
AD—A072 551 SOUTHWEST RESEARCH INST SAN ANTONIO TEX F/B 11/8 1MECHANISM OF TURBINE ENGINE LUBRICANT DEPOSITION. C U)
MAY 19 .1 P CUELLAR F33615—76— C—2020

V UNCLASSIFIED SWRI—R5 662 AFAPL—TR—79 2037 Pt IIt

END

I
I



1•0 ~~2 8  L
I:.: ~~ ~ 2 2
I~~~~ 3 5

mfl 2 01•1

11F25



• — . -— — -~ — -- —.——--—---—-—--—~ ---

I ~:
4:’. ( AFApL-TR .79-2037

MECHANiSM OF TURBINE ENGINE
~i LUBRICANT DEPOSITION

.1. P. Cuellor , Jr.

Southwest Research Institute
San Antonio, Texas 78284

May 1979

r>—
~~0~

Final Report March 1978-February 1979

[ Approved for public relea;~~ di~ ribution unlimited.

D D CC.3
~~~~~~~~~~~~ ~~

M1G 9 19T9F AIR FORCE A E R t )  PROPULSION LABORA TORY
AIR FORCE WRI ( ; IIT AERONA U TICA L LABORA TORIES
AIR FORCE SY STEMS COMMAND 

~~~~~~~~~~~~~~~~~~ A
WRIGHT-PA TTERSO N AIR FORCE BASE. ()HIO 45433

Jt

~ 

R , f l



NOTICE

When Government drawings, specifications, or other data are used for any purpose
other than in connection with a definitely related Government procurement operation, the

• United States Government thereby incurs no responsibility nor any obligation whatsoever;
and the fact that the government may have formulated, furnished, or in any way supplied
the said drawings. specifications, or other data is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or corporation, or
conveying any rights or permission to manufacture , use, or sell any patented invention that
may in any way be related thereto.

This report has been reviewed by the Information Office (ASD/OIP) and is releasable
to the National Technical Information Service (NTIS) . At NTIS, it will be available to the
general public, including foreign nations.

This technical report has been reviewed and is approved for publication.

LEON . DEBROHUN HOWARD F .JONES, Chief
Project Engineer Lubrication Branch

FOR THE COMMANOER

B. C. DUNNAM, Chief
Fuels and Lubrication Division
Air Force Aero Propulsion Laboratory

Copies of this report should not be returned unless required by security consideration,
contractual obligations, or notice on a specific document.

AIR ~ORCEfS67$ O/2 Ju ly 1979 — lao



— - — 
•
~~~~~~~~~~ -- -~~~ - - -

Unclassif ied
SECURITY CL IFICAT ION OF THIS PAGE (When Data loi tered)

R EAL) INSTRUCTIONS
PORT DOCUMENTATION PAGE BEFORE (OMPLETINU FORM 

E - 2 GOVT ACCESSION Nor 3 RECIPIENT S CATALOG NUMBER
AFAP T -79-~~ 37 ) ,-‘ J

f ITLE (a itle) PERIOD COVERED

(‘
~ 

~~L~IECHAN I SM OF~,BJRBINE ENGINE ..LUBRICANT~~ j .  Mar~~~~~ 78-Feb~~
~ J DEPOSiTION. — 

-~~ 
— 

~~ . ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ,—

• I ——______ 
RS -662 — _

~ 7. AUTHOR (s) H CONTr ACT OR GRANDaL~JM BER(S)

(1~
’T~ 

P.Icuellar~~Jr/ 
c~~~~

33615 7 6 c2
~~J

9 P E R F O R M I N G  O R G A N I Z A T I O N  NAME AND ADDRESSES PROGRAM ELEMENT . PROJECT . TA~~~~Southwest Research In s t i t u t e  7
(~~2t) Culebra Road / / ~/ 3~48~-O6-87
San Antonio , Texas 78.84 ‘ • --— ——

I i . CONTROLLING O E F I C E NAME AND ADDRESS 
-~~~~ P~~~~ eS~~~~ ~~~~~~~~~~ 

,

I flMay •79 I• Air }orce Aero Propulsion Laboratory (SF ) ~~‘Wrig ht -Patterson AFB , Ohio 45433 63
14 MONlTuH~ NG ~~~~~~ ,~.VL & A DD 

— 
15 S E C U R I T Y  CLASS , ‘ r  th is ~rp ” r.

1) Ji~ t~ ‘i t  ( ~~~~~~~ ~ / ~ j Un c lass i f i ed
-
~~~ 15. DEC LA S S I E I CA T I O N  DOWNGRADI NG

SCHEDULE

16 DISTR IBUTI ,~N S T A T E M E N T  ‘I

• Approved for public release; distribution unlimited.

17 DI ST P I B U T I , . ’ \ S T A T I ’ ,I E N T  t, ’t  the , ‘, t ’a  t ente,,-d in R isk  .‘II . if cI:ffe en r I ’m  5’ — ’,

_ _ _ _—_ _ _  ______  ___ _ _ _ _ _ _ _ _

IS S U P P L E M E N T A R Y  ‘,,, ‘ T E S

19 k E Y  WO ROS ( . i s’s,, ~, - iw  ndv It f l . , r i i j’ i Vi ii , ie~~r , r I  “ S I ’ , & , tumhro

Synthetic lubricants Lubricant anal ysis
Oxidation inhibitors Test methods
Lubr icant deposition
Lubricant degradation

20 Cl IC ’nr i n ,e ’n ‘,- ,e~w nd, l’s , ii,’, and id,nfl f~ F’ s- F’! ’  nsnt

- An inves t igation of the degradation and deposition mechanisms for
inhib ited polyol ester and diester lubricant basestocks is described . ~~(
Rasestocks trimeth y l o l propane triheptanoate and di (2-ethylhexyl) adip ate~~— -

con tain ing an ti ox idan ts p , p ’-dioc tyldip henyl amine and/or phcnyl-t-
naphtylam ineNc rc stud i ed in a dynamic thin-film condition with a moist-air
a tmosphere. Experimen ts were conducted with a device known as the rotating

r~r~ FORM i ~ 
ED IT ~

() N OF I NOV 6 5 ’ S  OB SOLET E

~ JA N 73 U n c l a s s i f i e d
SECLffiI TY CLASSIFICATION OF THIS PAGE -h’hepi flora I’nte ’cd ’

V

______________________________________ - -• —



--•-=~~~~ —

Unclassif ied
SECURITY CLASSIF ICAT ION OF THIS PAGE (R’h,’ii Ikira l-nu’i ’r,i j

20.\jBSTRACT (Cont ’d)

cylinder rig for the formation of controlled-thickness thin fi lms
(0.004 in.) at temperatures in the range of 35O~ to SSOVF . Ana-
lytical techni ques for detection of lubricant or additive con-
sumption and degradation products included gas liquid chromatography,
principally , and gas chroma tography/mass spectroscopy . Experiments
showed that the antioxidants effectively retarded oxidation and
deposi t ion for both ester bases tocks up to the time of comple te
additive consumption . A beneficial synergist ic effec t on deposi tion
was noted at one concentration using the antioxidants in combination .
Findings strongly sugges t that an in terac t ion between the es ter
oxidation products and system wearinetals is a significan t fac tor in
the deposition mechanism for both ester types.
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SECTION I

INTRODUCTION

Commercially synthesized organic esters serve as the basestock for
formulated lubricants currently used for main engine lubrication in virtu-
al ly  all gas turbine powered aircraf t, both mil itary and commerc ia l . Two
ester classes are predominant in such lubricant formulations: (1) dibasic
acid esters formed via esterification of dibasic fatty acids and monohydric
alcohols , and (2) neopentyl polyol esters of monobasic fatty ~‘cids andpolyhydr ic alcohols. Frequen t ly , to enhance rheological properties, blends
of various ester types are employed. In the case of the polyol esters
particularly, mixtures of esterification acids of varying chain length may
also be used for the same purpose. Both ester classes utilize selected
additives to achieve improved performance in properties such as oxidation
stability, sludge dispersan cy , foaming, and load-carrying capacity.

