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SUMMARY 


Size exclusion chromatography (SEC) utilizing a p-Bondage1 and 

p-Styragel columns with a tetrahydrofuran mobile phase was used to determine 

the chemical degradation of lubricant samples from a gas-turbine engine test. 

A MIL-L-27502 candidate, ester-based lubricant was run in a 557-29 engine at 

a bulk oil temperature of 216" C. In general, the analyses indicated a pro

gressive loss of primary ester, additive depletion, and formation of higher

molecular weight material. An oil sample taken at the conclusion of the 

test showed a reversal of this trend because of large additions of new oil. 

The high-molecular-weight product from the degraded ester absorbed strongly

in the ultraviolet region at 254 nanometers. This would indicate the pres

ence of chromophoric groups. An analysis of a similar ester lubricant from 

a separate high-temperature bearing test yielded qualitatively similar 

results. 


INTRODUCTION 


Currently used gas-turbine engine lubricants for most military aircraft 
musi meet either specificatio; MIL-L-i808 H (use temperature range, -54" to 
163 C) or MIL-L-23699 C (-40 to 177 C) (refs. 1 and 2) .  New or improved
engine oils having higher bulk temperature limits will be needed for advanced 
engines (ref. 3 ) .  A higher temperature specification (MIL-L-27502) has been 
issued for bulk oil temperature limits of -40" to 220" C (ref. 4).

These specifications require that all candidate fluids pass a 100-hour,

full-scale engine endurance test. Tests are conducted at the Aero Propulsion

Laboratory of the Air Force Wright Aeronautical Laboratories, WPAFB, Ohio,

in a 557-29 engine at a prescribed series of test cycles under various throt

tle settings. A posttest inspection is conducted on the disassembled engine.

In addition, periodic oil samples are taken for posttest analysis. These 

include standard tests of physical and chemical properties, elastomer com

patibility, corrosion, deposition, and lubrication characteristics. Changes

in these parameters are usually indicative of the amount of fluid degrada

tion that has occurred. 


Recently, the development of high-pressure liquid chromatography has 

afforded another method for the analysis of the chemical changes of liquid

lubricants (refs. 5 and 7). Size exclusion is a form of liquid chromatog

raphy in which solute molecules are separated according to size by permea

tion into a solvent-filled matrix. 


The objective of this work was to determine the chemical degradation of 

gas-turbine engine lubricant by analyzing samples from a full-scale engine

(557-29) test by size exclusion chromatography. Samples were taken from a 

216" C bulk oil temperature test using a MIL-L-27502 candidate lubricant. 


Mr. G. A. Beane, of the Lubrication Branch of the Air Force Wright Aero
nautical Laboratories, supplied the engine oil samples and documentation. 

APPARATUS AND PROCEDURE 


Liquid Chromatograph 


A Waters Model 244 liquid chromatograph was used. The unit is combined 
with an ultraviolet (UV) absorbance detector and a differential refractive 
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index d e t e c t o r  ( R I ) .  A b b r e v i a t i o n s  used i n  t h i s  r e p o r t  and some d e f i n i t i o n s  
appear i n  t h e  appendix. The UV d e t e c t o r  m o n i t o r s  t h e  absorbance a t  a wave
l e n g t h  o f  254 nanometers a t  s e n s i t i v i t i e s  r a n g i n g  f r o m  0.005 t o  2.0 absorb
ance u n i t s  f u l l  s c a l e  (AUFS). The r e f r a c t o m e t e r  i s  s e n s i t i v e  t o  a l l  
compounds t h a t  d i f f e r  i n  r e f r a c t i v e  i n d e  f r o m  t h e  m o b i l e  phase. It w i l l
d e t e c t  changes i n  t h e  R I  as smal l  as 10- 7 R I  u n i t s  th roughou t  t h e  R I  range 
o f  1.00 t o  1.75. 

F o r  these  s t u d i e s  t h e  chromatograph was se tup  i n  t h e  s i z e  e x c l u s i o n  
mode. One E-Linear p-Bondagel, one (500 8)  , and two (100 8)  p-Sty rage l  
columns were used. A schemat ic  f l o w  d iagram o f  t h e  l i q u i d  chromatography 
system i s  shown i n  f i g u r e  1. Sample i n j e c t i o n  s i z e  was 150 m i c r o l i t e r s .  
Samples were prepared by  d i s s o l v i n g  40 m i c r o l i t e r s  o f  l u b r i c a n t  i n  3 m i l l i 
l i t e r s  o f  t e t r a h y d r o f u r a n .  

