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MICROFOG LUBRICANT APPLICATION SYSTEM 
FOR ADVANCED TURBINE ENGINE COMPONENTS - PHASE I1 

J, Shim and S. J. Leonardi 

ABSTRACT 

Using the techniques and equipment developed under contract 
NAS 3-9400, wettabilities of microfog streams of five high 
temperature lubricants on a static metal surface were determined 
under an inert atmosphere of nitrogen at temperatures ranging from 
600 to 800OF. The wetting data are discussed in relation to 
the rate of oil-mist output, impaction velocity, temperature and 
surface characeeriseics of the wetted plate, and properties of the 
lubricants e 
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1, INTRODUCTION 

Earlier work (1, 2) under contract NAS 3-9400 established new 

ubricants as mierofogs under a range of conditions 
techniques and equipment for investigating the wetting character- 

simulating the environment of advanced turbine engine bearings. 
WettabiPities of five potential high temperature lubricants on a 
heated metal surface were related to the conditions of microfog 
generation, drop-size and concentration distribution, impaction 
ve.Ioeity, properties of the lubricants and other system variables. 

In order to define the essential. requirements and to guide 
the development of an advanced microfog lubricant application 
s y s t e m ,  the present program seeks additional information by 
investigating the effects of the physical and chemical properties 
of lubricants on microfog lubrication, and additional operating 
variables, including lubricant temperature, additives, and nature 
of the wetted surface. The Statement of Work for this contract is 
attached hereto as Appendix A.  

This is the first report submitted under eontract NAS 3-13207, 
entitled "Microfog Lubricant Application System for Advanced Turbine 
Engine Components-Phase P I " f  and cbvers Task 1 and PI of this 
contract 



11, SUMMARY AND CONCLUSIONS 

The wetting characteristics of microfog streams of five high 
temperature lubricants, FN 2961, Krytox 143 AC, MCS 293, X M  109 F, 
and XRM[ 209 A ,  on a flat surface of WB 49 material were determined 
under an inert atmosphere of nitrogen at temperatures ranging from 
600 to 80O0F. 

Wetting rates obtained with nozzles of two different orifice 
sizes vary considerably for a given operating condition: for a 
given (oil/gas) mass flow ratio and particle size distribution, a 
nozzle providing increased impaction velocity greatly increases 
wetting rate, whereas for a given nozzle, the wetting rates increase 
with increasing (oil/gas) mass flow ratios established by varying 
gas flow rate to the microfog generator. 

As plate temperature increases, wetting rate increases for the 
less volatile lubricants such as Krytox 143 AC and XRM 109 F, but 
the rate decreases sharply for the more volatile lubricants such as 
FN 2961, MCS 293, and XRM 209 A .  Microfog particles of MCS 293 
sprayed on a hot surface, even at high (oil/gas) mass flow ratios, 
fail to form a uniform film spreading over the surface regardless of 
its temperature, which ranged from 72 to 800OF. Formation of the 
uniform and streaky wetting patterns of lubricants on the surface is 
briefly discussed and a possible relation to their performance in 
full-scale bearing test is suggested. 

The wettabilities of these test lubricants, compared in terms 
of the specific and minimum wetting rates and.,on the basis of the 
minimum oil flow concept, were found to fall in the following order: 

XRM 1 0 9  F > Krytox 143 AC > XRM 209 A > FN 2961 MCS 293 

As lubricant temperature at the microfog generator increases, 
wetting rates increase, but not as rapidly as would be expected from 
the viscosity of the lubricant. 

Additives representing several types in the three blended 
lubricants - Krytox 143 AC plus 5% (by wt.) duPont additive No. 
9530-49, MCS 2931, and XRM 210 A, have little effect on mist genera- 
tion, particle size, and wetting rate. On the other hand, Kendall 
super-refined paraffinic heavy resin (%20,000 SUS at 100OF) in 
XRM PO9 F markedly increases both the rate of oil-mist output and 
wetting rate, although it has little effect on particle size 
distribution. 

Surface properties of the test plate have a pronounced effect 
on the wetting rates of XRM 109 F and FN 2961 at 700OF. Wetting 
rates were reduced by the presence of black oxide coating on the 
plate, and by increasing surface roughness. On the other hand, 
deposits produced by lubricant decomposition have little influence 
on wetting rate. 

2 



111. DETAILED REPORT 

A. Materials 

The five high temperature lubricants tested are: 

1. FN 2961, Humble Oil and Refining Co. 
2. Krytox 143 AC, E. I. duPont de Nemours and Co. 
3. MCS 293, Monsanto Chemical Co. 
4, XRM 109 F, Mobil Research and Development 
5. XRM 209 A, Mobil Research and Development 

The four blended lubricants are: 

1. Krytox 143 AC blended with 5% (by weight) 

2. MCS 2931 
additive No. 9530-49 

Corp 0 

Corp e 

duPont 

3. XRM 109 F plus 10% (by weight) Kendall super refined 

4. XRM 210 A 
paraffinic heavy resin (%20,000 SUS at 100'F) 

These lubricants are identified broadly by chemical type in Table 1, 
which also lists other pertinent physical properties for each 
lubricant. Viscosity-temperature relations for the base lubricants 
are shown in Figure 1, and vapor pressure-temperature data deter- 
mined by isoteniscope in Figure 2, 

The test plate and nitrogen gas employed in this program are 
identical to those described in the previous work (2). 

