Report on

A . REQUIREMENTS

1. Lubricants for turbo jet and turbo-prop engines are required to be
operable over & wide range of temperature. Combat military aircraft
must be able to start without preheaters and operate at ambient tempers-
tures ag low as -65° F (1), carrier based planes seldom encounter such
low temperatures. The maximum turbine bearing operating temperatures

in flight are about 285° F (2). Therefore, low pour point oils with
high V.I.'s are required in order that the lubricant be sufficlently
fluild at low temperature and have sufficient viscosity at high tempera-~
tures to support the bearing loads. Bearing btemperatures from 400° to
over 500° F are observed after the grounding of turbojet aircraft (7).
These high temperatures are due to radiation and conduction of heat from
the gas turbine to the bearings when there is no dissipation of heat by
the alr blast or heat transfer by the circulating lubricant. This
necessitates an 0il which is unusually stable to heat and thermal oxida-
tion. It is also advantageous to have it as nonvelatile as possible
since the evaporatlon of the less viscous and more voletile components
will csuse an increase in the viscosity and pour point of the residual
oil. Clearly, these turbine~powered aircraft engines demand a combina-
tion of properties which are, difficult (if not impossible) to obtain in
conventlonal lubricants.

2. The current specification, AN-0-9 (3) for turbojet lubricating oil
was adopted in May 1947. This specification covers two viscosity grade
petroleum oils (table 1 spec. I and IIO grades 1010 and 1015); the last
two digits referring to their viscosity in centistokes at 100° F. The
former grade hae a minimum pour point of -70° F with a meximum viscosity
of 3000 cs. at -40° F and the latter grade a pour point of -50° F with



10 NACA RM 51D20

maximum viscosity of 700 ca. at 0° F. As grade 1015 has a pour point
above ~67° F 1t is not suitable for combat military aircraft. The
viscosity of a typical grade 1010 oil was reported by CRC (%) as being
49,000 centistckes at -65° F. Somewhat lower viscosity values are
obtained by extrapolating the viscosity data on other grade 1010 olls;
therefore, k0,000 centistokes at -67° F was taken as & reasonsble
approximation of grade 1010 viscosities at this temperature.

3. Tests at the Naval Aeronautical Engine Iaboratory at Philadelphia
(2) on the low temperature lubricant requirements for the J-3%4 turbojet
engine indicate that 20,000 centistokes is the upper viscosity limit
for the pumpability of the lubricant in this engine. Since grade 1010
oil has a viscoslty of 20,000 centistokes at approximately -57° F (see
table 1) it will not operate satisfactorily in a J-34 engine at lower
tempergtures. Exhaustive tests on the pumpabllity of olls in a simulated
turbojet lubricatlng system have been made by the Coordineting Research
Council (4). It was found that the flow of oil could be relsted to the
viscosity. Their data indicate that the limiting viscosity for pump-
ablility mey be somevwhat less than 20,000 centistokes. However, under
starting conditions, a small oil flow (0.1 gpm) is obtained at tempera-
tures well be€low the condition for zero flow obtained by extrapolation
from oil flows at higher temperatures. In some casges this minimum flow
continues below the pour point of the oil. XNo effect of altitude was
observed up to 35,000 feet with & one~inch inlet line. There is, how-
ever, a critical eltitude at which flow starts to fall off; with

grade 1010 oil at -57° F and a pump speed of 900 rpm this altitude is
42,000 feet. The work of both NAEL and CRC led to the conclusion that
grade 1010 oil will not be satisfactory for operation at altitudes above
42,000 feet and temperatures below -50° to ~57° F in the J-3k4 turbojet
and presumably other turbojet engines with similar lubricating systems.

L, Grade 1010 oil hses glven fairly satisfactory operation as the
lubricant for J-33, J-34% and J-35 turbojet engines at the higher temper-
atures encountered in flight (5). However, difficulties have been
experienced with the carbonizetion and lacquering of the oil on the
bearings due to the high temperatures sttained after grounding of the
alrcraft. More effective high temperature antloxidants should alleviate
the difficulty with deposits due to oxidation. Rapid evaporation of

the oil f£ilm is probably a contributing factor. Volatility of the

lower boiling components of the petroleum results in incressing the
viscoslty and pour point of the remaining oil. This would have the
effect of reducing the temperature and altitude range of operation.

5. In the J-4T engine the lubricant is also used as the hydraulic
fluid. Grade 1010 oil has been found toc be so viscous at low tempera-
tures as to cause sluggish operstlon of the hydraulic controls. An
Investigation of the limiting viscosity for adequate response of the
hydraulic controls set this figure at approximately 3000 cx. (6). To
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meet this viscosity requirement a grade 1005 oil was proposed (7).
Some pertinent properties of this oll are shown In table 1, specifica-
tion II. It is evident that the low viscosity, (3000 cs.) at -67° F,
was attalined by making s corresponding reduction in the high temperature
viscosity. The reduction in viscosity of the oil is salso reflected by
its lower flash point and higher wvolatility as compared to grade 1010.
This oil 18 therefore more flammsble and sensitive to evaporation
changes than 1s the latter. Tests on this proposed grade 1005 oil
indicate that satisfactory operation can bhe attained with it In a

J-4T engine at low temperatures (5). Its low viscosity at operating
tempergtures mekes it undeslirghle for normal operstion from the stand-

point of lubrication and evaporation.

6. It has been evident for almost two years that the most desirable
turbojet oil should have the high temperature viscometrlc properties

of grade 1010 oill, the low temperature properties of grade 1005 oil,

and the lovest volatility (and highest flash and fire points) possible.
Such a specification is given in table 1 as specification IV. RNo petro-
Jeum fraction known has properties even approaching those required by
this specification, therefore a completely synthetic materigl will
probably be required. A possible compromise (specification V) differs
only in that the meximum viscosity at -67° F is 7000 cs'. instead of

3000 cs. It is not belleved that these requlrements can be met by a
petroleum oil but a greater variety of synthetics with these properties
are available than for specificatlon IV. It is possible that petroleum~
synthetic oil blends can be made to conform to speclification V but will
require a major proportion of the synthetic.