Af ter some 30 years of use , study, and continuing improvement , it is
understandable that turbine engine aircraft lubricants in present service
generally provide satisfactory and reliable performance. Upgrading of
lubrican t formulations , lubricant specifications , and engine designs has
been responsible for achievement of this performance level. Opposing this
improvement trend has been the rise in engine operating temperatures due
to increased aircraft speeds or , in recent years , increased inlet air
temperatures to boost engine efficiency. Thus, research to define and evaluate
lubricant performance properties continues. Investigation concerns the
suitability of present fluids for current or future engine design s , as well
as the promise of newly introduced lubricant formulations.

Of the numerous performance requirements which must be met by a lubri-
cant formulation , deposition tendency is perhaps the most critical. The
deleterious effect of lubricant deposits formed in the aircra ft engine is

• manifested by plugg ing of lubricant jets and filters ; malfunctioning of
pumps , seals , and bearings; and accompanying increases in maintenance costs.
Deposits result from therma l and/or oxidative breakdown of the lubricant
formulations and are formed , primarily, in hi gh-temperature engine :oncs
wh ich receive only indirect lubricant wetting , i .e., areas subject - to
thin lubricant films .

The overall objective of this investi gation was to examine and define
the mechan i sms involved in the process of deposition by ester-base lubri-
cants. Experimental work utilized a rotating cylinder device , subsequently
described in detai l , for the formation of thin (0.004 in.) lubricant films
under conditions of controlled temperature and atmosphere . The program
schedule :alled for studies of a selected polyol ester basestock and a
dies ’ r bascstock , both with and without additives . Two interim reports on
this work have been issued describing research on an uninhibited polyol
ester ,(1) tri methylolpropane triheptanoate . and an uninhibited diester .( )

* Superscript numbers in parenthesis refer to the List of References .
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di(2-ethylhexyl) adipate. Degradation/deposition experiments with these
bases tocks included stud ies of thermal (iner t atmosphere) and ox idative
(air atmosphere) stability, using both dry and mo ist atmospheres for each
type of environment . This final report presents the results of work
employing the two ester basestocks blended with typical oxidation
inhibitors-—chemical compounds phenyl-ct-naphthylamine (PANA) and
p. p ’-dioctyldiphenylamine (DOPA). All studies with the inhibited fluids
were conducted with a moist air atmosphere.

• Various chemical analyses were employed throughout this program to
quantitatively, and , where poss ible , qualitatively monitor the reactants
and products involved in the degradation process. The principal analy tical
techniques used for this purpose we re gas chroma tography (GC) and comb ined
gas chroma tography/mass spec troscopy (GC/MS) .

2
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SECTION II

ROTATING CYLINDER DEPOSITION TEST RIG AND PROCEDURES

Test Equipment

The device used in conducting ox dative stability experiments is known
as the rotating cylinder deposition test rig. Details of the back ground
and development of the device were originally described in AFAPL-TR-75-37.(3)

A schematic of the test rig is shown in Figure 1, with an identifying
parts list given in Table 1. To provide for firm mounting and alignment ,
the assembly is installed on a lathe bed , item 1. The cylinder , item 17,
is of stainless steel (Type 304) construction , open at one end and closed
at the opposite end by a hemispherical interna1 surface connected to the
drive shaft , item 20. Nominal cylinder dimensions are 4-in. ID with a
horizontal surface of 4-1/2 in. At its open end , the cylinder is sealed
by means of a carbon-face bellows seal , item 15, and its housing, item 14.

Passing through the seal housing are the oil-in line , item 5, and
three bare-wire thermocouples , item 6, which can he positioned in contact
with the fluid film on the cylinder ID. To provide hermetic se-ling and
lateral movement , the thermocouple probes enter the cylinder section
though small metal bellows , item 12. All three thermocouples are mounted
on micrometer sp indles , item 9, to allow for accurate positioning and
referencing. Viewed from the cylinder open end , the thermoc~aple at 00
provides input to a West temperature controller which activates a pair of
8-in, clam-shell heaters (not shown) encircling the cylinder , seal housing ,
and exposed portion of the cylinderdrive shaft. The thermocouple at 1200
is used to measure film thickness. Initial film contact hv this sensor is
indicated by an abrupt temperature rise measured by a potentiometer. Con-
tinued insert ion to contact with the cylinder wall is evidenced by an
electrical resistance measurement between the thermocouple wire and the OD
of the cylinder. The thermocouple sensor at the 2400 position is used for
precise indicaticn of the film temperature . This sensor is a commercial
microminiatur e element with a bead diameter of slightly less than 2 mils.
Readout of this thermocouple is by electronic digital indicator.

The cylinder rig lubricant and atmosphere flow systems are illustrated
in Figure 2. Both systems are sealed from the environment between the gas-
in (air or N2) and exhaust points. The unheated lubricant reservoir is of
boros i l ica te g lass , with provision for magnetic-bar stirring of the fluid.
The lubricant-in pump is a Zenith precision gear pump driven by a variable
speed motor , with a 10:1 speed reducer to permit stable operation . The
lubricant-in line includes a 200-mesh screen filter and an electrically
heated preheater coil just before the line enters the cy linder. Preheating
of the test lubricant to match the target film temperature is necessary
to avoid discontinuities of both film temperature and thickness on the
cylinder wall. The lubricant-in temperature is monitored iy a bare-wire

3
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TABLE 1 . ROTATING CYLINDER
DEPOSITION RIG—PARTS LIST

Find No . Part Name Req ’d

1 Lathe bed , Sears L9-l , Mode l No. 101 .21400 1
2 Ring and seal bracket 1
3 1/4-20 x 3/4 hexagon socket cap screw 16
4 Scavenge oil line 1
5 Oil-in line 1
6 Thermocouple probe 3
7 Connector , Gyrolok 2 CMT-2-316 3
8 Connector adapter , SwRI A-33l4-l3 3
9 Micrometer , Starrett T262L-1 3
10 Micrometer ring, SwRI C-33l4-15 1
11 Micrometer adapter . SwRl B-33l4-l6 3
12 Bellows , Metal Bellows Co. No. 60010-1 3
13 Bellows adapter , SwRI A-3 314-l 8 3
14 Seal housing , SwRI C-3314-6 1
15 Seal , Sealol i~~ . No. EJS-l02573 1
16 .-\ l uniinum wire seal 1
17 Cylinder , SwRI B-33 1- 1-l 1
18 Seal counterface , SwRI B-3314-4 1
19 10-32 x 1/2 hexagon socket cap screw 4
20 Shaft , SwRI C-3314-39 1
21 10-24 x 1 hexagon socket cap screw -1
22 Front seal housing . SwRI B-331-1-41 1
23 Seal , N a t i o n a l  No. -150194 1
24 Spacer , SwRI B-3314-42 1
25 0-ring, Nat ional No. 623008 2

Bearing cone assembly, Timken No. 13889 1
Bearing cup , Timken No. 13830

28 Bearing housing, SwRI C- 331 - 1-3M 1
1/4-in , pipe p lug I

30 Rear seal housing, S~ R 1 B-331 -1— 40 1
31 10—2 -1 x 1-3/4 hexagon  socket cap screw 4
32 Spring 1
33 1— 1 4 j a m  nut
51 Bearing cup . Timken No. 07196 1
35 Bearing cone ;i~~seiuh1  v Timken N o .  07100 1
36 Nei l , National No. -150567 1
37 Gear , 60-t eeth
38 Coupling, Boston Gear No. FCR-FCBB-15

3/8-16 x 1 hexagon head cap  screw 4
40 Motor bracket , S~ RI D—3314— 3 ()
11 Boston Gear , 1/3 HP 1)C shunt motor 2
42 Motor bracket clamp 2
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thermocouple within the cylinder at the exit point of the oil-in line. The
test lubricant is scavenged from a groove in the carbon sea l counterface .
item 18 (Fig. 1). The scavenge line passes immediately through a water-
cooled heat exchanger (Fig. 2) to quench the degradat i on process. The
scavenge pump, also a Zenith gear type , directs the fluid through a three-
way sampling valve to the reservoir. Since over-scaveng ing is necessary ,
scavenged gas flows from the reservoir via a pressure relief line.