B. Experimental Apparatus and Procedure 

The microfog lubricant generator, test rig, and instrumentation 
were designed and fabricated for use under NASA Contract NAS 3-9400. 
This equipment and its operating procedure have already been 
described in great detail elsewhere (1, 2). 

C. Results and Discussion 

1. Rate of Oil-Mist OutDut 

In the previous study (2), with the aid of the experimental 
data, an empirical relation was formulated to predict the rate of 
oil mist output from the generator at any given condition and was 
given by 

* 
W = 0.8 

* Symbols are explained in Section IV Notations of this report, 
3 
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provided that the surface tension and density of oil have little 
influence on rate of oil-mist output, While Equation (1) was in 
very good agreement with the experimental data, it is only a first 
approximation, To further generalize this development, the effects 
of surface tension, density and possibly additives on the rate of 
oil-mist output should be included, 

To examine the effects of these factors, the rates of oil- 
mist output for the five base lubricants and the four blended 
lubricants were determined in the present generator at 2, 3, and 
4 cfm. In addition to these lubricants at 200°F, the output rates 
for FN 2961 and XRM 109 F at 100 and 300°F were also determined. 
The experimental data, including the data from the previous study 
(Items 10 through 14), are summarized in Table 2. The new 
experimental data (Items 1 through 9) are also presented in 
Figure 3 in which Equation (1) is shown by solid lines. 

Review of Table 2 and Figure 3 indicates that Ancreasing the 
surface tension and density of the test lubricant dw?E&ases oil- 
mist output. With the limited data available, however, it is 
difficult to single out the separate effects of each property to 
determine which of these properties exerts the greater influence 
on the rate of oil-mist output. A comparison between Items (2) 
and (6) reveals that Krytox 143 AC has oil-mist output below that 
which would be expected based on its viscosity. The same is true 
for MCS 293 in comparison with XRM 209 A. The most serious 
disadvantage of Krytox 143 AC with regard to mist generation seems 
to be its high density which may limit the loading of oil-mist 
particles suspended in a given gas flow. This effect seems to 
overbalance the increase in the rate of oil-mist output normally 
expected with decreasing surface tension. For MCS 293, the 
increase in both surface tension and density results in a 
considerable decrease in the oil-mist output. The data of 
Figure 3 clearly indicate that the rate of oil-mist is influenced 
not only by viscosity of the lubricant, but by its surface tension 
and density as well. Equation (1% therefore requires modification 
to 

where ap b, c, and d are constants to be experimentally determined. 

As part of the investigation of additive effects on microfog 
lubrication, the rates of oil-mist output of the four blended 
lubricants were determined and compared (Table 2) with those of 
their base lubricants, The comparison shows that the additives 
in these oils, except for 10% Kendall super-refined paraffinic 
resin blended in XRM 109 F, have little influence on the oil-mist 
output rates, This is not unexpected, since the original purpose 
of these additives was not the improvement .of mist generation 
characteristics. The effects of the various additives provide an 
analogy with experience in industrial mist lubricants, where 
additives commonly employed are considered"to have little effect 
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on m i s t  genera t ion  except  for  c e r t a i n  polymers which are be l ieved  
t o  cause h ighe r ,  and i n  some cases  l o w e r ,  m i s t  output  than 
normally expected based on v i s c o s i t y ( 3 ) .  Reduction of o i l  m i s t  
l o s t  as s t r a y  fog,  which has been a t t r i b u t e d  t o  t h e  presence of 
polymeric materials, may be another  example of polymer e f f e c t s  on 
m i s t  generat ion.  The behavior of the  Kendall parafEin ic  r e s i n  i n  
r a i s i n g  the  o i l - m i s t  output  r a t e  may be similar t o  t h a t  of a 
polymer. While t h e  na tu re  of polymer e f f e c t s  i n  enhancing o r  
hindering m i s t  genera tor  opera t ion  i s  n o t  c l e a r ,  a poss ib l e  expla- 
na t ion  i s  a change i n  l u b r i c a n t  flow rates through t h e  o r i f i c e  of 
t h e  atomizing nozzle.  According to  a r e l a t i o n  for  pneumatic 
a tomizat ion,  a l l  opera t ing  v a r i a b l e s  being equal ,  t h e  a tomizat ion i s ,  
i n  gene ra l ,  i nve r se ly  related t o  t h e  r e l a t i v e  v e l o c i t y  between 
t h e  gas and l i q u i d  through t h e  atomizing nozzle.  Thus,  t h e  ra te  
of o i l - m i s t  ou tput  changes depending upon the  response of l u b r i c a n t  
flow characteristics t o  t h e  presence of d i f f e r e n t  types  of polymeric 
a d d i t i v e s .  . 