Te Only one turbo~prop engine is operatiomal in the Ravy, the

Allison T-hO. TIn this the same oll is used to lubricate the gas turbine
and the high speed gear reduction system. The lubricant used hss been
AN-03, grade M with a viscosity of 60-82 centistokes at 100° F, a pour
point of -20° F and a sulfurized fatty oil to give a pressure-wear Index
of 15. Starting torque requirements at low temperatures are not yet
gvaileble, Foaming of the gear oil is a potentisl problem that must

be considered. A difficult problem has heen to determine E.P. agent
referred to decrease gear todth wear without causing excessive corrosion
of the plain bearings in the planetary gear system. It is obvlously
desirable to lubricete the gas turbine bearing system wlth the same oil
a8 the gear reduction system. In any case the lubricating cil for the
turbine bearing system of the turbo-prop engine has the same require-
ments as that of the turbojet lubricant. Therefore, the viscosity,

pour point, volatllity and stebillity requirements can be expected to
approach those of the turbojet lubricant.
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B. SYNTHETIC OILS OF PROMISE

8. Of the aveilable non-petroleum fluids the methyl silicones have

the lowest temperature coefficients of viscosity. These fluids also
have the desired low pour points. For example, a methyl silicone having
a viscosity of 6 cs. at 210° F will heve & viscogity of only 200 cs.

at -67° F and a pour point of -75° F. Though the oxidation stability
of the methyl silicones is much superior to petroleum oils and most
other organic compounds up to 400° F, they gel rapidly when subjected

to temperatures above 400° F under oxidizing conditions {8). As the
bearings attain temperatures spproaching 500° F after shut down, it is .
quite likely that the methyl silicones will deposit gels in the bearings
and oil supply lines. Their inferior lubricating properties (9) (10) (11)
for steel on steel make them unsuitable for this application. The
methylphenyl silicones, though more thermslly and oxidation stable than
the methyl silicones, have much 1ower V. I 's and no better lubricating
characteristics.

9. Allyvhatic diegters can be synthesized with low pour points and
excellent V.I.'s (22) (13). In general they are compatible with and
responsive to the inhibitors used in petroleum oils (13) (14). Their
lubricating ability is equivelent to that of similar viscosity petro-
leum oils, as has béen proven by both laboratory and field tests (1h4)
(17). The properties of some aliphatic diesters having viscosities
of approximately 10 cs. at 100° F are shown in table 2.

10. Of the diesters shown in table 2 (2-ethylhexyl) adipate (column II)
is the leéast viscous, having viscosities below the requirements of
grade 1010 at 100° F and of specification V at 210° F. Its -67° F
viscosity of 6000 cs. is, however, even lower than required by speci-
fication V. TIts flash point, 380° F, is 100° F higher than the minimum
required by grade 1010. The higher flash point of this diester reflects
its lower volatility. At 210° F in the C.R.C. L-25-T45 test, the weight
loss of the ester was only 0.5 percent as compared to 6 to 10 vercent
for similer viscosity petroleum oils. The diester being a pure chemical
compound will not change in viscosity or pour point regardless of the
amount vaporized. ‘This is a valuable property in lubricant applications
where some critical viscosity must not be exceeded.

1l1. Two other adipic acid diesters are shown in table 2, Plexol 2uih
(column IV) and B-2L4 adipate (column III). The former 1¢ the diester

of a commercial isooctyl alcohol, {probably a mixture of several isomers)
and the latter a diester of monyl slcohol predominantly 3, 5, 5, trimethyl
hexanol -l. Plexol 24k has the better viscometric characteristics,

having a viscosity of only 8000 cs. at -67° F as compared to approxi-
mately 17,000 cs. for the other ester. Their freezing points, flash
points and volatilities are not greatly different from those of
di{2-ethyl-hexyl) adipate.
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12. The properties of the di(2-ethylhexyl) esters of azelaic and
sebacic acids are also given in table 2. As would be expected,
Increasing the molecular weight by lengthening the principal chsin
results in increased viscositiles, higher V.I.'s, higher flash points
and lower volatilities. Both of these dilesters slightly exceed the
viscosity requirements of grade 1010 at 100° F and specification V
requirement at 2100 F; however, their viscosities at -67° F of 8000
and 9000 cs. respectively are above the limit of TOOO centistokes but
they are much less viscous at this temperature than conventionzl petro-
leum oils conforming to grade 1010. Blends of these esters with

ﬁ'!{D_n'i"hv'Ihn?v'l\ nﬂ'l'nn'l‘.n were prepared to meet the reguirements of spec-=

ification V. The properties of a typical blend containing 75 percent

by weight of the adipate is shown in table 2, column 7. This blend
conforms to the viscosity reguirements and is much superior to grade 1010
as regards volatility and flash point. Such & blend was recommended by
this laboratory to the Bureau of Aeromsutice (15) in 1948 for turbojet
engine tests and have been under test by the Raval Aeronautical Engine
Laboratory.

13. A commercial grade of di{l-ethylpropyl) sebacate was found to
conform to the viscometric requirement of proposed grade 1005 at -6T° F
and is nearly half again as viscous as the minimum requirement at 100° F.
This oil is the diester of a commercial grade of diethyl carbinel and
sebacic acld, the small amounts of other isometric amyl alcohols
accounting for its low freezing point. Its fiash point is higher and

1t 1s less volatlile than is even the grade 1010 petroleum oils.
According to these criteria it is much superior to petroleum oll for
this application.

14, In the course of a previous investigation on the l-ethylpropyl
esters it was observed thaet dehydration occurs on contact with certain
absorbents or drying agents with the formation of amylenes and free
aclid. When used with an antioxidant in the crankcase of an internal "
combustion engine there was large increase In acidity and an insoluble
material precipitated. This material was ldentified gs sebacilc acid.
As the secondary esters are less stable than esters of primary elcohols
it was considered advisable to concentrate on the latter. \

15. Kone of the diesters of primary alcohols in the viscosity range
of grade 1005 (12) had sufficiently low freezing points for this appli-
cation. The freezing point of a compound, as is well known, can be
depressed by the addition of another component. An examination of the
properties of likely diesters revealed that the di(3-methyl-butyl)

and di(2-ethylbutyl) esters of azelaic acid were iIn the approximate
viscosity range and had low freezing points, -50° F. A 50-50 blend

of these esters showed no indication of crystallization after 168 hours
of storage at -80° F. The viscometric properties of this blend, shown
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in table 3, column 5 are considerably better than the requirements of
grade 1005 -and 1t 1s also much superilor as regards flash point and
nonvolatility. Therefore, this laboratory recommended the blend to the
Bureau of Aeronsutics for engine tests (20). Due to the inability to
obtain, at that time, an adequate supply of the di(3-methylbutyl)
azelate component, other blends were -investigated. The properties of
50-50 blends of di(3:methylbutyl) adipate with di(2-ethylhexyl) adipate
and "Plexol 244" conform to the viscometric requirements of grade 1005
and some of theilr pertinent properties are given in teble 3, columns 2
and 3. The last two blends are slightly more volatile and have lower
flash points than did the azelate blend but they are much superior in
this respect to petroleum fractions conforming to grade 1005. The Rohm
and Heas Company agreed to prepare experimental quantities of the blend
with "Plexol 244" which was then recommended to the Bureau of Aeronautics
for engine tests (21).

16. An investigation of the relation of the structure of organic com-
pounds to V.I. and freezing points (17) revealed that aliphatic ethers
have lower freezing points and viscosltles than do the analogous hydro-
carbons. The viscoslty-temperature characteristica of the ethers are
comparable to those of the hydrocarbons of the seme reference viscosity.
By analogy the polyethers should have even more deslirable viscometric
properties. The polyalkylene glycols have very low V.I.'s (18). These
polymers are polar liquids containing two unreacted hydroxyl groups and
are associgted in the liquid state. If one of the hydroxyl groups is
reacted to form an ether linkage, i.e., chain stoppered with an alkyl
group, association is greatly decreased and flulds such as the Ucon LB
fluids with much higher V.I.'s result. When no hydroxyl end groups are
present, fluids with even higher V.I.'s can be obtained.