S o l u t e  molecu les  a re  separa ted  as a r e s u l t  o f  t h e i r  permeat ion  i n t o  t h e  
s o l v e n t - f i l l e d  m a t r i x  i n  t h e  column pack ing.  T h i s  i s  s c h e m a t i c a l l y  i l l u s 
t r a t e d  i n  f i g u r e  2. Here, an i d e a l i z e d  sample c o n t a i n i n g  l a r g e  and smal l  
mo lecu les  i s  shown pass ing  th rough  a s i z e  e x c l u s i o n  column. The s m a l l e r  
mo lecu les  a r e  a b l e  t o  p e n e t r a t e  i n t o  t h e  po re  s t r u c t u r e  o f  t h e  pack ing,  t h u s  
r e t a r d i n g  t h e i r  r a t e  o f  t r a v e l  t h rough  t h e  column. The l a r g e r  mo lecu les  a re  
exc luded and t r a v e l  a t  a f a s t e r  r a t e .  I d e a l l y ,  a complete s e p a r a t i o n  w i l l  
e v e n t u a l l y  be e f f e c t e d .  I n  these  s t u d i e s  t e t r a h y d r o f u r a n  (THF) was t h e  s o l 
ven t  a t  a f l o w  r a t e  o f  1 m i l l i l i t e r  p e r  minute.  F i g u r e  3 c o n t a i n s  a c a l i 
b r a t i o n  cu rve  f o r  column r e t e n t i o n  t i m e  as a f u n c t i o n  o f  mo lecu la r  we igh t  
f o r  v a r i o u s  s tandards.  Tab le  I c o n t a i n s  t h e  exac t  r e t e n t i o n  t i m e  f o r  each 
s tandard  . 

Sample 5008,w inlet E-linear 
p-Styragel 

loo 8, loo 8. uv RI 
p-Styragel p-Styragel detector - detector - Waste 

Figure 1. -FIN diagram for liquid chromatographic system. 

Injection Partial Complete 
seDaration separation 

I
S a m p l e 1  -‘.iPacking 

Figure 2. - Schematic diagram of size exclusion chromatography. 
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TABLE I .  - COLUMN RETENTION TIMES FOR 

VARIOUS MOLECULAR WEIGHT 


CALIBRATION STANDARDS 


Standard a Mo lecu la r  R e t e n t i o nI we igh t  I t ime,
1 - I min 

P o l y s t y r e n e  2 . 7 ~ 1 0 ~  14.5 
P o l y s t y r e n e  3 . 5 ~ 1 0 ~  15.6 
P o l y s t y r e n e  2 . 4 ~ 1 0 ~  , 17.9 
Pen ta e r y t h r i  t o 1  5 80 I 21.4 

t e t r a h e p t a n o a t e
D1-2-Ethy lhexy l  420 

sebcate 
D i  pheny le the r  170 

a150 m i c r o l i t e r  i n j e c t i o n .  

1 

Retention time, m i n  

Figure 3. - logarithmic molecular weight versus retention time calibration 
curve for 1E-linear, one 500-k,and one 100-kcolumns at a flow rate of 
1 mllmin. Mobile phase, tetrahydrofuran. 

TABLE 11. - SUMMARY OF 557-29 ENGINE 
TEWERATURE TEST CONDITIONS FOR 

MIL-L-27502 CANDIDATE FLUIDITempzlature, 

No. 1 b e a r i n g  o u t e r  
r a c e  

No. 5 b e a r i n g  o u t e r  
r a c e  

No. 3 sea l  suppor t
No. 6 cove r  
Bulk  o i l  
Scavenge temperature 

174 

242 

2 79 
282 
216 
204 

Lubricant Sampling 


In this test lubricant samples were taken at pretest and at 30, 65, and 
100 hours (test conclusion). All samples were taken from the engine tank 
valve immediately after engine shutdown. Approximately 1 liter of oil was 
drawn to clear the line before taking a sample. This oil was returned to 
the tank before topping off. The total lubricant fill for this system was 
approximately 55 liters (14.5 gal). 

5-57-20 Engine Test 

The U.S. Air Force gas-turbine engine test is based on a controlled 
compressor discharge temperature and consists of 20 cycles. The engine i s  
run for 25 minutes at a power setting that will give a controlled compressor
discharge temperature between 316O and 335" C, followed by 5 minutes at idle. 
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This is repeated 10 times for each 5-hour cfcle. The No. 6 sump cover tern
perature is controlled at approximately 302 C, and the bulk oil temperature 
at 219" C. The exact temperature conditions achieved appear in table 11. 