Gas (air or N2) flow to the cylinder is metered through a line which
exits near the closed end of the cylinder. The effluent gas line may be
sampled for gas chromatographic (GC) analysis of oxygen content . flown-
stream of this point , the effluent line from the cylinder and the scavenge
pressure re l ief  l ine  merge and flow to an electrostatic precipitator for
recovery of condensable  vapors . By g rav i ty  f eed , the condensate is con-
t i nuous ly  r e t t ~rned to the l u b r i c a n t  reservoir.

The p r e c i p i t a t o r  is  composed of a 12 - in .  section of 2 - i n ,  p ipe w i t h
an insulated p rec ip i t a to r  wire  c e n t r a l l y  mounted w i th in  the p ipe. In
operat ion , the pipe section is grounded and 9000 volts of negative polarity
applied to the wire. The entire device is encased by a short section of
8 - i n,  pipe to contain debris in the  u n l i k e l y  event of a detonation within
the p rec ip i t a to r.

At the precipitator operating volgage , there was some concern that ,
under o x i d a t i v e  c o n d i t i o n s , a corona discharge capable of ozone generation
might occur. Since ozone is hig hly reactive , oxidative attack of lubricant
vapors within the precipitator mig ht occur. However , atmosphere sampling
just inside the prec i pitator exhaust line by means of a highly sensitive
ozone de tec tor  (0.01 ppm ) showed no evide~’ce of the gas.

An everall view of the cylinder rig installation is seen in Figure 3.
The gas chromatograph for oxygen analysis of the rig effluent gas is
located it the far left. The cylinder , covered with blanket insulation ,
and the cylinder drive motor are mounted on the table near the photograph
left center . The high-voltage precipitator is seen to the left and rear
of the cylinder. Test lubricant pumps and the lubricant reservoir are
mounted beneath the r ig  t ab le .  The ri g instrumentation cabinet is at the
center .  The bench at the far r igh t  supports a s t r ip-char t  recorder and
d i g i t a l  in tegra tor  on the lower shelf for the recording and processing
output from the oxygen ana lys i s  GC. The GC instrument at the far r igh t
is used for the ana lys is  of lubricant samples.  The output from th i s  GC
is processed by a computer controlled data system subsequently described .
Some of the components of th i s  system seen in Figure 3 are the terminal
teletype, the analog/d i g i ta l  (A/ fl) converter to the ri ght of the teletype ,
and the acoustical coupler and telephone below the strip-chart recorder.

Test Procedures and Conditions

Cyl inder  r ig tests reported here i were conducted in mul t ip les  of
S hr of test t ime .  Normally,  run s were performed w i t h  two-sh i f t  operation
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to obtain 15 hr of continuous run time per day . During a run , verification
and recording of flow rates , temperatures , and f i lm thickness were performed
at 30-mm intervals.  Rotat ional speed of the cylinder was also recorded
at this time , but speed adjustments were made, as required~ to maintain
the desired f i lm thickness. Test lubricant samples (10 em’s ) were taken
at 5-hr intervals.  A sample of the condensate from the electrostatic
precipitator was normal ly  taken at the termination of each test. GC
analysis of the cylinder e f f luent  atmosphere was made each 30 m m .

Certain test conditions , wi th  values selected on the basis of prior
work , (3) were held constan t throug hout the program . - These were :

Film thickness 0.004 in.
Lubr ican t flow 10 cm3/m in
Airflow 100 Z/hr
Lubricant charge 1000 cm3

Test duration was generally dictated by the extent of lubricant deterio-
ration . That is , runs were terminated if excessive increases in sample
v i scos i t y  and/ or neutralization number occurred . No lubr ican t  makeup for
losses or intermediate samples was made during the tests.

Film temperature was the only variable test condition for runs reported
herein. This condition was adjusted in increments of 25°F to encompass , in
general , the temperature capabi l i ty  of the test lubricant . A l l  tests
utilized a moist air atmosphere , with water content controlled at 10 ± 1 mg
per l iter of ai r .

In addition to the specification of test conditions of film temperature ,
film thickness , and total oil flow rate , calcuLit ions were made relat~ vc
to average and total lubricant residence times. The average residence time
was a calculated value for a “single pass” based on the average velocity of
the lubricant , which in turn was based on lubricant flow rate and the cross-
sectional area of the film. Thus, the following relationships apply:

t = ~/v ( 1 )

v = Q/c (2)

c = iT/4 [d 2 - (d - h) 2]

where t = average residence time , sec

= cylinder length , cm

v = average film velocity, cm/sec

Q = lubricant flow rate , cm3/sec , corrected for thermal expansion

c = film cross section , cm2

9 
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d = cyl inder  ID , cm

h = f i lm  thickness , cm

It is noted that the above relations are simplified in that boundary effects
and , possibly, rotational effects  are not considered . If one considers a
unit  volume of lubricant , the volume w i l l  be exposed to the high-temperature
cylinder surface in one cycle for the duration of the average residence
t i me , t .  If it is assumed that each f lu id  increment has an equal proba-
b i l i t y  of undergoing the same number of cycles during test , a total resi-
dence time may be calculated as fo l lows:

TQtE = —
~~~

— (3)

where Q and t are as above and

L = total residence time , sec

I = test duration , sec

V = lubricant charge , cm 3

To accoun t for fluid losses during a test , Eq. (3) was summed for each
3-hr test period using a mean volume indicated by oil loss measurement, and
correcting for intermediate lubricant sample withdrawals. Under these cir-
cumstances , it is observed that  the total residence time per S-hr period
increases with test time . Simila rly, unusually high oil losses (e.g., due to
improper carbon-seal performance of a temporary nature) increase the total
residence time , especi ally if the losses occur during the early hours of the
test.

Deposit Rating Procedure

The deposit rating procedure used to describe numeri cally the deposits
occurring within the cylinder was essentially that used in the 48-hr bearing
deposition test (4) except that only one surface was inspected , vi :., the
surface of the cylinder Ili .

A demerit rating number was selected to identify the different types
and thickn esses of deposits present. Demerit values range from 0 to 20,
defined is follows :

Demerit Rating Number
Deposit Type Li ght Medium Heavy

Varn ish 1 3 5
Sludge 6 7 8
Smooth carbon 9 10 11
Crinkled carbon 12 13 14
Blistered carbon 15 16 1;
Flaked carbon 18 19 20

10
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This demerit number was multiplied by a number from 0 to 10, corresponding
to the percent of the area, 0 to 100 percent , covered by that deposit type.
Iii the event that more than one type of deposit was present on the rated
area , the deposit rating was then the total of the individual rating values
necessary to account for 100 percent of the rated area. In any event ,
double ratings , such as sludge over varnish , were not used . The deposit
rated was that which was visible without the remova l of another deposit ,
except in the case of sludge over carbon . In such instances , the more
severe deposit type was used in the rating calculations .

11
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SECTION 111

LUBRICANT AI4ALYS IS PROCEDURES

All intermediate and final lubricant samples taken during the cylinder
rig tests were routinely analyzed for kinematic viscosity by ASThI Method
0 445 and for neutralization number (total acid number) by ASTM Method
D 664.

CC was the principal tool used in following changes in the major
ester component of the lubricant basestock , as well as other significant
constituents in the new or used samples. The analysis was performed with
an instrument equipped with a hydrogen flame ionization detector (FID).
The conditions and column materials used with the procedure are summarized
here :

Liquid phase OV-17 . 2%
Sol id phase Gas Chrom Q. 60/8()
Column length 17 ft
Column tubing 0.125-in. 00 x 0.093-in. II) S.S.
Column efficiency 1200 theor. plates
Oven temperature

I n i t i a l  180°-2 10°C
Final 300°-320°C
Program rate 8°C/mm

In jec tor  temperature 300°-320°C
Detector temperature 320°-340°C
Carrier gas (lie) flow 25 cm3/min
Sample s ize  0 .2  ~ Q
Internal  standard n - t r idecane , 10 wt %
Inject ion procedure On-column

The CC output signa l was processed by a Hewle t t -Packard  3354A labora-
tory data system available at SwRI. In this system , the A/fl converter

• d ig i t izes  the CC signal and transmits the data via a cable loop (serving
several SwRI l aboratories) to a genera l purpose computer. Ana ly t i c a l
results  from the computer and report p r in t -ou t s  are received by the terminal
teletype over a direct-wired telephone l ine , wi th  associated acoustical
couplers at each end of the line. The availability of this system to the
program sign i f i can t ly  benef i t t ed  the effort  wi th  regard to the accuracy
and speed of CC data processing .

Because of the unava i l ab i l i ty  of suitable standards and , in some
cases , of full  knowledge of chemical structure , a common CC response factor
re la t ive  to n-C 13 was used for all  lubricant components. I t  should also
be noted that component concentrations for degraded samples , reported as
wei ght percent , are subject to some error since no attempt was made to
achieve total  recovery of gaseous degradation products such as moisture ,
CO, or CO2 . However , it is believed that  the error introduced by the lack
of a material balance determination would not be appreciable.

12
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Selected lubricant and deposit samples were also analyzed by various
other methods in an effort  to characterize the chemical structure of
these mater ia ls .  Analytical  techniques u t i l i zed  for this purpose included
infrared spectrophotometry , X-ray fluorescence spectrometry , mass
spectrometry , and combined gas chromatography/mass spectrometry (GC/MS) .
Analyses by CC/MS were performed with  a Finnigan Model 3300F instrument
interfaced wi th  a computer for both instrument control and data acquisition
and analysis.  The CC procedures and conditions used with the GC/MS
instrument were similar to those previously described for GC analysis of
lubrican t samples. The CC/MS instrument may be operated by use of an
electron impact ionization source (70 electron volts) or a chemical
ionization source (methane reagent gas), each equipped with a quadrupole
mass filter. The CC/MS facility has access to the Cyphernetics spectra
l ibrary known as the mass spectral search system (MSSS).

Selection of the analytical procedures used in this study was based
principally on prior knowledge of the field and the finding of the literature
search presented in a previous report (l) on this program.

4
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SECTION IV

TEST Wi~TERIALS

A single ba tch each of a trimethylolpropane triheptanoate (NP) ester ,
coded 0-76-5, and a di (2-ethylhexyl) adipate (DEHA ) ester, coded 0-77-1,
were provided by AFAPL for use in this study. These basestocks were corn-
mercially available materials containing , as received , no additives. The
following basic properties were determined for the two fluids :

100°F Vis , cs 8.19 15.23

210°F Vis , cs 2.37 3.53

Neut. No., mg KOH/g 0.03 0.02

Gravity, °API/60°F 21.0 15 .2

Extensive chemical characterization of the NP basestock was described
in reference 1. Analysis for organic acids and alcohols , in addition to
CC/MS studies , resulted in a compositional breakdown for the material as
shown in Table 2. Numerics in this table used to identify the primary
compounds refer to the acyl group carbon chain length. Peak 7 was identified
as a pentaerythritol (PE) ester , with a C7 acyl group at each of the four
possible acyl positions.

Similar characterization workC2) with the diester showed a DELIA content
of 99.7 wt percent. Two contaminants identified in the basestock at less
than 0.2 wt percent each were the DELIA parent alcohol , 2-ethyl-l-hexanol ,
and a diester similar to DEHA but with some slight variation in one of the
alcohol groups.

Table 3 summarizes the lubricant codes and additive concentrations used
• for blends with the antioxidants p, p ’-dioctyldiphenylamine (DOPA) and

phenyl-cz-naphthylamine (PANA). The DOPA additive was investi gated in both
basestocks at two percent concentration and , similarly, PANA at one percent.
Utilizing the TMP basestock only, combinations of the inhibitors were
investi gated at a total additive concentration of two or one percent , while
maintaining a 2:1 ratio of DOPA :PANA . Thus , for example , the two percent
additive package in lubricant Y-lOll consisted of two parts DOPA and one
part } ‘ \\ \

14
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TABLE 2. 0-76-5 BASESTOCK CHARACTERIZATION
FOR MAJOR COMPONENTS

Concentration by GC ,
Peak wt % Primary Compound

1 0.7* TMP diester-aldehyde

Ia 0.2* I MP diester-alcohol

2 2.9 TMP-477

3 0.6 ThIP-577

I
4 2.5 ThIP-677

5 89.9 TMP-777

6 0.7 TMP-778

7 0.9 PE-7777

* Approximation .
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TABLE ~~~. TEST LUBRI CANTS

Code Basestock A dditive

0—7 7—1 [)l:IIA ~une

Y — 100-I l)UIA 2% 1)OPA

Y—1007 [)EIIA l°~ rANA

0-76-5 TMP None

Y- 100b NP 2% DOPA

I ’ 1-1010 IMP 1% PANA

1— 101 1 IMP 2°~ (l)OPA , PANA)*

:-iooo N P l° (DOPA . P-\NA) *

* Additive ratio 2:1 of L)OPA :PANA .
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SECTION V

SUMMARY OF PRIOR WORK

As previously noted , two interim reports have been published on this
program describing thermal and oxidative stability studies with the
uninhibited TMP(1) and DEI-IA (2) ester basestocks . For the purpose of con-
tinuity , this section will review the findings presented in those reports.

IMP Basestock

With an inert (nitrogen) atmosphere , thermal degradation of the NP
triheptanoate basestock was slight at 600°F film temperature. Cylinder
rig tests at 650°F showed increased ester breakdown, especially with a
moist atmosphere. For this condition , the principal degradation products
were diesters , heavy constituents indicated by CC residue , and , as found
primarily in condensate samples , heptanoic acid. Only varnish-type deposits
were formed in the thermal stability test series. Chemical analysis of the