17. Exemples of the doubly chaln-stoppered polyalkylene glycols are
the "Ucon DLB" fluids (19). The properties of one of these fluids,
Ucon DLB-50BX, in the turbojet lubricant range is shown in table 2,
column 8. It has a viscosity of 2.5 cs. at 210° F and 8000 cs. at
-67° F which exceeds the T000 cs. limit proposed in specification V
but 1s much less than a typical grade 1010 oil and below the critical
vigcosity requirement. The flash point of this liquid is slightly
higher than required. It ig believed that a narrower molecular welght
fraction would have a higher flash polint and lower volgtility.

18. Another recently available fluid of the same chemical type is
"Ucon DLB-4T-E" (see table 3, column 6). This conforms to the require-
ments of grade 1005. Though less viscous than DLB-50EX this fluid has
e higher flash point and would be expected to be less volatile. It I1s
probably a narrower nmoleciular welght fractlon than the latter.
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C. ADDITIVES

19. It is evidently necessary to stabilize turbojet and turbo-prop
Jubricants ageinst oxidstion at high temperatures. A number of anti-
oxidsnts were investigated using di(2-ethylhexyl) sebacate as the
reference fluid. The results of thls investigation {16) revealed that
rhenolic, alkyl sulfide and phosphite inhibltors lose their effectiveness
at temperstures above 250° F. Above 300° F, most of the aromatic amine
inhibitors become ineffective, the exception being phenyl alpha naph-
thylamine.: At 325© F, only phenothiazine, dilaurylselenide and phenyl
alpha naphtylamine were able to stabllize the ester to oxidation for

168 hours in the presence of metal catalysts, the latter being required
in larger concentrations. Imnhibition can be obtained for shorter periods
at higher temperatures. None of thege inhibitors was able to prevent
the formation of a slight amount of lacquer or other insoluble material
at temperatures above 300° F. Of these inhibitors, dilauryl selenide

is insoluble at sub=-zero temperatures and phenyl alphs naphtylamine
being required 1n larger concentrations, has a mere adverse effect on
the low temperature viscosity; hence phenothiazine was selected as the
antioxidant for the experimental diester lubricant (16). Another
desirable feature of diester oils is that they can undergo considerable
oxidation with only minor changes in viscometric properties as compared
to hydrocarbon or petroleum olils. Since the above mentioned investiga.-
tion, selenide antioxidents have been made available wilth much better
low temperature solubilities and comparably‘high temperature asntioxidant
activity (22).

20. High temperature oxidation inhibitors wlll be required to stabilize
the polyether fluids also. HNo extensive tests have been made on the
high temperature oxidation characteristics of the DLB flulds and their
response to inhibitors by this laboratory but further information can

be expected to be obtainable from commercial suppliers. The polyethers,
like the diesters, do not tend to Increase in viscosity with oxidation as
rapldly as petroleum and hydrocarbon oils. The potentialities of the
polyethers for turbojet engines deserve further considerstion.

23. Rust inhibiting additives have not been employed recently in
turbojet and turbo-prop engine oils. These may be necessary for protec-
tion during prolonged storage in humid regions. As such additives
usvally Increase foaming tendencles of oils and decrease the high tem-
rerature oxldstion stability, their use should be minimized. The
foaming of oils 1s a well known problem in high altitude flying and in
the operation of turbo-prop gear reduction sysiems. Pure diester olls
foam little, but the presence of additives and Impurities can meke them
foam as much as petroleum oils. However, the familiar methyl silicone
defoamer additive ie very effective in both synthetic fluilds and petro-
Jeun oils. Wear preventives for ordinary loads and extreme pressure
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additives for turbo-rrop gear reduction systems must be used with the
synthetic fluids Just as with petroleum products. Fortunately, many
types of widely used petroleum addition agents are satisfactory for use
in the dlesters. It is concluded that although the need for addition
agents 1s evident, except for the gear reduction systems of turbo-prop
engines, there are no new problems and no drawbacks to the development
of improved lubricants for turbine powered sircraft.

AVATTABILITY .OF IMPROVED LUBRICANTS

22. Present supplies of synthetic lubricante such as diesters and
polyethers are not sufficient to care for large-scale use In turbine
povwer~driven aircraft, but with any reasonsble assurance of a market
such ag by an active specification, commercisl production could care
for the need .in peacetime within two years. There should be no great
difficulty at the end of this period of producing at the rate of at
least 1,000,000 gallons per year. What is most important is the wartime
supply of such lubricents. This was of concern to the Navy in l9h5,

but ample supplies from domestic raw materials are repidly becoming
available., The facts deserve a brief discussion here.

23. The polyethers are derived from cracked petroleum fractions. Hence
the supply 1s limited in time of war only by competitive American users,
and the supply can be expanded to care for any likely demand. The
dlesters of interest are bhranched aliphatic in structure and are eilither
(a) dicarboxylic acid diesters or (b) glycol diesters of carboxylic
acids. Type (a) are derived from adipic, azelaic or sebacic acids and
branched-chain alcohols, at present. Type (b) are derived from glycol
ethers and branched-chain acids. Both types of diesters are used as
plasticizers, while the chemicals from which they are derived are widely
used as starting materials for aynthesis as solvents, coupling agents,
perfumes and sntifreeze materials. In 1945 the main source of dibasic
acids was sebacic acld which is made from the oxidation of castor oil -
an imported materisl. Within a few years large supplies of a competitive
material, azelaic acid, were made avallable from olelc acld produced by
the oxidation of animal fats. However, in time of war olelc acid is
always In short supply. In the past three years the supply of adipic
acid, one of the main Ingredients of Kylon, has increased greatly. This
is a petro chemical being derived through the oxidation of cycloliexene,
the supply therefore is readlly expanded and meintasined in wartime.
Branched-chain alcohols and acids from petrochemicals are rapidly
increasing in variety and quantity. In short, baslc ingredients for the
menufacture of many adipic acid diesters are already derived from petro-
chemicels.

24, As an illustration, sn increase of 1,000,000 gallons per year in the
supply of diesters for turboJet and turbo-prop engines can be made from
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adipic acid diesters by diverting only five percent of the present
domestic production of adlpic acid for Nylon. Clearly, this poses no
plant expansion problem. The supply of alcohols to be esterifled with
the adipic acid is more of an Immediate problem, but industrisl petro-
chemical activity is such as to resolve this rapidly on creation of an
assured market.