Materi a1s 

The ester-base fluid used in this study is a MIL-L-27502 candidate 
lubricant whose composition is not limited except that organometallic com
pounds of titanium are prohibited (ref. 4). The base stock is a mixture of 
Hercules L-78 (90%) and Hercules L-31 (10%). Hercules L-78 contains hindered 
polyolesters of straight-chain fatty acids (C5 to C10). Hercules L-31 
is a more viscous (higher molecular weight) version of L-78 which contains 
more polypentaerythritols. Some physical properties of the blended test 
fluid appear in table 111. The additive content of the test fluid is given
in table IV. 

TABLE III. - TYPICAL PROPERTIESOF FORMULATED ESTER^ TEST FLUID 
( MIL-L-2 7502 CANDIDATE ) 

Kinematic viscosity, m2/sec ( c S ) ,  at 
38" C . . . . . . . . . . . . . . . . . . .  
99" c . . . . . . . . . . . . . . . . . . .  7.02x10
150" C . . . . . . . . . . . . . . . . . . .  
260" C . . . . . . . . . . . . . . . . . . .  
300" C . . . . . . . . . . . . . . . . . . .  '8.6~10~~

Pour point, "C . . . . . . . . . . . . . . . . . . . . . .  (0.861
-5 

Flashpoint, "C . . . . . . . . . . . . . . . . . . . . . .  274 
Specific gravity, 25.6" C/15.6" C . . . . . . . . . . .  0.094 
Thermal decomposition (isoteniscope), "Ce. . . . . . . . .  299Vapor pressure, Pa, at 220" C . . . . . . . . . . . . 1.33~10 
aBase stock mixture of hindered polyolesters, polyester, and

dipentaerythritol esters (ref. 3).

bManufacturer's data, unless otherwise noted. 
'Ex trapolated. 
eMeasured in author's 1 aboratory. 

TABLE IV. - ADDITIVE CONTENT OF TEST FLUID 
(MIL-L-27502 CANDIDATE) 

Descriptiona I Function 

Complex alkali metal organo- Antioxidant 

phosphorus compound (ref. 8 


Dioctyldiphenylamine (type I1 Antioxidant 

Proprietary Amine (type I) Antioxidant 

Metal deactivator Magnesium corros


ion inhibitor 
Silicone (Dow Corning 200) Antifoam 

aMore information regarding these additives 

appears in ref. 3. 


RESULTS 


Size exclusion chromatograms for the unused MIL-L-27502 candidate lubri
cant appear in figure 4. The upper trace is from the ultraviolet ( U V )  detec
tor and the lower from the refractive index (RI) detector. The RI spectrum
shows four peaks. A primary peak is centered at a molecular weight (MW) of 
about 600, and two higher molecular-weight peaks are at about 1000 and 2400. 
A small shoulder occurs at a MW = 420. The UV trace indicates three 
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,-Primary UV peak (MW -420) 

I 1 

/),-Primary RI peak (MW -600) 

I I I  
580 420 170 

Molecular weight 

Figure 4. - Size exclusion chromatograms for unused MIL-L-27502 lubricant. 

ti I I 
27 3 5  2400 580 420 170 
18 ;os.. 

Molecular weight 

Figure 5. - Size exclusion chromatograms for MIL-L-27502 lubricant from 
J-57 engine test  30-hr sample. 

components: a primary peak at a MW = 420 and two smaller peaks at MW = 300 
and 200. 

Figure 5 shows chromatographic results for an engine oil sample taken 
at 30 hours. The RI chromatogram is very similar to the unused oil trace 
(fig. 4). The primary peak at MW = 600 and the shoulder at 420 have dimin
ished. However, the peaks at 1000 and 2400 have grown. The UV spectrum,
however, has changed considerably: The two low-molecular-weight peaks have 
coalesced into one peak at about 280; the primary 420 peak has diminished;
and two large unresolved peaks are now present in the high-molecular-weight
region.

Figure 6 shows the chromatographic data for the next engine oil sample 
at 65 hours. Again, the RI and UV chromatograms are essentially the same as 
for the unused sample except f o r  continued growth of the 2400 and 1000 peaks
and reduction o f  the 600 and 420 components.