deposit of a varnish appearance recovered from one run showed the composition
of the material was primarily inorganic: however , the quantity of the deposit
available for analysis was extremely small.

Employing film temperatures of 3500 and 400°F , oxidative deterioration
of the polyol ester was significant. Use of a moist air atmosphere did not
accelerate degradation , probably because the intensity of the oxidative
attack was so severe that any hydrol ytic effect was obscured . Aside from
quantitat ive differences , the products of ester oxidation were similar
to those found in the thermal stability experiments , i.e ., compounds postu-
lated to be C7 diesters , CC residue components, and heptanoic acid. In
addition , the oxidation experiments showed the apparent formation of
triesters in the gas chromatogram region associated with the presence of
C 8 acyl groups . A possible explanation for this phenomenon might he
associated with a recombination of free C8 acid and partially hydro lyzed
esters.

On the basis of average oxygen consumption rate data , calculated
energies of activation for the polyol ester were 9.9 Kcal/mole with
moisture present , and 11.8 Kcal/mole for dry air. The fact that these
values were considerably lower than expected was thought to be the result
of the “rig dependence ” of data obtained .

Elemental analysis of various sludge deposits from the ThIP oxidation
experiments indicated a hi gh inorganic content , primaril y i ron and other
metals. Mass spectromctry confirmed the inorganic nature of the deposit
samples and also showed the presence of the C7 acyl ion (m/e 113) . Anal ysis
of fluid samples taken for one test revealed a rapid buildu p in iron con-
tents in the later hours of the test, with the hi ghest iron concentration
found in the acidic condensate sample. Microscopic examination and X-ray
fluorescence “fingerprinting ” of the deposit and suspended matter in the
test fluid indicated the materials were of similar morphology and metal
content.

17 
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The foregoing findings suggested that , under the conditions investi-
gated , the mechanism of deposit formation by the polyol ester was through
a corrosive wear process. Assuming the cylinder rig apparatus was
inherently a wear-free device , cylinder wall deposits were postulated
to be metallo-organic compounds resulting from attack of system metals
by the acidic constituents generated , primarily heptanoic acid. However,
this theory regarding the source of metal could not be confirmed by sub-
sequent ferrographic analysis of fluid samples performed at AFAPL. Analys is
of oxidative test samples from two runs in which significant light sludge
deposits were formed showed neg li gible corrosive wear ‘articles in one
case , and none in the other. Particles were primari l , Df the normal and
severe wear type , fatigue chunks , and oxides. Nevertheless , XRF data for
deposit samples from both tests indicated , in addition to iron , an appreciable
amoun t of nickel (0.2 percent) present for the test in which a few corrosive
wear particles were ferrographica ll y determined . This metal is present in
the composition of several components of the cylinder rig, including the
cylinder. Nickel is not found , however , in any of the components in rubbing
contact , namely, the lubricant pum p gea r s  or body , or the seal counterface.

DEl-IA Basestock

Thin-film tt ~t-r~i t l  s tability experiments with an uninhibited lubricant
basestock , di (2-e~h \lhexy l) adi pate. demonstrated a si gnificant perfor-
mance effect for moisture . The effect was beneficial with respect to the

- ‘ degree of ester attack and deposit formation . The thermal degradation products
of the diester includ ed three low-boiling compounds characteristic of the
parent alcohol of the compound , 2-ethy l-l-hexene , 2-eth yl-l-hexano l , and
2-ethyl-l-hexanoic acid. Atmos pheric moisture apparentl y promoted formation
of the acid. Molecular still separations of end-of-test samples showed a
much hi gher viscosit y and neutralization number for the moist nitrogen test
residue .

A major effect for moisture was shown by deposition results for the
thermal stabilit y test series. With moisture present , an innocuous li ght
varnish deposit occurred . Using a d r y  nitrogen atmosphere , si gnificant
carbon-type deposits were formed . XRF analysis of this material showed
appreciable metal contents , princi pally iron . Si gnificant amounts of i ron
and chromium were also found in thc test lubric ant samples from the dry
nitrogen experiment. -\nalysis of the carbon deposit by mass spectroscopy
yielded a mass spectrum characteristic of the original diester.

The low boiling compounds resulting from thermal deterioration of the
adi pate ester suggest cleavage of the alcoho l group . The fate of the
remaining fragment of the molecule may he in the formation of condensed
residue products or , in the case of the dry nitrogen tests , carbon deposits
formed by metal combination compounds. A metal involvement in the depo-
sition process seems certain. The mass spectrum of the deposit sample was
virtuall y i dentical to that of the orig inal diester. However , assuming a
metal comp lex , the following organic moiety mi ght exhibit a mass spectrum

18
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indistinguishable from that of the diester:

0 0

Cu 3 (Cu 7) 3CIICIh -O-~ - ~Cl l~) -C-U-

Cit 2
CU 3

Ferrographic results provided by AFAPL showed that nascent wear
particles were present in the thermal stal)ility test samples. XRF of
fluid samples indicated negli gible metal amounts for the moist nitrogen
determination (light varhish deposit) and significant amounts for the dry
nitrogen test (carbon deposits). One source of these particles is now
thought to he the rotating counterface (item 18 of Fig. 1) of the cylinder
carbon seal. Weight measurements of this component , constructed of AISI
Type 440C stainless steel , indicated metal losses as hi gh as 221) mg can
occur. This amount would be sufficient to produce a~ iron content on the
order of 400-500 ppm in the reduced test fluid volum e at the end of a run .

With a wearmetal involvement in the deposition process , it is difficult
to describe the precise role of moisture in the mechanism. Three distinct
phenomena can be visualized: 1) moisture served to miti gate the wear
tendency of the carbon-steel seal surfaces; 2) moisture promoted formation
of a degradation product of the diester . possibl y free adipic acid or
2-e t l y l -l -h e x anoi c acid , which miti gated wear; and 3) moisture might in
some way passivate the nascent wear particles to block any interaction with
the diester products. The latter specula t ion would appear somewhat incon-
sistent with ferrograph data which indicated some deposit-coated metal
particles present in the moist nitrogen te St.

W i t h an o x i d a t i v e  a tmosphere , c y l i n d e r  ri g expe r imen t s  with the diester
basestock did not establish a conclusive effect for n’oisture . At a 350°F
film temperature , the poor repeatabilit y of three tests using dry air did
not permit a distinction versus the degree of deterioration in duplicate
determinat ions using moist air. Althoug h the amount of reacted basestock
was extensive , 35-50 percent , for both oxidati ve conditions , the deposition
tendency of the diester w as i n s i gn ificant. Anal tic al work with fluid
samples from a “representative ” moist a i r  test showed numerous oxidation
products in evidence. In addition to the low-boiling compounds formed by
t herma l  degradation , the oxidation test resulted in various mixed diesters
and mono-esters of 

~2, C4, 
and C~ acyl groups , as well as four compounds

hailing just above the ori ginal diester.
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- SECTION V I

E X P E R I M F N T A L RESULTS ~ ~-\~ 1) D ISCUSSION

i;enera 1

Individua l da ta sheets for all rotating cylinder rig tests referred to
herein ire included in the Appendix. These data summaries are arranged
in order of test number and list pertinent test conditions , the cylinder
ri g deposit r iting , and basic lubricant performance data. Oxygen consumption
values arc expressed in liters a t operating temperature and pressure (OPT),

H cor respond ing  to ambient  a tmospher ic  pressure and tempera ture  (750 to 80°F ) .
- [lata for the amount of unreacted ester remaining, determined by CC , refer to

- 

the primary ester component present in the hasestock.

- 
h1 ft\ Results

A sum mary of cylinder rig test data for the neat (lubricant code 0-77-1)
and inhibited diester basestock is given in Table 4. It is apparent that
1)0th antioxidant types very effectively extended the oxidative stability of
the fluid , with the PANA additive being superior to DOPA in film temperature
capabilit y hy some 50°F. This observation is based on the extent of ester

- attack and additive remainder values (by CC analysis) listed in  Table  4.
For example , total consumption of the DOPA material was noted at fl) hr using
a 475°F film temperature . Total PAN,\ depletion occurred at 35 hr with a