CONCLUSIONS

25. TFor cold starts at temperatures down to at least -40° F and for
operation in flight, the present grade 1010 petroleum oll appears to

be satisfactory for turbojet engines, and with modification by the
addition of suitable additives it may prove satisfactory for turbo-prop
engines. Tor cold starts at temperatures down to -65° F an essentially
synthetic o0il such as certaln aliphatic diesters or certain polyethers
appear durable. No additive problems are Involved which are Insurmount-
able. Such synthetlic oills can be produced commerically within several
years at the rate of at least 1,000,000 galions per year. Thelr pro-
duction from domestic materlals is 1mportant because of the critical
nature of the equipment in which they are used. No serious barrier
exists today for producing such lubricants in reponse to a demand of
from 1,000,000 to 5,000,000 gallons per year, and there is no doubt
that eventually the supply will be based entirely on petro-chemical
materials.
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TAHLE I

ARMY .- NAVY ABRONAUTICAL SFECIFICATION AN-0-9

Grade 1015

Grade 1010

Proposed
grade 1005

Begt features of
grades 1010
and 1005

Compromise

Specification I

Bpecification II

Specification ITI

8pacification I¥

Epeclfication V

Viscoslty, centistckes at 210° ¥

100° ¥
o° ¥

-209 ¥
-40° ¥
-6T° F

Viacoslty index

Pour point

Low tempergture stabllity

Flash point, °F

Fire point, °F

Evaporation loas 210° ¥, Wr,

percent

2,91 2.53 1.63 2.5 (min) 2.5 (win)
15 min 10.3 (10 min) 5.0 (5 min) 8,4 9.2l
700 mex 220 52 gol 135+
3000L 685 115 2001 330t
200001 2600 (3000 max)| 315 (400 max) * | 10hot
cemmeee—— | k00OOO Ca 2000 (3000 mex) | 3000 {max) 7000 {mex)
12 70 83 139 108
-50 mx |<~70 (-70 max) [<-T75 -T5 s
=50 max ~75 (-5 max) ~T5 (max) ~75 (max
285 min 300 (275 min) | 215 (225 mex) 300 (min) 250 (min
S 8 Ca 20 Ca LI > S [N —

lInterpola.ted. or extrapolated walue.

Oe

02qLS WY VOVN




TAHIE TX
PROFERTTES OF PROMISIRG SYNTHFETIC OILE FOR COMPARISON WITH

HPECTFICATIONS TT ARD V OF TABIE I

DIESTER OILS T5-25 blend
D1 (£~athyl-
FROFERTY hexyl)
D1.(2-ethyl- Di(2-ethyl~|Di(2-ethyl-|adipate and
hexyl) |D-2% edipate|Plexol 244| hexyl) hexyl) sebacate
adipate agzelate pebacate -
Viscosity, centistokes at £10° F 2.35 2.6 2.8 3.1 3.3 2.5
100° ¥ 8.3 9.9 10.0 11k 12. 9
0°Fl 109 15 135 156 187 120
-200 ¥ 275 Lo 330 380 4h5 310
~40° F| 850 1600 10k0 1190 1410 940
-67° ¥| 6000 17000 8000 8200 50001 6600
Viscosity index 12 138 41 146 154 116
Pour point, OF <~ ~90 <~ <=5 -67 <=5
Low temperature stability <=5 <=5 <=T5 <=5 ~67 <~
¥lash point, OF 380 5 370 VL3 450 >380
Fire point, OF h30 k10 430 k70 koo >430
Evaporation losa 210° ¥, WK, 0.5 0.7 1 0.2 0.1 0.5
percent

]Interpolated or extrapolated.

0201 WH VOVN
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PROFPERTTES OF PROMISING SYNTHETIC OILS FOR COMPARISCN WITH

TARLE III

SPECIFICATIONS III AND IV OF TAHIE I

POLYETHER
DIESTER OTLS OTLS
PROPERTY 50~50 blend 50-50 blend 50-50 blend
D1E3-meth,yl'butyl') D1 (3-methylbutyl) |Di(l-ethylpropyl) [pi(2<ethylbutyl) | Ucon
Di(Z2-ethylbutyl) plexol 244 sebacate P)i(_'i—methyl'butyl) DLB-47E
adipate adipate adipate
Viscosity, centistokes at 210° F 2.0 2.2 2.28 2.k 2.3
1000 F 6-2 6-9 7'38 7-6 6.6
0° F 59 68 80 T 60
-200 F 2 150 182 148 1Lo
-40 F 354 ko 50k 393 350 -
-67° F 1870 2260 3000 2010 2500
Viscoeity index 2L i 125 150 - 173
Pour point, °F <-T5 <-T5 ~90 <=5 80
Low temperature stabillity <5 <-T5 <-T5 <-T5 <~T5
Flash point, °F >350 >350. 380 350 - 330
Fire point, OF >390 >390 k1o 395 340
Evaporation loss 210° F, WF, 3 3 3 2| e
parcent '

2o
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APPENDIX B

ATRCRAFT TURBINE LUBRICANTS FOR MILITARY USE

By C. C. Singleterry
Buresu of Aeronsutics

The informstion presented herein is a coordinsted presentation of
Navy and Alr Force background on sn experlence with turbine lubricants.
Mr. Seidl from the Alr Materiel Command has furnished the specific
Informgtion relating to Alr Force problems and has concurred in the
generagl conclusions relsting to specification trends.

When Jjet englne development started in this country s variety of
lubricants was used. The Services soon recognlzed the necessity for
establishing some sort of standard lubricant even though the require-
ments of the engines were not clear. The Navy at that time had rather
large excess stocks of a general purpose light oil, Specification AN-O-6,
which had a viscosity of approximstely 15 centistokes at 100° F. Since
this o0ll had reasonsbly good low tempersture propertiles and was readily
avallable it was adopted as s temporasry standard. The Alr Force did
not have the same 0l1l in stock but dild have a background of experience
in using a more recent specification oil, AN-O-6a, in many types of air-
frame accessories and considered it to be a logicsl starting point for
investigating turbine &ils. The AN-0O-6a oil had s viscosity of
10 centistokes st 100° F aend was rust inhibited.

It soon became gpparent that the rust lnhibitor requirement was
a serious limitabion on the avallgbllity of the oil s0 a new specifi-
cation, AF 3606, was written which retained the characteristics of the
AN-9-6a o0il minus the rust inhibitor requirement. ILater a joint speci-
fication, AB-0-9, was adopted by the services. Thise specification
listed two grades, 1010 and 1015. The 1015 grade corresponded to the
higher viscosity oll the Navy had been using. Although the Navy
recognized the advantage of the lighter grede 1010 oll it was necessary
t0 Include the 1015 grade in the specification until engines which had
been developed on this grade were cleared for use with the 1010 oil.

At present there is no use for the 1015 grade oil and it will
probably be dropped from the specification at the time of the next
revision. , )

The grade 1010 oil now in use in all turbojet engines is a straight
petroleum oil with oxidation inhibltor and pour point depressant. It has
a minimum viscosity of 10 centistokes st 100° F and a meximum viscosity
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of 3000 centistokes st -40° F. The pour point is below -TO° F and the
flash point is sbove 265° F. _

Service experlence with grade 1010 oil indicates that the high
temperature characteristics of the oll are adequate for present service
engines where maximum bearing opersting temperatures are between 250°
and 300° F. There has been consldersgble concern over the tempersture
rise in the bearing at the turbine end of the shaft on engine shutdown
but there is little evidence to date that this 1s a service problem;
however, it is recognized that engine designers would _prefer to utilize _
higher bearing temperatures in future designs and this will be taken
into consideration in further development or turbojet oils.