The spectrum for the final sample, taken at test conclusion (100hr), 
appears in figure 7. Again, as in the previous two samples, similar high

molecular-weight features are present. However, there is less degradation

(i .e., less high-molecular-weight material) than in the 65-hour sample
(fig. 6). A summary o f  the spectra for the unused, 30- and 65-hour samples 
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Figure 6. - Size exclusion Chromatograms for MIL-L-27502 lubricant from Figure 7. - Size exclusion chromatograms for MIL-27502 lubricant from 
J-57 engine tes t  65-hr sample. J-57 engine test. 100-hr sample; test conclusion. 

appears i n  f i g u r e  8 ( a )  f o r  t h e  R I  d e t e c t o r  and i n  f i g u r e  8 ( b )  f o r  t h e  UV 
d e t e c t o r .  The g radua l  b u i l d u p  of  t h e  h igh-molecular -weight  m a t e r i a l  and 
decrease of  t h e  p r i m a r y  peaks a re  e v i d e n t .  

To q u a n t i f y  some o f  t h e s e  changes, t h e  area under each t r a c e  was meas
u red  by a p lan ime te r .  Then each t r a c e  was a r b i t r a r i l y  broken i n t o  t h r e e  
r e g i o n s .  These c o n s i s t e d  o f  a p r i m a r y  peak and low- and high-molecular
we igh t  reg ions .  Note t h a t  t hese  r e g i o n s  must be compared on each mode ( R I  
o r  UV) separa te l y ,  because t h e  d e t e c t o r s  sense d i f f e r e n t  chemical  species.  
The area pe rcen ts  f o r  t h e  v a r i o u s  r e g i o n s  a r e  p l o t t e d  f o r  each t e s t  sample 
i n  f i g u r e s  9 and 10. I n  b o t h  f i g u r e s  t h e  decrease i n  t h e  p r i m a r y  and low
molecular -weight  r e g i o n s  and t h e  i n c r e a s e  i n  t h e  h igh-molecular -weight  
r e g i o n  a r e  e v i d e n t  i n  b o t h  t h e  30- and 65-hour samples. The r e v e r s a l  i.n 
t r e n d s  ment ioned e a r l i e r  f o r  t h e  100-hour sample i s  a l s o  e v i d e n t .  

D I S C U S S I O N  

SEC A n a l y s i s  - Unused F l u i d  

The UV d a t a  on t h e  unused l u b r i c a n t  (upper t r a c e ,  f i g .  4 )  y i e l d s  i n f o r 
m a t i o n  on t h e  a d d i t i v e  c o n t e n t  o f  t h e  l u b r i c a n t .  D i p h e n y l d i o c t y l a m i n e  
(DODPA) c o n t a i n s  an auxochromic amino group and chromophoric a romat i c  
group. The aromat ic  benzene r i n g  has a broad a b s o r p t i o n  band i n  t h e  near  
u l t r a v i o l e t  between 230 and 270 nanometers. T h i s  a b s o r p t i o n  i s  assoc ia ted  
w i t h  a+a* e l e c t r o n i c  t r a n s i t i o n s .  S u b s t i t u t i o n  o f  an auxochromic group 
( i .e . ,  - NH2) u s u a l l y  i nc reases  t h e  i n t e n s i t y  of a b s o r p t i o n  and s h i f t s  i t  
t o  a l o n g e r  wave-length (bathochromic s h i f t )  ( r e f .  9 ) .  Fo r  example, benzene 
(CgH6) absorbs a t  254 nanometers w i t h  an i n t e n s i t y  o f  ( E m  = 204), w h i l e  
a n i l i n e  (CsH5- NH2) absorbs a t  280 nanometers = 14387 ( r e f .  9 ) .  
Since DODPA has a mo lecu la r  we igh t  o f  393, i t  seems l i k e l y  t h a t  t h e  p r i m a r y  
UV peak a t  420 can be ass igned t o  t h i s  a d d i t i v e .  DODPA was p r o b a b l y  p r e s e n t  
a t  a 1 p e r c e n t  b y  we igh t  c o n c e n t r a t i o n  ( r e f .  3 ) .  

The second amine p r e s e n t  i n  t h e  f o r m u l a t i o n  was a p r o p r i e t a r y  t y p e  I 
a n t i o x i d a n t .  Reference 3 l i s t s  s i x  a romat i c  amines ( f o u r  i ndazo les  and two 
p y r i d i n e s )  s t u d i e d  a t  low c o n c e n t r a t i o n s  (0.01 t o  0.3 wt.%). The sma l l  peak 
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(a) RI detector (16~) .  