For example, by hindering t h e  f l o w  of o i l  through t h e  atomizer 
orifice,  some v i s c o s i t y  improvers may reduce o i l -mis t  output  and 
hence s t r a y  fog,  while  drag  reducing a d d i t i v e s ,  an example of 
which may be t h e  Kendall super-ref ined p a r a f f i n i c  r e s i n ,  can 
enhance genera tor  opera t ion  by increas ing  the  rate of oil-mist  
output  without increas ing  gas  f l o w  ra te .  I f  t h e  s t r a y  fog i s  a 
problem, t h e  use of l u b r i c a n t  containing the  former type polymers 
can be considered. With t h i s  approach, however, some caut ion  
must be exerc ised  t o  a s su re  t h a t  t h e  rates of oil-mist  output  
are adequate for t h e  app l i ca t ion .  I t  i s  w e l l  known t h a t  when 
used i n  s u b s t a n t i a l  amounts, v i s c o s i t y  improver type a d d i t i v e s  
can change t h e  rheo log ica l  p r o p e r t i e s  of a l u b r i c a n t  even t o  t h e  
e x t e n t  of changing a Newtonian f l u i d  i n t o  a non-Newtonian one. 
Drag reducing type polymers can also change t h e  f l u i d  flows of 
t h e  l u b r i c a n t  by reducing e i t h e r  f r i c t i o n  or turbulence.  

2. P a r t i c l e  Veloci ty  D i s t r i b u t i o n  

Determinations of t h e  microfog p a r t i c l e  v e l o c i t i e s ,  using 
the  techniques developed and described i n  the  previous r e p o r t ,  were 
made w i t h  two d i f f e r e n t  nozzles  - Nos. 1 and 3 (refer t o  Figures  24  
and 25 i n  Reference 2 ) ,  a t  gas flow rates of 2 ,  3 ,  and 4 c f m .  T h e  
t es t  chamber condi t ions  w e r e  a t  45 p s i  and 72'F. These tests,  i n  
most cases, employed Krytox 143 AC and XRM 1 0 9  F a t  a microfog 
genera tor  temperature of 200'F. 

Experimental r e s u l t s  represent ing  t h e  l o c a l  v e l o c i t i e s  a t  2 ,  
4 ,  and 6 inches ,  a s  expected, w e r e  i n  good agreement w i t h  those 
from our earlier work (2), but  t h e  p a r t i c l e  v e l o c i t i e s  of Krytox 
143 AC a t  4 and 6 inches l a g  s l i g h t l y  behind t h e  v e l o c i t i e s  of 
XRM 109  F, which has a considerably l o w e r  dens i ty .  Thus, for  a 
given gas  flow, inc rease  i n  t h e  d e n s i t y  d i f f e r e n c e  between t h e  gas  
and p a r t i c l e s  causes  t h e  r e l a t i v e  v e l o c i t y  t o  inc rease ,  ice.# t h e  

10 



3 3 2  

m 

d 
2 
e, 

N 
0 
b 

g d ”  b o  
d 

i N  

rl 

d 
2 
e, 

N 
0 
2 

In 

d N  

G 
f 

m 
In 

In 

f 
G 

n 
k 
e, 
4J 

i s  z 
a, 
0 
.d 
k 
d 

! 3 %  

In 

f 
\d 

L n  

Ui 
f 

In 

f 
0; 

m m 

P 



particles are less completely entrained by the given-scale gas 
motions. However, near the spray nozzle no lag is noted because 
here large-scale turbulent eddies can still entrain the particles 
together with portions of gas surrounding them, and transfer gas 
and particles as a single unit. 

3. Particle Size Distribution 

Determinations of the microfog particle sizes and distribu- 
tions for the test lubricants were made at a generator temperature 
of 200°F with two different nOzzles at gas flow rates of 2, 3, and 
4 cfm. Data for FN 2961 and XRM 109 F were also obtained at 
generator temperatures of 100 and 3OOOF. 

Listed in Table 4 are the particle size distribution data 
for the different test lubricants, and their mean particle diameters 
in two forms, determined with No. 1 nozzle at a gas flow rate of 
3 cfm. This particular operating condition was chosen to illustrate 
the effects of different lubricants on particle size distribution 
because all other data show a basically similar trend. The 
corresponding cumulative (integral) particle size distribution 
curves are also shown in Figure 4 ,  where particle diame'ter is 
plotted against percent (by number) of the particles smaller than 
the indicated diameter in a log-probability scale. eesults, in 
general, indicate that as described in Table 4 ,  XRM 109 F produces 
the largest particle size under the given operating condition, and 
that the number frequency curves of these lubricants represent a 
uni-modal distribution. 