The lubricating sbility of the grade 1010 oil appears to be adequate
for present turbojet engines.

From the standpoint of low temperatures (-65° F) starting the
grade 1010 oil 1s not entirely satisfactory. At -65° F it has a vis-
cosity of spproximstely 40,000 centistokes. At this viscosity it will
add considersbly to the starting torque and is difficult or impossible
to pump., It 1s considered that a viscosity below 10,000 centistokes is
desirable from the standpoint of pumpability. Recent tests on a
J-34 engine at the Naval Aeronautical Engine Lsborstory have shown,
however, that sufficient oill flows can be mainteined when pumping a
20,000 centistokes o0il at altitudes as high as 37,000 feet. Mechanical
characteristics of other engines place more severe limitations on the
viscosity of the oil. The J-35 englne had rubber nozzles for controlling
the oll flow which blew out when the viscosity went as high as
1000 centistokes. The J-U4T7 englne uses the oil as a hydraulic fluld in
actusting the control system and control becomes too sluggish as the
viscoslty increases above gpproximately 1000 centistokes. On earlier
model engines the cranking capacity of the starter was not sufficient
to bring the engine up to 1dling speed with viscous o0l1l in the besrings
and gears; however, the cranking capaclty of starters has Increased
greatly on newer engines so thet it is not anticipated that engine
starting torque considerstions will limit the viscosity to below that
requlired for pumpability.

As a result of difficultles with the J-47 englne control system .
the Alr Force undertock an extensive investigation of a grade 1005 oil
which had a minimm viscosity of 5 centistokes at 100° F and a maximum
viscosity of 400 centistokes at -40° F. When the viscosity-tempersture
curve for this oil is extragpolated it sppears that its viscosity
at -65° F will be approximately 2500 centistokes. This oil 1s now
approved for use in the J-47 englne below -30° F and has been considered
for other engines below -%0° F or -50° F. This grade may possibly be
added to specificastion AN-0-G st the time of the next revision but is
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procured at present under Air Force specification 3619. Requirements
of the 1005 grede are similar to the 1010 grade except for the vis-
cosity limits indicated sbove, a pour point limit below -75° F and a
maximum flash point of 225° F.

The lubricating gbility of the 1005 does not appear from tests to
date to be entirely adequate for unlimited use in turbojet engines gt
all temperstures. There has been no operstional use of the 1005 oil.

Present low temperature requirements for Jet engines specify
starting at -65° F. Recently there has been serious consideration by
the Air Force of the necessity for extending this requirement to -100° F
in view of the altitude starting requirements for B-36 jet engines.
Temperature records indiceste thet ambient temperstures below -100° F
are often encountered at the altitudes st which the B-36 may operste.
The Alr Force is gt present making tempersture recordings at various
stations in the B-36 for the purpose of establishing the actusl tem-
perature conditions existent at altitude and will presumably teke
Turther action to modify the low tempersture starting requirements of
their engines if warranted by the results of the investigstion. Any
changes in the high tempersture requirements of turbojet lubricants
will be the result of new engine designs rather than chsnges in opera-
tional requirements. '

Turbo prop engine lubricant requirements will closely parallel the
requirements for turbojJet engines except for the added lubricsating
ebility required by the speed reduction gears. Although progress in
developing turbo prop engine Jlubricants has been greatly hindered by
the lack of knowledge as to the requirements of the gesrs 1in this
respect it is possible to indicate generelly the direction In which
development should be channeled. Since the low tempergture starting
requirements for the turbo prop engine are -65° F it follows that the
viscosity at -65° F should be as low as feaslble - prefersbly not over
10,000 centistokes. Gear lubrication is more sensitive to wiscosity
variations.  than antifriction bearing lubrication and therefore it will
be importent to maintaln as high & viscosity as possible gt normsl
engine operating temperatures. In other words, there will be great
advantage 1In using very high VI olls. Engine manufacturers have
reported inadequate lubricgtion of turbc prop gears with grade 1010 oil.
In view of the previously Indicated 1limit on viscosity at low tempera-
ture the most promising method of obtalning edequate gear lubrication
gppears to be through the use of extreme pressure additives., Mr, Ryder
presented data gt the last meeting of the subcommlitiee which indicated
that an additive 1010 oll was sble to prevent scuffing of test gears at
higher loads than 1120 oil, Similer results were reported by Socony
Vacuum in & CRC report under Navy Contract NOa(s)9lho.
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In summation, it 1s probeble that grade 1010 oil will be used for
turbojet engine oils in the future. Emphasis in improvement of the
cil will be in obtaining lower viscosities gt -65° F. A grade 1005 oil .
may be used in a limited way for certain engines reguired to start at
extreme low temperstures but will probably be eliminated if improvements
In 1010 oil as indicated sbove can be accomplished. A separate grade of
011l will be estagblished for turbo prop engines as socon g8 requirements
of the engines are defined. It appears that this may be a high VI addi-
tlve type oil.
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APPENDIX C

BEARTNG PROBLEMS IN CURRENT AND PROJECTED
' TURBO POWER PLANT
By C. J. McDowall
Allison Division - General Motors Corp.

The msjor bearing problems encountered in turbo power plants which
differ from those previously encountered in reciprocating engines are
concerned with the support of the compressor and turbine rotors in the
power plant proper. In turbo prop power plants & new bearing problen
has heen introduced by the high speed of the power input shaft.

The compressor rotor 1s usually supported on a ball bearing at the
rear which is the normel location point and at the front end by & roller
bearing to permit the differentlal expension between the case and the
rotor. The front bearing offers no particulsr problems except the
speeds encountered. Except for gyroscoplc conditlons the loads are
light and surrounding temperatures are moderate. The rear compressor
bearing presents more of a problem in that 1t i1s normally surrounded
with air at compressor outlet temperatures which may vary from spproxl-
mately LOO® F at moderate compression ratios and flight speeds up to 800° F
at high compression ratios end high flight speeds. Because of the high
surrounding temperstures it 1s usually necessary to provide cooling air
between the bearing and the surrounding diffuser. This requirement
results In numerous complicated passages 1in the diffuser section of the
engine. Since the rear compressor bearing is noxrmally the locating
bearing, it is also subjected to severe axial loads unless proper pres—
sure balancing means are employed. The speeds encountered will vary
from approximately 18,000 rpm in the smaller units to 6,000 rpm in the
larger units. These rpm result in dn (d = bearing bore in millimeters
n = rpm) values in the order of 700,000 to 1,000,000. These high
dn values are so far in excess of catalog ratings that Interpolation
becomes doubtful. . The only high loads encountered in & rsdisl direction
are the gyroscopic and G loads. Since they are normally of very short
duration these are considered satisfactory if below the Brinelling load
of the bearing used. Operating temperatures of the rear compressor ‘
bearings measured in the bearing cage ere normally in the order of 300° F
to 325° F with maximm allowables of 350° F to 400° F. Because of the
high operating tempersgtures encountered, the use of phenolic composition
cages usually recommended for high-speed spplications becomes doubtful.
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The bearings used to support the turbine rotor operate under the
most severe temperature conditions encountered in the engine in that
they are surrounded by gases of from 1700° to 900° F. This of course
requires even more attention to be paid to cooling than the rear com-
pressor bearings. These bearings may have to operate under temperstures
of as high as 375° F agaln measured in the surrounding cage. Ome of the
most severe conditions encountered by the turbine bearings is the high
temperatures encountered after shut down. Even though adequate cooling
may be furnished while running the high temperature of the surrounding
parts causes a temperature rise after shut down which may exceed 400°F
under severe conditions. This after shut down baking introduces a
particularly severe lubrication problem. The drn values encountered in
the normal turbine installstlon are of approximately the seme values
700,000 to 1,000,000 encountered in the compressor bearings. However,
in the case of some multistage turbines it would be possible to eliminsate
the rear support bearing, thus considerably simplifying the structure,
if dn values up to approximately 2,500,000 could be used. Such bearings
would present a difficult cage problem in that to avold excess welght
they would have to be considerably lighter thsn even the present extra
light serles bearing. If such bearings could be made awailable to the
design englneer with adequate information 1n regard to their loading
capacity, expected life and lubrication requirements, they would result
in simpler snd lighter multistage turbine constructions.