- ~~~~ film temperature.

- 

-\side from the difference in temperature capability, both of the inhibited
- lubricants exhibited similar mechanisms in oxidative degradation . Prior to
- the time of total additive dep letion , ester consumption was sli ght and only
- moderate changes in lubricant viscosity and neutrali:at ion number were

- 
observed . During this period , CC analysis showed no products present other
than hi gh boiling materials (CC residue) not e l u ted b y the normal procedure.
These CC residue amounts accounted for essentiall y a l l  of the consumed diester.

Following total depletion of the DOPA or PANA additive , accelerated lub-
ricant deterioration occurred. Figure -1 shows the abrupt attack of the
diester , coincident with addit ive loss. This figure also illustrates the
induction period provided by the antioxidants , contrasted with the consistent
ester consumption in the uninhibited fluid. Also corresponding to the time
of a d d i t i v e  d e p l e t i o n  were accelera ted increases in oxygen uptake , fluid
viscosity, and neutralization number. Multi ple degradation products were
also formed , similar in type and distribut ion to those for the uninhibited
DEHA .(’-) These i nc luded  products  cha rac t e r i s t i c  of the DElIA parent alcohol ,

- 
such as 2-ethy]-l-hexene , 2-ethyl- l-hexano l , and 2-ethyl-l-hexanoic acid , as
well as mixed diesters and the adipate mono-ester , 2-ethylhexy l hydrogen
adi pate. The latter half-acid ester was present in amounts of 1 to 1.5 wt
percent for those inhibited DiiIIA tests indicating severe deterioration . As
evident in Table 4, the CC residues constituted , by far , the largest amount
of react ion products  generated .
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Figure 5 illustrates the rate of depletion of the two antioxidants in
DEl-IA at 450°F f i l m  temperature . Semi- logar i thmic  plots of these data yield
a straight line for both materials , characteristic of a first-order chemical
reaction .

Contrary to findings reported for other types of deposition test devices ,
e.g., references 5 and 6, cylinder rig experiments listed in Table 4 did not
indicate a deleterious effect for the antioxidants , at comparable tempera-
tures , in regard to deposition tendency. At film temperatures even hi gher
tha n thos e used w i t h  the neat basestock , only light varnish (LV) deposits
were obtained with the DOPA additive present . A similar deposit rating was
noted for the PANA-inhibited fluid at 450°F. Increasing film temperature
with Y-l007 resulted in medium and heavy varnish deposits , while the highest
temperature (525°F) produced a medium crinkled carbon (MCC) deposit in a 45-hr
t est period. Thus, relative to the DOPA inhibitor , PANA indicated some
tendency for promotion of deposits at the higher film temperatures.

Earlier workU’2) with the neat ester basestocks showed a distinct
involvement for metals in the deposition process. Accordingly, XRF analyses
were performed on lubricant and deposit samples from the hi ghest film tem-
perature test with each of the inhibitors in DEl-IA. The following results
were obtained for these samples:

Test No. 58, Test No. 67,
DEHA + 2°~ DOP1\ DEHA + 1 %  PAN,\

0- 40 hr N i l  0-35 hr  Nil
45 -i5 ppm Fe 40 40 ppm Fe
50 150 ppm Fe 45 445 pp

~ 
Fe

Condensate 325 ppm Fe Condensate <30 ppm Fe
Deposit Insuff. sample Deposit 4.2% Fe

2.3% Si
0.8% S

Refer r ing  to the deterioration trends for these two runs , it is seen that
significant quantities of iron occurred in the lubricant samples immediately
following complete additive depletion . It was not feasible to recover a
reasonable sample amoun t of the li ght varnish deposit generated in Test
No. 58. The c r i n k l e d  carbon ma te r i a l  obtained in Test No.  67 showed appre-
ciable quantities of inorganics , principally iron . Silicon is present in
some of the rotating components of the cylinder ri g, but it is believed
more likely that this element was a residua l from the rig cleaning procedure.
No source of sulphur in the system can be ident i fied , except possibly as an
impuri ty in the c lean ing  solvents.

Additional characterization of the Test No. 67 deposit  mater ia l  was
performed by analysis for the basic elements carbon , hydrogen , n itrogen , and
oxygen , and by mass spectroscopy . The following data for elemental composition
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are compared wi th  theoretical values for the DEHA ester conta ining one
percent PANA :

Weight Percent
Theor. Deposit

C 71.5 70.6
H 11.3 5.7
N 0. 1 1.2
0 17.1 2 2 . 1

Rela t ive  to the ori g inal  ester , the deposit sample indicated some increase
in oxygen and a significan t increase in the carbon/hydrogen ratio. The
nitrogen analysis suggests some involvement of the amine inhibitor in the
deposition process , at least during the exposure period prior to additive
depletion .

The mass spectrum of the deposit sample , shown in Fi gure 6, was
obtained by so l i d  probe inser t ion  of the material using electron impact
ionizat ion . The ana lys is  was performed af ter  repeated heptane extract ions
to remove residual  f l u i d .  The spectrum contains several ions characteristic
of the DEHA ester ,(2) although there was some reduction in the relative
abundance of ions attributable to larger fragments of the DElIA molecule.
The base peak at m/e 55 and hig h abundance ions at m/ e 57 , 70 , 71 , and 112
are derived from the ester alcohol group . The ions at m/e 129 and 147 are
charac te r i s t i c  of the diester acyl group, whereas n/c 241 and 259 fragments
represent ions resulting from loss of a sing le alcohol group . The latter 1

two ions were of very low abundance , particularly if it is noted that the
spectrum above nile 140 u t i l i z e s  a 3X intensity amplification (as indicated
by the f i gu re  no ta t ion , >140 x 3).  The mass spectrum does not con t a in  any
ions which could be ascribed to the PANA a d d i t i v e . The appearance or the
increased abundances for ions rn/c 27 , 28 , 41 , and 4 2 may he a t t r ibuted to
the addit ion of a double bond in the a l k y l  f ragments  producing ions of the  S- . form C1~ 112n-l and Cm H 2~ series. This  i n d i c a t i o n  of unsa tu ra ted  a l i p h a t i c
hydrocarbons is in agreement wi th  the hi gh carbon/hydrogen rati o shown
by elemental  ana lys i s  of the depos i t .

NP Results

Cylinder rig test data for oxidative deterioration of the polyo l ester
f l u id  are summarized in Table 5. As with the diester has es to ck , Use of
the a n t i o x i d a n t s  s u b s t a n t i a l l y  increased the temperature  c a p a b i l i t y  of

— the polyol ester with respect to oxidative resistance.

When employed individually , the amine additives were effectiv e to 500°F
with respect to inhibition of ester attack and deposit formation . Cylinder
deposits were nil with both additives at this temperature , whereas the neat
basestock formed light sludge (LS) at much lower film t emperatures. The
mod e of po lyol ester a t t a c k  was l i k e w i s e  s i m i l a r  to that for the inhibited
diester as seen for typical data in Figure 7. Moder ate and gradua l
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consumption of the primary ester was noted during the period of additive
effectiveness.  Fol lowing complete additive depletion , rapid ester attack
coincided with  accelerated oxygen consumption rates and viscosity and acidi ty
increases. The NP test results differed somewhat in that , whi l e  s t i l l
within the induction period , characteristic oxidation products at low con-
centration were evident by GC analysis. Subsequent to additive depletion ,
these products were generated at a fas ter  rate but the major  types were
unchanged . These products were also unchanged from the types identified
in previous work (1)  w i t h  the neat polyol , viz., IMP di esters , GC residue ,

-~ and , principally in the volatile condensate sample , heptanoic acid. These
observations apply equally to the polyol blends containing the individual
or combination addi t ives  l i s ted  in Table 5.

A measure of the relative effectiveness of the additives in IMP, and the
induction period provided thereby , is given by a comparison of the cylinder

- S rig residence times to complete additive depletion . These data are listed
in Table 6. At the 525°F f i l m  tempera ture , the  PAN -\ a d d i t i v e  was superior
to DOPA by a factor of approx ima te ly  tw o .  Severe degradat ion and rapid addi-
tive losses at 550°F masked any performance distinction between the two
inhibitors at this  temperature. Data in Table 6 for the additive combina-
tion at two percent indicate that substitution of a port ion of the DOPA
material with PAN1\ resulted in some protection of the former. The PANA
additive was consumed at a sli ghtly faster rate , comparing data for one
percent PANS~ vs the two percent combination package , whereas the loss t ime
for DOPA was extended . Data in t h i s  regard for the one percent combination
were inconclusive because of i n t e r fe r e n c e  in GC analysis for the DOPA
addi t ive by a minor degradation product. While thin layer chromatography
techniques are available which would overcome this difficulty, the problem
was only encountered near the conclusion of the program and there was not
sufficient time for the acquisition of necessary materials.