The mean particle diameters calculated by different methods 
are summarized in Table 5. This summary indicates again that, for 
a given condition, XRM 109 F produces the largest particle size. 
Table 5, considered together with Table 1, also indicates that 
the surface tension and density of the lubricant are important 
factors affecting the action of an atomizing nozzle in regulating 
particle size. The summary further suggests that presence of addi- 
tives in the lubricants and variation of lubricant viscosity have 
little effect on particle size and distribution. 

It is of interest to note at this point that particle size 
distribution curves on a number basis, in all cases tested in this 
study, have a uni-modal distribution, i.e., one peak, contradicting 
those data reported in our previous work in which a bi-modal 
distribution was generally exhibited. While the reason for this 
difference in the number frequency distribution curves is uncertain, 
it may be related to modifications of the particle counter aimed 
at increasing its stability and capacity. To achieve these 
improvements, a newly marketed photomultiplier tube having higher 
stability (Du Mont KM 2433) was adopted and the corresponding 
electrical circuits of the amplifying systems and the pulse height 
analyzer were modified. The resulting reduction of background noise 

12 
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m2961 

Krytox 143AC 

Krytox 143AC+ 
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Table 5 

SUMMARY OF MEAN PARTICLE SIZES 

Nozzle 
No. 

1 

3 
1 

3 
1 

3 

1 

3 

1 

3 

1 

3 

1 

3 

1 

3 
1 

3 
1 

3 

1 

3 

1 

3 

1 

3 

Arithmetic Mean Diameter &m) 

2c 

0.70 
0.70 
0.71 
0.72 
0.73 
0.72 

- 

---- 
---- 
---- 

---- 

0.70 
0.70 

---- 

0.69 
0.71 
0.70 
0.71 
0.75 
0.78 

0.72 

0.70 

0.71 
0.73 

0.73 
0.75 

3Cfi 

0.86 
0.84 
0.82 

I_ 

0.81 
0.84 
0.83 

0.70 
0.68 

0.68 

0.67 

0.89 
0.83 

0.88 
0.83 

0.89 
0.84 
0.91 
0.89 
0.93 
0.93 

0.87 

0.82 

0.83 
0.82 

0.85 
0.85 

4cfm 

0.95 
0.92 
0.87 
0.84 
0.87 
0.86 

0.73 
0.70 

- 

0.74 

0.68 

0.92 
0.88 

0.95 
0.86 

0.93 
0.87 
1.02 

0.93 
0.99 
0.95 

0.93 

0.87 

0.87 
0.82 

0.88 
0.80 

2cBn 

0.73 
0.75 
0.75 
0.78 
0.77 
0.76 

- 

---- 
---- 

---- 
---- 

0.74 
0.74 

---- 
o--- 

0.72 
0.76 
0.75 
0.75 
0.84 
0.84 

0.76 

0.73 

0.75 
0.78 

0,78 
0.81 

3c 

0.93 

0.89 
0.88 
0.90 
0.89 

0.72 
0.71 

0.71 

0.70 

0.97 
0.90 

0.96 
0.89 

_I 

0.91 

0.96 
0 ~ 9 1  
0.99 
0.96 
1.01 
1.02 

0.95 

0.89 

0.90 
0.89 

0.93 
0.94 

4chn 

1.16 
1.01 

0.94 
0.91 
0.94 
0.92 

0.93 
0.83 

0.92 

0.79 

1.00 

- 

0.94 

1.08 
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0.94 

0.96 
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level and faster traverse time should yield more reliable and 
accurate particle size distribution data. 

4 e Wetting Rate Determinations 

cants (FN 2961, Hrytox 143 AC, MCS 293, XRM 109 F, and XRM 209 A) 
were made with the two different spray nozzles under various test 
conditions as specified in Task I. 

Determinations of the wetting rates of the five base lubri- 

Test results, reporting wetting times at different radial 
’ distances, are listed in Appendix B, with other pertinent data. 

The wetting rates, estimated graphically by taking the slopes of 
the straight line relations between fraction of area covered and 
wetting time, are also included in the appendix. Typical 
experimental results, illustrated by the wetting data for  XRM 109 F 
with No. 1 spray nozzle at plate temperature of 700°F, are shown 
in Figure 5. In general, the test data for other lubricants have 
similar relations except for MCS 293, which has a unique wetting 
pattern that will be discussed in a later section of this report., 

Discussion of the test results summarized in Appendix B 
will employ the specific and minimum wetting rate concepts as 
defined in our previous work (2). Instead of dealing with 
individual experimental runs, discussion will be confined to 
significant factors which may play an important role in microfog 
lubrication, citing typical examples to illustrate general trends. 
Any test results deviating from the general trend will be specified 
and discussed separately. 

i) Effect of Oil/Gas) Mass Flow Ratio 

In order to facilitate discussion of the effect of (oil/gas) 
mass flow ratio, the wetting rates of four test lubricants at 600, 
700 ,  and 800°F with the two nozzles, taken from Appendix B, are 
shown inFigures6 through 11. FN 2961 and XRM 209 A with No. 3 
nozzle, and MCS 293, were excluded from these plots because they 
failed to yield complete sets of data points. 