The input pinion-of the turbo prop reductlion gear introduces
unusual problems both in the speeds encountered, which agaln may vary
from 6,000 to 18,000 rpm, being accompanied in the case of spur geering
15,000 pounds at the lower speeds. The accompanying dn values may be
as high as 1,500,000.

Another problem caused by the use of highly stressed reduction
gearing 1s that of selecting a proper lubricant for both the reduction
gear and the turbo power plant. The turbo power plant operates best
using a thin oil that is adapted to an extreme range of temperatures,
whereas the reduction gear requires a heavier oll, perhaps with an
EP additive, to carry the high crushing loads of the gear teeth.

The starting requirements of the turbo prop and turbojet engines
differ radically from previous reciprocating engine practice in that
no warm up is employed. It was customary in reciprocating engine prac-
tice to start the engine at low speed and run it until oil pressures
had been established and lubrication to all points was adeguate. The
speed was then gradually increassed until the minimum operating oil
temperasture was reached. In Jet engine practice it is customary to
start the engine and go to meximum speed and power in as short a time
as possible. This latter regquirement has necessitated the use of very
light oil inadequate for lubricating highly stressed gearing.
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The use of high-speed extension shafting in lengths sufficient to
necesgitate intermediate support bearings to prevent the exceeding of
the whipping speed of the shafting has resulted in & severe lubrication
problem in that dn wvalues 1n the order of 1,000,000 are used. Although
01l is recommended for such high dn values, the space and welght require-
ment of the bearing supporting structure are such thet grease lubrication
becomes practically mandstory. Since these bearings are very lightly
loaded such lubrication has proven satisfactory.

Other severe conditlions encountered in turbo engine service are
concerned with bearing mounting conditions. Because most of the shafting
employed 1s hollow to decrease weight and because the bearing mounting
structures are made as light as possible for the same reason, the
bearings are usually supported 1n g fashion which bearing engineers are
prone to call inadequate. Because of these flimsy supporting structures,
the galling problems between the inner race and the shaft and the outer
race and the cage are quite severe. Another problem encountered is that
of misalignment due to deflections at high loading conditions. At times
these deflections may be severe enough to require the use of crowned
roliers. Because of assembly problems 1t is sometimes necessary to
control the roller drop to quite close limits which results in complica-
tions in the cage design.

In spite of all the above adverse conditions, ball and roller
bearings are performing exceptionally well in present-day turbo power
plants. ;
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APPENDIX D
INVESTIGATIONS OF ROLLING BEARINGS AT

SKF INDUSTRIES, INC.

By H. Styri
ENDURANCE TESTS

Ball and roller bearings of design roughly sapproaching present-day
deslgn were 1n use 150 yeérs egd, but a thorough investigation of the
engineering properties of bearings was not made until 50 years ago.

Stribeck in Germeny studled the cerrying capacity of ball bearings
based on’ Hertz equation for bodies in contact. As long as the contacting
bodies dld not take measurasble permanent set, the axis of the contact

ellipse would be proportional to p. Stribeck also found that when
permanent deformetion was observed for different sizes of balls, the
load p on the ball would be proportional to d2 or K = é%— where K

"is called the specific ball load. He assumed that permenent deformation
in balls and races could be noticed for K = 10 kg/(1/8")2,

Stribeck calculated the approximate relative radlal capacity of ball
bearings with N number of balls to be P = I%Kd .

The meximum permisgsible value of K would depend on the shape of
the races because permanent deformation would be less for races with
better conformity to the bell or roller. It was therefore natural that
the design of ball bearings and roller bearings soon took a sghape that
deviates from present design only in minor geometrical detalls, which,
however, are of considerable importance.

About the same time Goodman In England also verified the valldity
of the Hertz equations for bearings, and mede en Intensive investigetion
of the load~carrying capacity for bearings that would last 1 million
revolutlons without surface pltting of the balls. He set up equetions
for loads thet showed dependency of ball size and number, and these have
been found reasonably good. _ ) ’

In the early 1910's the Swedish SKF company tested self-allgnin,
ball bearings up to about 6 million revolutions et K = 20 kg/(1/8")=.
and cumilaetlve dsta gave sbout 50 percent fallure at this life. They
found in course of testing that the bearings would lest much longer under
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lighter loads, end, in Pfact, thought that the life would be inversely
SKF in 1917 and started thorough testing and calculations of the life-
load relstionship, this assumption had been generally accepted, but
Palmgren, like meny other investigators, felt that there should be an
endurance limit at some low load as well &s &an upper load limit that
should not be exceeded without demage to the bearing. A correction
factor for speed was at that time alsc introduced in the life formmla.

More comprehensive life-load studies were started in Philadelphis
in 1920. Larger groups of bearings of the same manufacture were tested,
each group under definite load and speed that differed from conditions
of the other groups. The tests on the 6408 bearings are shown in
graph 1, and gsve as result that the number of revolutions before failure
was Independent of speed and various lubricants used; that the relative
dispersion in 1life at the different loads was about the same; and that
the average lilfe L +varied inversely as sbout the cube of the load, or

more nearly the 3.3 power
I =(P_a)3'3
s Py

This means simply that by reducing the load to 1/2, the life would
Increase ten times. .