(b) UV detector (1AUFS). 

Figure 8. - Summary of size exclusion chromatograms for  unused, 30- and 
65-hr samples. 
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I 

40 60 80 1M)
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Figure 9. -Chromatogram areas for  primary. h igh molecular 
weight (HMW) and low molecular weight (LMW) peaks from 
refractive index detector. 
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Figure 10. - Chromatogram areas for  primary, h igh molecular 
weight (HMW) and low molecular weight (LMW) peaks from 
ultraviolet detector. 

in the UV trace (fig. 4) at an approximate molecular weight o f  300 can be 
assigned to one of these amines. The third small peak at lower molecular 
weight is probably one of the remaining additives or a THF artifact. (Oxi
dation of THF during sample preparation sometimes produces small amounts of 
products in this molecular weight region.)

The primary peak in the unused RI trace at MW = 600 is the ester base-
stock. The peaks at 2400, 1000, and 420 are presumed to be higher and lower 
molecular weight basestock components. 
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30-Hour Samp1e 


The most striking change in the U V  spectrum of the 30-hour test sample
is the appearance of a broad peak in the high-molecular-weight region.
This, no doubt, is caused by the generation of oxidized ester products. The 
fact that only a small change occurred in the RI region is not surprising.
Esters produce products containing carbonyl groups conjugated with one or 
more double bonds (ref. 8). Conjugation decreases the energy required to 
bring about electronic transitions. Thus, strong absorption occurs in the 
near ultraviolet. These raw* transitions occur at longer wavelengths.
Because of this marked difference in absorbtivity, it is very difficult to 
relate the size of this peak to the amount of material actually present.
However, relative comparisons can be made (figs. 9 and 10). 

65-Hour Sample 


The 65-hour sample shows more ester degradation than the 30-hour 
sample. Increases are denoted by the amount of high-molecular-weight
material in both traces (fig. 6 ) .  In addition, decreases are observed for  
the primary additive peak in the UV and the primary ester peak in the RI. 

100-Hour Sample 


Suprisingly, the 100-hour sample showed less degradation than the 

previous sample. An examination of the oil additions during the engine test 

(fig. 11) revealed that the continually increasing rate of oil additions is 

responsible for the apparent reversal in ester degradation. The large

additions are probably related to the volatility of the fluid at the high-

engine test temperatures. 


Correlation with Other Investigators 


Ali, et al., (ref. 8) reported on the chemical degradation of ester 

lubricants. Using a similar analytical technique (gel permeation chromatog

raphy), they found different molecular-weight fractions related to degrada

tion. For pentaerythritol tetraheptanoate (PEC7), which is chemically simi

lar to the ester basestock of this paper, two high-molecular-weight fractions 

o f  860 and 1900 to 2400 MW were reported. In addition, a low-molecular
weight fraction of t220 was shown for di-2-ethylhexylsebacate (said by the 
authors to be representative of all other esters studied). The suggested

mechanism of breakdown was the initial generation of low-molecular-weight

material, which then began a series of polymerization steps to a dimer 
(fraction 2 )  and finally oligomers (fraction 1). However, the data for the 
PEC7 ester on the distribution of material in the various fractions shows 
nothing for fraction 3 (LMW material).

The data from our work show no increase in the low-molecular-weight

material (RI trace) corresponding to Ali's fraction 3 with increasing ester 

degradation. In fact, the greatest amount of low-molecular-weight material 
in our data occurred in the unused o i l  sample. So the theory proposed by
Ali, et al., (ref. 8) that low-molecular-weight material is formed which 

subsequently feeds the polymerization reaction is not confirmed here. How

ever, it is realized that the time between taking a sample and analysis is 
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Figure 11. - New oil additions during J-57 100-hr engine test. 

impor tan t .  The samples f rom t h e  p resen t  s tudy  were more than  a yea r  o ld .  
React ion  o f  low-molecular-weight a c t i v e  species c o u l d  have taken  p lace .  

Comparison o f  t h e  h igh-molecular -weight  peaks shows s i m i l a r i t i e s .  The 
h igh-molecular -weight  peaks o f  ou r  da ta  (MW = 1000 and 2400) compare f a v o r 
a b l y  w i t h  A l i ' s  (MW = 860 and 1900 t o  2400) f r a c t i o n s .  T h i s  apparent  o l i g o 
mer ic  m a t e r i a l  c o u l d  be t h e  p r e c u r s o r  o f  h igh-molecular -weight  s ludge and 
varn ish .  The SEC a n a l y s i s  o f  o u r  work does show t h a t  t h e  i n i t i a l  h igh
molecular -weight  m a t e r i a l  i s  e l u t e d  near t h e  MW = 35 000 c a l i b r a t i o n  p o i n t .  