With increasing (oil/gas) mass flow ratios, the wetting rates 
for the test lubricants, as expected, increase linearly in most cases 
at varying slopes, implying that the wettabilities of these lubricants 
under these test conditions are vastly different. The increased 
(oil/gas) mass flow ratios were established by increasing gas flow 
rates to the microfog generator, a procedure which also increases 
the impaction velocity for a given nozzle. Hence, the increases in 
wetting rates shown in Figures 6 through 11 are due not entirely to 
the increase in (oil/gas) mass flow ratio, but to a combination of 
increases in impaction velocity and mass flow ratio. The wetting 
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rate data also indicate that the slopes of the linear relations for 
Krytox 143 AC and X R M  109 F generally are higher than those for 
FN 2961 and XFW 209 A, suggesting that the former lubricants wet 
the test plate more effectively than the latter. This is more 
apparent when the slopes are compared at plate temperature of 800°F. 

Unfortunately, the present microfog generator does not allow 
the effects of (oil/gas) mass flow ratio to be isolated from effects 
of impaction velocity since there is no means of independently 
controlling the rate of oil-mist output with a fixed gas flow rate 
to the generator. However, the effects of mass flow ratios on 
wetting rate can be discussed qualitatively. When a microfog 
stream having a given particle size distribution is sprayed on a 
collector, depending upon impaction efficiency, which is related to 
impaction velocity, only the particles in certain size ranges carry 
sufficient momentum to penetrate through the layers of impaction 
pressuredcreated by the gas stream along the collector, and impinge 
and spread on the surface of the collector. Now, with the same 
particle size distribution and impaction velocity, any increase in 
the (oil/gas) mass flow ratio established by suspending more 
microfog particles in the given gas flow will raise a number of 
particles in the size ranges which can impact on the collector, 
thereby increasing the quantity of lubricant available for spreading 
on the collector. Such an increase in the volume of lubricant on 
the collector, or test plate, obviously would increase spreading 
and wetting rates. This qualitative discussion suggests that 
(oil/gas) mass flow ratio, in addition to impaction velocity, is 
a key variable in controlling wetting rate. 

ii) Effect of Impaction Velocity 

Discussion in the preceding section has indicated important 
effects of impaction velocity on wetting rate. In order to 
demonstrate these effects, the wetting data for XRM 109 F obtained 
with Nos. 1 and 3 nozzle at 600°F are compared in conjunction with 
the impaction velocity data for these nozzles at gas flow rates of 
2, 3, and 4 cfm. Test results are summarized below: 

Gas Rate of 
Flow Oil-Mist 
Rate Impaction Velocity, ft/sec Wetting Rate cm2/sec 
(c) Nozzle No. 1 Nozzle No. 3 Nozzle Noel Nozzle No.3 

-s- 2 0.6 148 79 2.2 

1' 1.2 236 119 11.6 3.2 

4 2,o 352 163 19-6 7.2 
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Thus, for a given (oil/gas) mass flow ratio, any increase in the 
wetting rates between No. 1 nozzle and No, 3 is due almost entirely 
to increasing impaction velocity by means of a nozzle since the 
particle size distribution data (refer to Table 59 show little 
difference in the mean particle sizes for these nozzles., For 
example, at a gas flow rate of 3 cfm, corresponding to the (oil/gas) 
mass flow ratio of 3.06 x 10-2, the wetting rates with Nos. 1 and 
3 nozzles are 11.6 and 3.2 cm /sec, respectively, while the 
impaction velocities vary from 236 ft/sec for No. 1 nozzle to 
119 ft/sec for No. 3 nozzle, and the arithmetic mean particle 
diameter for both nozzles remains fairly unchanged at 0-9 pme 

In a similar manner, the effect of impaction velocity in 
terms of specific wetting rate can be illustrated by using the 
wetting rate data for Krytox 143 AC and XRM 109 F at 60O0F. The 
wetting rate data are summarized as follows: 

2 Specific Wetting Rate, crn /sec/ (oil/gas) 
Spray Nozzle mass flow ratio 

Krytox 143 AC 
3 No. 1 (0.171'' dia-9 8.2 x 10 

XRM 109 F 

1 ~ 5  lo3 
3 No. 3 (0.281" dia.) 1.6 lo3 4 . 8  x 10 

In this comparison, the specific wetting rates with Nos, 1 and 3 
nozzles for3a uqit (oil/gas) mass flow ratio increase fr2m 1.6 x 10 
to 8.2 x 10 cm /sec for Krytox 143 AC and from 4.8 x 10 to 11.5 x 
lo3 cm2/sec for XRM 109 F, while the mean particle diameter with 
these nozzles changes little. Consequently, the increases in 
specific wetting rate can be attributed to the increase in impaction 
velocity. 