Later on a number of tests were made on groups of 25 - 35 bearings
under two or three loads, verlfying the general relationship, and Jjust
recently an extensive test has been made on 6207 bearings shown in
graph IT, where also the power of 3.3 well satisfles the load life
relation., Additional tests have been run abroad, and particularly in
Sweden, and when all significant tests ere plotted 1t seems that a power
of 3 covers the data somewhat better then 3.3. Thls power of 3 1s also
prefereble because other factors, such es lubrication and wear, may
Influence the life et light loads. It will be seen that the life-load
relationship of the averages for the two bearing sizes have practically
the same slope, although the lives for the more recently manufactured
6207 are sbout 10 times higher than for the older 6408. This fact is
also brought out, and perhsps better, in graph ITT where the lives in
millions of revolutions are plotted against mean unit pressure on the
contact ellipse against the inner race for the most loaded ball. There
is not much difference in the conformity for the two types of bearings,
and although some adventage must be glven the smaller ball, 1t 1s obvious
that the more recent mamufacture is of high quality. If higher contact
stress can be permitted by Improvement in quality of steel, the lives
can be greatly improved. |
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TESTS AT HIGHER TEMPERATURES

We have run enduresnce tests on spherical roller bearings under loads
up to 35,000 pounds and speeds 1000 rpm at temperastures up to 150° C,
without difficulties, but not 1n sufficlent number to state whether such
higher temperstures have any effect on the life. We believe that the
endurence is but 1little influenced by such hlgh temperatures, as long as
there ig no change in the herdness of the perts. Hardness of stabilized
52100 held at 240° C for over 200 hours remains at about 60 Rc, and for
a steel with 1 percent Cr, 1 percent Mn, 0.5 SI held at 270° C for over
100 hours stays at 59 Rec.

High-speed steel will meintain its herdness for prolonged times at
up to 450° C, but we have run no enduresnce tests at such ‘temperature.
Other alloys are also available that will malntain high hardness at
elevated temperatures, but some reduction in endurence in life at high
temperatures, compared with room tempersture, mist be expected.

Tests on grease lubricated besrings operated at 25,000 and
13,000 rpm at temperatures 200°, 2502, 300° C have previously been
reported, and a supplement is shown in graph V. Tests on oll lubricated
bearings 6203 run at 25,000 rpm, and 320° - 350° C have also been
reported, wlth running time up to 100 hours on some synthetic lubrlcants. -

: At lower temperstures tests have been successfully run on 6304 at
40,000 rpm for 1500 hours; on 7203 with fog lubrication at 50,000 rpm .
for up to 1000 hours; and on 7007 bearings successfully at 32,000 rpm,
but not so good at 140,000,

Larger angular contact bearings of 100-mm bore have been operated
at 10,000 rpm under combined loads, and cylindrical bearings under radial
loads at temperatures up to 120° C, and for a short time to 150° C, with-
out difficulty.

In operating bearings at very high speeds it is of greatest impor-
tance to introduce lubricant between the gliding perts. If there occurs
direct local contact of the solid members, particularly separator and
races, high local heat develope that may smear or melt the local contact
spot and by repetltion repldly destroy the bearing. It ia therefore
obviocusly necessary to have a nonseizing film present to prevent solid
metallic contact, and & lubricant to carry off the hesat developed by
friction, so that the temperature 1s kept at & balance; but the quantity
of lubricant msy be kept at minimum, depending on conditions of opersation,
greph VI. When occaglonal solid contact is unavoideble 1t is equally
obvious that the best materlal should be selected for the cdges, to
avold smesring. Some compounds like Synthane are excellent at high
speeds, but carbonize and get brittle at hligh temperstures. Nonferrous
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Tests on bearings mede of steels.wlth different analysis have, how-
ever, shown little difference in life, provided they had the same hardness
and structure.

In connection with graph IIT if may he of Interest to compare some
endurance tests of other types made on heat treated hard bearing steel,
shown in graph IV. Here the lower stralght line represents the average
endurance of torslon specimens for different loads, and the slope of this
lire is -10. The upper straight line is drawn through the average lives
of ring-type specimens for different meximum tenslon gtresses on the
ingide surface .of the ring, and has a slope of -12. :

The most recent theory, developed by Dr. A. Palmgren and Professor
Lundberg of Gothenburg, 1s based on the probability of failure or sur-
vival in an element of the volume of materisl subjected to stress, and
has been widely accepted by the bearing industry. This theory has the
great advantage that capacity of various types of bearings can be calcu-~
lated with the same accursacy, and givee the basic dynamic cepacity "C"
of bearings that will permit 90 percent of the bearings to survive
1 million revolutions.

The life is expressed by L = (%)3 end C 1is proportional

to N2/3d1'8 where P 1s loed on bearing, C is basic dynamic capac-
ity, N is number of balls (rollers), and d is ball diameter.

For roller bearings & product a+0T10-T8  t¢ introduced instead
1

of 4", :

We have known for over 25 years that the majority of flaskinge steart
gt some point below the contacting surface from some weak point in the
structure. This week point may be & slag inclusion or a microscoplc
vold between graine or a wesk slipplane in an unfavorsble direction,
sltusated near the region of heavy shear stresses at a depth equal to
sbout one-third of the ghort axis of the contact ellipse, and which may
emount to sbout one-half the mean contact stress. We have found many
times in outer races of self-alligning bearings that flekings mey start
away from the meximum load point at points where lower stresses occur,
which explaing the high dispersion in life of bearings and other hardened
steel parts. ’

The surface finish of the contacting perts, as found in standard
manufacturing, does not seem to influence the life under heavy test loads,
but a relatively rough surfece may cause early fatigue Ffellure under light
bearing loads, becanse 1n fact we mey have a high contact stress at the
irreguler high points in the surface.
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alloys have & coefficient of expension almost twice thet of lron snd
may bind the besring at elevated temperatures 1f not properly designed
or dimensioned for a great enough range of operating temperatures. The
best nonferrous alloys are not satisfactory for high rubhing speeds

and loads, and ferrous alloys are even less satisfactory. It 1s possible
that some surface coatling may be applied on rubbling surfaces of cages
and reces, that wlll prevent or delay metalllic transfer or smearing.
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ENDURANCE OF 6207 INNER RACES
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Figure 5
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APPERDIX E

LUBRICANTS FOR OPERATION OF ATRCRAFT GAS TURBINE ENGINES
OVER WIDE TEMPERATURE RANRGES
By NACA Lewis Flight Propulsion Laboratory Staff

(Presented at meeting of Subcommittee on Lubrication and Wear
October. 17, 1950)

Previous discussions of the problem of providing lubricants for
operation of alrcraft gas turbine engines by Dr. Zisman (Appendix A) and
Mr. Singleterry (Appendix B) have indicated both the general lubricant
requirements and possible solutions to these requirements for a limited
temperature range. The general requirements presented included those of
fluidity, adequate lubrication characteristice, and temperature stabillity.
To these requirements could be added two additionsl requirements:

(1) good heat transfer properties; and (2) nonflemmability. These two
additional requirements are each highly desirable and the flammability
requirement masy become even more important if many aircraft fires are
traced to the lubricant as the initial combustible. The generally
promising solutions involve the use of synthetic fluids (diesters and
polyethers), Appendix A, or improvement in the present Grade 1010 lubri-
cant, Appendix B. Both of these solutlons may provide lubricants which
are adequate for the temperature (bearing operating temperature) range
of -65° to 350° F.