Fi gure 8 presents  da t a for i n h i b i t o r  loss ra te  at a comparable  500°F
film temperature . Results for the rAN.-\ ma t e r i a l  demonstrate a logarithmic
funct ion , as was shown with the l)EIIA hasestock. The result for DOPA in
Fi gure 8 indicate some f l u c t ua t ion of data po in t s from a logarithmic curve ,
hut the deviation wa s not appreciable and may have been due to experimental
variance. The plots in the figure for the two additives in combination also
illustrate the protective effect of PAN-\ relative to DOPA depletion .
Throughout the test period covered , there was a cons i s t en t  increase in t he
r a t i o  of DOPA to PANA.

The i n f l u e n c e  of the combin ation additi ves on TMP deposition was
unpredictable. .-\s previousl y observed , the inhibited polyo l ester showed
no depos i t s  at 500°F for eit l -er additive when used i n d i v i dua l l y .  Hi gher fil m
temperatures (525 0 and 550°I) resulted in lig ht sludge deposits , comparable
to t ests with the uninhibited l’MP, Else of the  two percent additive combi-
nation indicated a deleterious effect on depos i t s  for t h i s  i n h i b i t o r  package ,
as evidenced by the forma t ion of carbon deposits at the hi gher  t empera tu res
(Table  5) .  In c o n t r a s t , the  one percent additive combination exhibited a
si gnificant beneficial effect on d ep o s i tw n . Li gh t  varnish deposits were
formed at 525°F in duplicate tests with lubricant :-i000. This deposit type
is considered less harmful than al l other types formed at the 52501: film

IP__ .~~~~~~~~~~~~~~~ . - — . - -  
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TABLE 6. COMPAR ISON OF ADDITIV E STABILITIES IN NP

Film Residence Time to Additive Depletion , sec
Temp. °F 2% DOPA 1% PANA 2% (DOPA, PANA) 1% (DOPA , PANA)

500 >1274 >1266 >1530

525 575 1309 1111 , 627 ~~~, 192 (avg)

550 159 157 2 12 , 103

* Indeterminable due to GC peak interference.

3D

-— — 5-— - - - - - - - —
~~~ --~~~~~~

—- -  __U11



- -  — -- - ---‘— - - - — — - --- - --- - - - - - -—- - _ ‘
~~~~~~~~~~~~~~~~

‘ - 5 - 5 -  
~~~~~~

‘ ‘
~~~~

5- - 5-
’~~~~~~

5 - 5 -’5-
~~~’- ’P~~~

5-- — - -  - - - - -  —- -

2.0 0 I I I I I I
TEST

0 ADD ITIVE NO.
0 2’~ DOPA 60

1.6 - 0 ~ 1%PANA 69

• 2% (DOPA , 72
0 A PANA)

I • 0
• 0

‘5 2 I • 05- g • 0
u-I I
> I 0

a & •o A
0

A0.4 - A 
A 

A
A A A

A AI I I I A A
0 200 400 600 800 1000 1200 1400

TOTAL RESIDENCE TIME S SEC

I: I GORE S . A l ) l )  I l l  V’~ DEPLETION I\ 
VI 5000 j ; F 11 .~I TEMPI - ft\TURE

31

I
- - -- - -  -- -



- _— -- - - - - ---- - - 
~~

——-—--- 
~~~~~~

——-—--“—- —-—— -. —

t empera ture . Thus , some addit iv e in t erac t ion is indicated in the ~:eposition
pi-ocess i~ i t h  IMP , and an optimum or synerg istic blend of the PUPA and l’ -\NA
ant ioxidants appears to exist.

Thb le 7 lists XRF ana lvt ica 1 d a t  a for three ‘I~~P tests wi th one or 1)0th
- 

- ant i oxidant s p r e sen t .  Si gn i f i  cant quant i t  ics of iron were  found in f l u i d
sampl es t a k e n  in  t h e  l a t e r  s tag e s  of t h e  t e s t s .  Once a g a i n , a c c e l e r a t e d  i ron
gener .it ion genera l lv c o i n c i d e d  w i t h  a d d i t i v e  d e p l e t i o n , a l t h o u g h  t h i s  event
wa s  i n d e t e r m i n a b l e  for  lest No.  75 due to  PUPA peak i n t e r f e r e n c e  i n  the  CC
an a  i v s  i s .  -\ sufficient quant its - of deposit samp le for an:1 1 >-s i s  was a v a i l a b l e
o n ly  for l e s t  No .  70.  T h i s  sample  showed e x t e n s i v e  q u a n t i t i e s  of i ron , p r i m a r y ,
and s i l i c o n , s u l p h u r , and c a l c i u m . The source of t h e  l a s t  t h r e e  e l e m e n t s  can
o n ly  be c o n j  e c t u r - e d  to  he i-es idua l con t am in an t s w h i c h  were c o n c e n t r a t e d  in
t h e  samp l e .  I t  is  a l — o  einp has i :ed that a l l  recovered  depos i t  samp les  were of
s m a l l  q u a n t i t y ,  on t he  order  of severa l m i l l  i gr a m s .  As a consequence , t h e
amo un t of random c o n t a m i n a n t s  p r e sen t  wou ld  p r o b a b l y  be g r e a t l y  m a g n i  f i e d  in
the  X R F  a n a l y s i s .

Iwo d e p o s i t  ;a::T l c- ’ from the  i n h i b i t e d  17-IF’ t e s t  s e r i e s  were subject cd t o
a n a l > - s i s  for  b a s i c  e l e m e n t s .  The f o l  lo w inc results w e r e  o b t a i n e d  r e l a t i v e

o t h e o r e t  i ca l v a l u e s  fo r  t h e  t e s t  f l u i d s :

Test N o .  0 , Te~ t N o .  6 ,
TMP + 1 00 F- ’\ N \  i~ir + ( l)Ol’.\ .1’

Theor .  flepos i t  Th eo i’ . Pepos it

C 69. 1 55. 1 00 , -~ (~~ft - 1
II 10.6  5 . 5  10 .6  (- . 4
N 0.1 0.7 0 . 1  0 .4
0 20 . 2  27 .6 20 . 0 2- 1 . 7

As fo r  t h e  DELIA d e p o s i t  s ample  a n a l y s i s , t h e  i ho v e  d e p o s i t  d a t a  r e f l e c t  an
i n c r e a s e  in  oxygen and t h e  car b o n / h y d rogen r a t i o  over that for  t h e  o r i g i n a l
IMP l u b r i c a n t  b l e n d s .  S i r n i  l a r l v  , n i t r o g e n  cont ent  • att ib uta b le t o  the
amine  antioxid ants , was si gnificant in the deposit analyses .