The comparisons of the wetting rate data lead to the conclusion 
that impaction velocity greatly affects wetting rate and is one of 
the most important operating variables in a microfog lubricant 
application system. 

ifi9 Effect of Plate Temperature 

In order to aid discussion of the effect of plate temperature, 
the wetting rates of four test lubricants (FN 2961, Krytox 143 AC, 
XRM 109 F, and XRM 209 A) have been plotted as a function of plate 
temperature, as shown in Figures 12 through 15. Test results 
clearly reveal that as plate temperature rises from 600 to 800°F, 
the wetting rates of FN 2961 and XRM 209 A decrease sharply, while 
the rates of Krytox 143 AC and XRM 109 F slightly increase at 
sufficiently high (oil/gas) mass flow ratios or remain essentially 
unchanged at lower (oil/gas) mass flow ratios. Examination of the 
results also suggests that in discussing the effect of plate 
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temperature, the importance of the heat-and mass-transfer processes 
at the interface between the surface of the test plate and spreading 
lubricant film cannot be ignored, . 

For a given (oil/gas) mass flow ratio and a fixed impaction 
velocity which practically controls the amount of microfog particles 
that can impinge on a test plate, the quantity of lubricant available 
for spreading on the plate may depend solely upon evaporation loss 
at a steady temperature which the spreading lubricant film approaches 
after absorbing heat from the plate. Therefore, variations in %he 
wetting rates of the test lubricants with test plate temperature 
may be explained on the basis of the thermal properties (and 
stabilities) and vapor pressure of the lubricants. To discuss the 
wetting rates in relation to evaporation which we consider more 
meaningful for the purpose than vapor pressure data, we obtained 
evaporation loss data for the four test lubricants by using 
modified ASTM method D972 (wt. % loss at 400°F for 6-1/2 hours). 
Results are shown below: 

FN 2961 
13.9 1.1 2.7 5.7 

The evaporation loss data are in agreement with the vapor pressure 
data (refer to Figure 2 1 ,  indicating that FN 2969. and XRM 209 A are 
more volatile than Krytox 143 AC and XRM 109 F. Thus, comparison 
of the volatility properties of each lubricant with the effects of 
test plate temperature on wetting rate clearly suggests that high 
temperature wetting rates w i l l  rise or fall with rising plate 
temperature 

iv) Comparison of the Wetting Rates of Different Test Lubricants 

Since the determinations of wetting rate with No. 3 nozzle in some 
cases did not yield useful data, the wetting rates obtained with No, 1 
nozzle at 600'F were chosen for discussion comparing the wettabiffties 
of the five test lubricants having widely different properties, The 
wetting rates versus the (oil/gas] mass flow ratios for these lubricants 
are plotted in Figure 16 in an effort to establish a correlation similar 
to those discussed in the previous sections, Since no meaningful 
experimental data could be obtained frsm the photographic movie films 
because of difference in the wetting patterns (refer to the following 
section), the wetting rate data of MCS 293 were not presented in 
Figure 1 6  for comparison. A more complete list of the specific and 
minimum wetting rates, which are determined by taking slope and inter- 
cept at zero wetting ratel respectively, is presented in Table 6, 
Summary of the wetting rate data shows that on tha basis of the specific 
and minimum wetting rates, the wettabilities of these lubricants at 
600°F are in the following order: XRM PO9 F > Krytox 143 AC 4. XRM 209 A> 
FN 2961 > MCS 293, For a unit (oil/gas) mass flow ratio, XRM 109 F 
has the best overall wetting characteristic3 and requires a minimum 
(oil/gas) mass flow ratio of only 2.1 x 10 to wet the test plate 
at 60OBF, while MCS 293 is the least effective in wetting the test 
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Table 6 

SUMMARY OF WETTING RAW DATA FOR TEST OILS 

Plate 
I t e m  Test O i l *  Temp. Specific Wetting Rate 
II_ 

I EN 2961 600 2. 6 
2 W t o x  143C 600 8. 2 
3 MCS 293 600 e< i 
4 XRM LWF 600 ll. 5 
5 XRPl 209A 600 40 7 

6 m 2961 700 2*1 
7 Krytox 143C 700 9.4 
8 XRM l@F 700 12,8 
9 XfiM 209A 700 4.4 

u XRM 1OgF 800 13.1 
10 Kkytox 143C 800 llv 5 

2.4 
5*3 
1-11) 

2 v 1  

3.3 

2.6 
5. 3 
2. 1 

34 8 
5.2 
2.2 

* O i l  Temp: 200'F 



plate. The excellent wettability of XRM 109 F, as reported in our 
earlier work (2), is a reflection of its physical properties which, 
at high temperature, provide excellent fluidity and thermal 
stability with low oil loss by evaporation or streaking, 

test lubricants at other temperatures can be based on similar 
comparisons of the appropriate wetting rate data. 