There has been some discussion of lowering the current specified
low temperature of -65° F to -100° F because temperatures in the range
of -100° F have been encountered in service. This low tempersture may,
however, impose unwarranted limitstions on lubricating fluids. If
possible, therefore, the difficulties introduced by the -100° F temper-
ature limit should be solved by mechanlcal design changes. While this
method of solutlon msy be difficult, finding a lubricant to meet the
requirements of the broad temperature range msy be even more difficult.

The temperature range willl undoubtedly be broadened in ‘the other
direction, however. Engine designers have indicated that it would be
desirable for many reasons tgo increase the upper limit of bearing temper-
ature to values of: (1) 500°, (2) 750°, and (3) even as high as 1000° F.
These increases in bearing temperatures will result In corresponding
increases in lubricant tempersture limits. Broadening of the temperature
range to include temperatures from -65° to 1000° F makes the problem of
providing lubricants more difficult. Relatively few flulds are availlable
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at present which have viscoslity indexes high enough to meet the require-
ments of the current viscoslty specifications or the compromise viscosity
specifications of Appendix A. In comsequence, the specifications must
be made less severe with respect to viscosity (and consequently viscosity
index) in order to ercompass a greater number of fluids.

In order to establish practical and realistic goals in the develop-~
ment of lubricants the following temperature (bearing operating temper-
ature) ranges have been established: (1) -65° to 350° F (current tem-
perature range); (2) -65° to 500° F; (3) -65° to 750° F; and (&) -65° to
1000~ F. As previously stelted, the solutions suggested in Appendices A

and B cover, generelly, only the temperature range from -65° to 350° F.

Since a fluld to meet the requirements of the broadened temperature
range can be obtained only if the current and compromlse viscoslty speci-
ficetions are made less severe, the requirements were studied to determine
where changes might be made. It 18 obvious thet no increase in viscosity
can be tolerated at low temperatures, unless engine designs are changed
to provide adequate pumpability of the fluild at viscosity greater than
10,000 centistokes. The specifications can, however, be changed at
high temperatures 1f the condition is met wherein lubrication can ade-
quately be supplied by an additive (i.e., if the fluid is not required
to be a lubricant). Such a condition involves the use of a composite
lubricant conslsting of a fluid carrier plus en additive. The carrier
meets the requirements of fluidity, stebility, heat transfer properties,
and nonflemmebllity, but does not necessarily meet the lubrication
requirement; the additive meets the lubrication reguirement. This
general approach to the problem is not new except perhsps 1in degree
slnce the additive in the compoeite lubricant may be required to fulfill
the entire Ilubrication function, whereas in the past additives have been
used as a means of providing supplemental lubrication to flulde which
inherently possess some lubricating sbility. It is possible that a
great number and varlety of fluids may then come Into consideration in
uging the composite lubricant because of the fact thet the fluld carrier
i8 not necessarily a lubricant.

Before the use of composite lubricants as a possible solution to
the problem of operation over extreme temperature ranges can be con-
sldered, 1t must be established that adequate boundery Iubricating
effectiveness can be provided by additives, thet is, it must be estab-
lished that adequate lubrication can be provided by the addltion of
additives to a fluid that in itself has extremely poor boundary lubri-
cating chsracteristics. Boundary lubrication data presented herein were
obtained with a kinetic friction apparatus (described in reference 1)
consisting of a hardened steel ball sliding on a lubricated rotatling
steel disk. The load produced an initial Hertz stress of 126,000 psi
and runs were made at the sliding velocities (75 to 18,000 feet per
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minute) currently encountered in rolling contact bearings of aircraft
turbine engines. The data of figure 1 show that the addition of a
chemically reactive additive (free sulfur) to cetane (which is a very
poor boundary lubricant) provided lubricating qualities that were effec-
tive enough to prevent welding and to decrease friction markedly at low
sliding velocities. With cetane, as shown in Figure 1, the friction
coefficlent 18 excepilionally high and welding occurred at all sliding
velocitles. The addition of free sulfur showed a marked decrease in
friction coefficient and, what is more important, prevented welding from
occurring over some of the velocity range (75 to 1000 feet per minute).
Above 1000 feet per minute (the approximate critical sliding velocity)
welding occurred even for the solutions of sulfur in cetane. The dats
of reference 2 confirm these findings (i.e., that friction can be
decreased and welding prevented at velocities less than the critical)
and also show that increasing the reactivity of the additive will
increase the critical sliding velocity.

Results of a preliminary investigation (fig. 2) indicated the
ability of an additive of the suspended solid type to provide the lubri-
cation function for a carrier fluid having extremely poor boundary lub-
rlcating properties. These data show that mixtures of molybdenum disul-
fide, MoS,, and a silicone are qulte effective as boundary lubricants.
With the siliconre fluid alone, the friction coefficient was relatively
high and welding occurred at all sliding velocities. The addition of
MoS; 1n all percentages Investigated markedly decreased the friction
coefficient and prevented welding from taking place at all sliding
velocitiea. These data show that MoS,; concentrations as low as
5 percent by welght are effective In preventing weldlng and in reducing
friction. The investigation included higher percentages of M082 in
order to determine the 1imit of effectiveness of the MoS,. The two
higher percentages, 18 percent and 50 percent, show that an extremely
low friction coefficlent can be obtained. It should be emphaslized that
the mixtures of MoS, 1in silicone used in this investigation were not
colloldal suspensgions but were simple mixbtures.

Another preliminsry research investigation has indicasted that M082
sugspended in air can lubricate rolling contact bearings at temperatures

a8 high as 1000° F for periods of time of 2% hours.

In summary, the friction data of figures 1 and 2 show that the
concept of fulfilling the entire lubrication function by the use of a
lubricant additive and a carrier, which by 1tself 1s a poor lubricant,
1s worthy of further consideration. The difficulties inherent in
obtalining a composite lubricent are not to be minimized. The types of
additives for composite lubricante include those which have been in
general use for many years (soluble or suspended solid types).
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Because of the extremes In operating conditions, 1t may be very
difficult to obtain stable solutions or suspensions of the additives in
the carrier fluid. In view of the difficultles involved in the use of
a composite lubricant, it i1s probable that this solution to the lubri-
cant problem wlll be limlted in spplication. Where it becomes impossible
to find a single fluid that is adequate to meet the requirements, how-
ever, it is believed the composite lubricant type may be necessary.
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TABLE I

OPERATING TEMPERATURE RANGES IN ATRCRAFT TURBOJET

ENGINES USING ROLLING CONTACT BEARINGS

Tempersture range Approximate
bearing outer S
Ttem | Status Maximum bearing 01l reservolr
race shutdown
Minimum outer race temperature
temperature
temperature
1 |Current| 8-65° F 350° F 5000 F 260° F
2 | Future | 8-65 500 700 | eeeee-
3 | Future | &-65 750 1000 2 | 0 ceeae-

STemperatures as low as -100° F have been encountered in service,
but this temperature 1s not now a requirement of the militery services.
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