Mi ss spectroscopy was emp loyed in f u r t h e r  a n a l y s i s  of selected 17-I F’
depos i t  s a m p l e s .  These were  samples  from T-~st N o .  70 (IM P + 1% 1’ \NA) and
Test  No .  76 ( 17-Il’ + 2 ’~ PUPA , PAN-\ ) - The d e r i v e d  spec t rum for the f o r m e r
run i s  shown in  Fi gure  ¶1 , The spec t rum c o n t a i n s  a m u l t i p l i c i t Y  of f r a g m e n t
ions .  W h i l e  certain ions are characteristic of the polyo l ester sp e c t r ur n jU
their abundances were minor. For examp le , m/c 113 was t h e  base peak of t he
undegraded NP ester , corresponding to the ect er ’s C7 acvl group . Fi gure
9 indicates a relative abundance of only some 15 percent for this ion . Other
spectra similarities between the deposit sample and the ori g inal ester include
the alk~-l chain ions (rn/c 43. 57 , 71 , and 85) and a trace abundance for
rn/c 341. The latter is postulated to he a fragment ion for the ester w i t h

. -
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TABLE 7. RESULTS OF X RF ANA LYSI S FOR
SELECTED NP TEST SAMPLES

Test No. 62 , Test No. 70 ,
NP + 2°, I)OPA IMP + 1% PAN A 

—

0-45 hr Nil 0-90 hr N i l
50 40 ppm Fe 95 3325 ppm Fe
55 90 ppm Fe 97 6080 ppm Fe
60 210 ~pm Fe
65 1045 ppm Fe Condensa te  37 , 600 ppm Fe
70 2850 ppm Fe Deposit 7.3% Fe

6 .0% Si
Condensate 630 ppm Fe 1. 3% S
Deposit Insuff. sample 3.2% Ca

le st No. “8,
NP + 1% (PUPA, PANA)

0-30 hr Nil
l o  ~pm Fe40 40 ppm Fe

45 loS ppm Fe

Condensa t e  I n s u f f .  sample
Deposit Insuff. sample

-
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two ac id  s i d e  c h a i n s , of t h e  s t r u c t u r e

C112 -CU 3 
— +

U

CII ’ _ C _ C I l 2 _ U_ ( _ C (~,II 1 s

(
-)

-\ distinctive ion series shown 1w the deposit s a m p l e  was n/c 59 , 73 , 87 , . . . .
This series i s  t y p i c a l  for  t h e  c h e m i c a l  form Ci-1 112n+ l”° and cou l d  p a r t  i . i l  l y
accoun t for the fate of the l’AN.\ nit ro~ t-n . The sp.-ct rum of l i gur e  9 a l s o
suggests evidence for the unsa tu ra te ions of t he form 

~~
11 2n- 1 and

by the peaks at rn/c 27 , 28 , 41 , •L’, etc. I”here wa-~ no i ndic i t ion in the
spectrum for the PAN .-\ aromat c ri r igs , or that an dei~r e t - of uns i t u r i t i on shown
by elemental analvs i s  w a s  a t t r i b u t a b l e  to  an iromat ic St rir ct ii re.

- s The Test No. Th deposit spect rum is i i l u s t  rated in Fr gure 10 . I i i  t h i s
case , the f7 acyl ion at rn/c 113 was p r o m i n e n t  , bein g the base peak of the
spectrum . Althoug h the rn/c 59 ion w a s  low in abundance , the ion series for
CnlI2n+ 1 Nt) was again in e v i d e n c e , as wi- 11 as the unsaturate ion se i-i t’s of
the type CflhI 2 n _  and C flhI 2 fl. \ weak response fo r  t h e  d i  i-st er st ructtire it
rn/c 3-I l was a 1 so noted . Once ag-i i n , no ion patterns representat i vi’ of amine
add it i ye structures were apparent for t h e  Test No. 6 depos it

- - ~~~~~ - .
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SECTION V I I

CONCLUSIONS

The following conclusions are based on overall program findings
employing the rota t ing cyl inder  ri g as the experimental device:

* The principal  mode of ox ida t ive  deter iorat ion of the
diester , di(2-ethylhexyl) adipate , was through loss of
one or both of the ester alcohol groups . Products formed
included several charac te r i s t i c  of the parent alcohol ,
mixed diesters and mono-esters , the ha l f - ac id  ester , and ,
primarily, high-boiling components (CC residue), possibly
polymeric or combination compounds of the diester f r agmen t s .

• The ant ioxidants , p ,p ’ - d i o c t y l d i p henylamine and phenyl- a-
naphthylamine , effectively retarded oxidation of the diester
prior to the time of complete additive depletion . At film
temperatures equ iva len t  to those which  would severely degrade
the uninhibited diester , there was no i n d i c a t i o n  of a
deleterious e f fec t  on deposi ts  for the presence of e i t he r
add i t i ve . At temperatures  above 450°F , the  I’AN-\ inhibitor
apparently contributed to the f o r m a t i o n  of depos i t s  of
increased seve r i ty , as compared to  DOPA .

• The mechanism of deposit formation by the inhibited diester
is complex . Elemental anal >’sis showed the composition of one
deposit sample to he hi gh in carbon/hydrogen ratio with some
nitrogen . The deposit mass spectrum revealed several ions
characteristic of the DELI-\ hasestock. The deposit also con-
tained significan t amounts of inorganics , primarily i ron , It
is believed that this fact is critical to an understandin g
of the deposition mechan i sm. It is conjectured that a primary
mecha n i sm involves  an i n t e r a c t i o n  between nascent wearmeta l
particles and the ester degradation products , perhaps the half-
acid ester and/or acyl group .

• Oxidative attack of the polyol ester , trimethylolpropane
triheptanoate , was evidenced largely by cleavage of the C7
acyl  group and the  f o r m a t i o n  of heptanoic acid , NP diesters ,
and the hig h-boiling CC residue components.

• Employed individually, both of the amine antioxidants si gnifi-
cantl y extended the temperature capability of the NP ester
with respect to oxidative stability. Neither additive ex h i b i t e d
a tendency to promote deposit  format ion  over that (li ght sludge)
shown for the  neat hases tock .  u s i n g  a d d i t i v e  combina t ions  in
the ratio of 2:1 of DOPA :PAN-\ , the two percent additive package I -

d i d  show a de l e t e r ious eff ect on deposits; whereas at one percent .
a distinct beneficial effect was observed .

~~~~
- - ..~~~::~~~~~: 
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• As wi th  the diester , analyt ical  data for the polyol
ester series strongly suggest that an interaction
between the oxidation products and wearmetals, origi-
nating f rom a corros ive and/or wear process , is a
significant factor in the deposition mechanism.

• Some comment is in order relative to the findings of
this effort and field experience with aircraft turbine
engine lubricants. Throughout this investigation , no
deposits were formed except at experimental conditions
resulting in severe ester degradation . For the
inhibited esters , such degradation occurred only after
additive depletion . In actual field use, bulk lubricant

- 

- changes are negli gible and total antioxidant depletion
would not be e x p e c t e d— s t i l l  engine deposits occur.
This apparent anomaly i s  thoug ht to be due to the fact
that bulk lubricant changes do not reflect the condition
of discrete portions of the lubricant within the engine.
In areas of the eng ine receiving indirect lubrication or ,
perhaps , during conditions of high thermal soakback after
engine shut-down , it is possible that rapid additive
depletion and attendant ester breakdown and deposition
occur for thin lubricant films within the engine.

38
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SECTION V I I I

RECOMMENDAT IONS

The fol lowing recommendations resul t ing from this invest i gation are
- i off ered :

To identify more precisely the chemical structure of both
lubricant and deposit sampic’ products , improved analytical
techniques are required. It is believed that one technique

- 
- worthy of indepth development for such application is mass

-~~ spectroscopy empl oy ing chemical ionization .

• Add itional study with respect to the influence of wearinetals
on synthetic ester deposition is required for an adequate
understanding of the deposition process. Definition of the
type and source of active metal particles is desirable. The
reactivity of other metal types found in an engine, such as
copper and magnesium , is of interest. The deposit mechanism ,
or its negation , in a wear-free or nonmetallic environment
should also be explored.

• To inhibi t  the wearm etal/ lubrican t product in terac t ion  for
practical applicat ions , the effect  of lubricant additives
such as metal deactivators and acid acceptors on the deposi-
tion process should be investigated .

• A beneficial synerg istic effect on deposition was observed
in this work with the combination antioxidant package at one
percent . This finding suggests that a more thorough investi-
gation of variations in additive concentrations could yield
an additive package optimized with respect to deposit
inhibition .

• Lastly, it is recommended that cylinder rig experimerts with
additional ester types of interest , including current specifi-
cation-approved lubricants , be conducted to provide a more
comprehensive delineation of synthetic lubricant perforinance/
deposition characteristics.

39
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