Conclusions concerning the wetting characteristics of these 

v) Wetting Patterns of Test Lubricants 

In the previous study (2)  I the typical seqcential spreading 
patterns of oil films, based on photographic test resuPts, were 
illustrated schematically, In one type of flow, a continuous oil 
film gradually spread out to the edge, while in another type, 
discontinuous oil streaks (streaky flow) rapidly extended out to 
the edge of the test plate. It has also been reported from other 
NASA investigations (4 ,5)  that XRM 177 F performed well in full- 
scale bearing rig tests at 700°F under high speed and load with 
an inert atmosphere, while MCS 293 exhibited much less capability 
under similar extreme conditions, though it is thermally and 
oxidatively stable. 

To better understand the wetting patterns of thin oil films 
flowing over a solid surface, and how they might relate to the 
bearing test experience, investigation of the basic wetting 
mechanisms of oil-mist particles impinging on the solid surface 
was undertaken. The wetting patterns of XRM 177 F and MCS 293 at 
different stages of oil film spreading on the test plate at 72OF 
were recorded by a still camera. For these experiments, No. 1 
nozzle was used and gas flow rate was at 3 cfm. Photographic 
results reveal that when a test plate is sprayed with a microfog 
lubricant stream, it is spattered with adhering drops-at an early 
stage of spray. As spray continues, the drops grow in size by 
further impaction and coagulation with neighboring drops, During 
this process, the drops eventually grow to a critical size above 
which the drops spread on the surface, The spreading of these 
lubricant drops to form a uniform lubricant film is a key step in 
the wetting process. Therefore, in any microfog lubricant appli- 
cation, when the microfog particles once impact on the surface of 
a body, adhesion of the particles to the surface, and coagulation 
and spreadability of the particles on the surface to form a uniform 
film, will basically control the amount of lubricant available for 
lubrication, 

The present study revealed marked differences in the wetting 
patterns of XRM 177 F and MCS 293, characterized, respectively, by 
uniform and streaky film flow, Photoqraphs representinq the 
wetting patterns o? the two lubricants, 
impinging on a test plate, are shown in 
photographs were taken at two different 

formed- by microfog jets 
Figures 17 and 18. The 
stages: photomicrographs 
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(200X) were taken after the test plates were sprayed for 1.5 
seconds, while the wetting patterns, or patterns of oil flow, 
were taken after spraying 6 seconds. Figure 17 shows the 
wetting pattern obtained with XRM 177 F, which illustrates 
formation of a uniform oil film conforming to the spreading 
mechanism described above. On the other hand, Figure 18 reveals 
that drops of MCS 293 adhering to the test plate, instead of 
spreading as described, remain in the spheroidal or ellipsoidal 
shapes suggesting that the drops do not readily spread on the 
plate. As spraying continues, the drops grow in size by impaction 
and coagulation with neighboring drops. The growing drops, 
however, fail to form a spreading oil film, but instead develop 
streaky oil flow, as shown by the photograph on the right in 
Figure 18. When this experiment was repeated at a plate 
temperature of 700°F, oil streaking was more extensive and the 
moving oil drops appeared to be much smaller. These contrasting 
wetting characteristics may quite possibly account for the 
markedly different performances of the two lubricants in the 
high temperature bearing rig studies cited earlier. 

As a matter of interest, spreading of a sessile drop of 
MCS 293 on the test plate was visually observed at 72OF. 
Observation again indicates no measurable spreading of the drop 
within a 24-hour test period, another indication that MCS 293 
does not effectively wet the CVM WB-49 test plate material. It 
would be interesting to determine how this lubricant spreads on 
other solid surfaces. 

vi) Effect of Lubricant Temperature 

It has been seen that the wetting characteristics of a microfog 
lubricant are influenced by such oil temperature dependent factors 
as the lubricant properties, rate of oil-mist output, and (oil/gas) 
mass flow ratio. To evaluate the overall effects of lubricant 
temperature on wetting, the gas and lubricant temperature at the 
microfog generator were varied ranging from 100 to 300'F. 
Determinations of the wetting rates for FN 2961 and XRM 109 F 
were made with No. 1 nozzle at plate temperatures of 600, 900, and 
80O0F. Wetting data, summarized in Appendix C, are shown in 
Figures 19 through 22, where wetting rate has been plotted against 
(oil/gas) mass flow ratio for different temperatures. The wetting 
rate data and the specific and minimum wetting rates determined 
from t@ plots are summarized in Table 7 .  Also included are the 
wetting data for the test lubricants at 20O0F. 