Bear ing  Tes t  Samples 

E s s e n t i a l l y  t h e  same e s t e r  f o r m u l a t i o n  s t u d i e d  here  was r u n  i n  a 
100-hour b e a r i n g  t e s t  a t  t y p e  I 1  c o n d i t i o n s  ( r e f .  10). These c o n d i t i o n s  
r e f e r  t o  an o i l  i n l e t  tempera ture  o f  204O C, a bea r ing  r a c e  tempera ture  of 
260° C, and a b u l k  o i l  tempera ture  o f  218" C. The g e l  permeat ion chromato
gram f o r  t h e  sample taken  a t  t e s t  c o n c l u s i o n  appears i n  f i g u r e  12. The o i l  
consumption r a t e  i n  t h i s  t e s t  was 38.5 c u b i c  cen t ime te rs  pe r  hour, which 
corresponds t o  o n l y  about a 3.8 l i t e r s  (4 -q t )  a d d i t i o n  d u r i n g  t h e  t e s t .  It 
i s  n o t  s u r p r i s i n g ,  t h e r e f o r e ,  t h a t  t h i s  chromatogram shows a g r e a t  dea l  more 
degrada t ion  ( l o s s  o f  p r i m a r y  e s t e r  and increases  o f  h igh-molecular -weight  
m a t e r i a l )  t han  t h e  engine t e s t  samples. However, t h e  chromatograms a re  
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Figure 12 - Gel permeation chromatogram of a formulated ester from 
a 100-hr bearing test. Bulk oi l  temperature 218O C. (Bearing test 
from ref. 10.1 

qualitatively similar. Comparing the UV data of figure 6 (65-hr sample)

with those of figure 12 indicates a shift in the distribution of the high

molecular-weight material. There appears to be more material at a higher

molecular weight (approximately 50 000). Varnish deposits were observed on 

bearing disassembly. This high-molecular-weight material may be the precur

sor for varnish formation. 


SUMMARY OF RESULTS 

Size exclusion chromatography has been used to determine the chemical 

degradation of ester oi 1 samples (MIL-L-27502) from a high-temperature,

5-57-29, gas-turbine engine test. The following results were obtained: 


1. In general, progressive loss of primary ester, additive depletion,

and formation of higher molecular weight material occurred as a function of 

engine test time. 


2. The high-molecular-weight material from the degraded ester absorbed 

strongly in the ultraviolet region at 254 nanometers, indicating the pres

ence of chromophoric groups.


3. Chromatographic analysis of a similar ester oil sample from a high-
temperature bearing test yielded qualitatively similar results t o  those ob
tained on the engine oil samples.

4. The test sample taken at test conclusion showed less dearadation 
than previous samples because of large add tions of new oil during the lat
ter stages of the test. 

Lewis Research Center 

National Aeronautics and Space Administrat on 

Cleveland, Ohio, June 11, 1982 
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APPENDIX - DEFINITION OF TERMS 

Auxochrome - a saturated group which, when attached to a chromophore, alters 
both the wavelength and the intensity of the ultraviolet absorption
maximum. 

Bathochromic Shift - The shift of ultraviolet absorption to a longer
wavelength due to substitution or solvent effects. 

Chromophore - a covalently unsaturated group responsible for electronic 
absorption. 

Size exclusion chromatography (SEC) - a form of liquid chromatography in 
which solute molecules are separated according to size by permeation into 
a solvent-filled matrix. 

u-Bondage1 - a commercial column of controlled porosity silica with perma
nently bonded ether phase used in size exclusion chromatography. 

Atyragel - a commercial column of highly crosslinked styrene divinylbenzene
gel used in size exclusion chromatography 

r+r* - transition o f  a n-electron to a higher energy orbital. 

ABBREV I ATION S 

AUFS absorption units full scale 


DODPA dioctyldipheny amine 


GPC gel permeation chromatography 

HMW high molecular weight 

LMW low molecular weight 

PEC7 pentaerythritol tetraheptanoate 


KI refractive index 


THF tetrahydrofuran 


uv ultraviolet 


�max molar absorptivity 
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