It is apparent from Figures 19 to 22, and Table 7 ,  that for  
a given gas flow rate and a fixed plate temperature, as generator 
temperature increases, the wetting rate and minimum wetting rate 
increase, while specific wetting rate decreases. For example, 
for the case of XRM 109 F at 600°F and gas flow rate of 3 cfmp the 
wetting rate increases from 5.1 to 12.5 cm2/sec, when the 
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genera tor  temperature i s  r a i s e d  from 1 0 0  t o  300QF. A s i m i l a r  t r end  
can be found f o r  4 cfm and t h e  other o i l  t e s t e d ,  F N  2961.  A t  t h e  
same t i m e  t h e  s p e c i f i c  wet t ing ra te ,  which i s  an a r b i t r a r y  compara- 
t i v e  t e r m  based on (o i l / gas )  mass flow r a t io ,  i s  reduced from 
1 6 . 2  x l o 3  to  8 ,7  x l o 3  cm2/sec/(oil /gas) m a s s  r a t i o ,  while t h e  
minimum wet t ing  r a t e  i nc reases  from 0.6  x 10'3 t o  3.6 x 
these  r e s u l t s  may seem con t rad ic to ry ;  they simply r e f l e c t ,  and 
i l l u s t r a t e ,  t h e  d i f f e r e n c e  between wet t ing ra te  and s p e c i f i c  
wet t ing r a t e .  A s  mentioned previous ly ,  when l u b r i c a n t  temperature 
i s  r a i s e d ,  t h e  rate o f  o i f -mis t  ou tput  f o r  a given gas flow rate  is  
increased;  hence t h e  wet t ing  r a t e ,  i n  which wet t ing  i s  r e f e r r e d  
simply t o  t i m e ,  i s  a l s o  increased.  The inc rease  i n  wet t ing  r a t e  
i s ,  however, lower than expected f o r  t h e  inc rease  i n  ( o i l / g a s )  mass 
flow ra t io ;  hence t h e  s p e c i f i c  wet t ing  r a t e ,  which r e f e r s  wet t ing  
r a t e  t o  mass flow r a t io ,  i s  decreased. The increase i n  minimum 
wett ing ra te  with r i s i n g  l u b r i c a n t  temperature i s  probably caused 
by more l u b r i c a n t  l o s s  through s t r e a k i n g  and evaporat ion.  

A l l  

T e s t  r e s u l t s  f o r  F N  2 9 6 1 ,  al though more e r ra t ic ,  i n d i c a t e  
a s i m i l a r  genera l  t r end  i n  t h e  e f f e c t s  of l u b r i c a n t  temperature on 
wet t ing ra te .  Extensive s t r e a k i n g  of t h e  o i l  f i lms  a t  a l u b r i c a n t  
temperature of 300'F caused a n a l y s i s  of t he  FN 2 9 6 1  wet t ing  d a t a  
more d i f f i c u l t  and less c e r t a i n .  T h i s  type of wet t ing behavior i s  
c h a r a c t e r i s t i c  of l i g h t e r  l u b r i c a n t s ,  and i s  r e f l e c t e d  i n  low 
s p e c i f i c  and high minimum wet t ing  r a t e s .  

From the  comparison of these wet t ing r e s u l t s ,  it may be 
concluded t h a t  f o r  a given l u b r i c a n t ,  optimum opera t ion  of a microfog 
l u b r i c a t i o n  sys t em r e q u i r e s  t h a t  genera tor  temperature be held a s  
low a s  p o s s i b l e ,  provided t h a t  a s u f f i c i e n t  amount of o i l -mis t  may 
be generated by simply varying gas  f low"ra t e .  Moreover, low gas 
and l u b r i c a n t  temperatures would o f f e r  t h e  a d d i t i o n a l  advantages of  
more e f f e c t i v e  h e a t  t r a n s f e r  from heated s o l i d  s u r f a c e s ,  and less 
thermal stress of t h e  l u b r i c a n t .  

v i i )  E f f e c t  of Addit ive 

The wet t ing  r a t e s  of four  blended l u b r i c a n t s  w e r e  determined 
a t  700'F with No., 1 nozzle and a gas  flow rate  of 3 cfm, i n  order  
t o  i n v e s t i g a t e  a d d i t i v e  e f f e c t s  on microfog l u b r i c a t i o n .  The 
blended l u b r i c a n t s  cons is ted  of Krytox 143 AC conta in ing  5% (by w t , )  
duPont a d d i t i v e  N o .  9530-49, MCS 2931,  XRM 1 0 9  F p lus  1 0 %  (by w t . )  
Kendall super-ref ined p a r a f f i n i c  r e s i n  ( 2 0 , 0 0 0  SUS), and XRM 210 A. 
The var ious  a d d i t i v e s  have s e v e r a l  d i f f e r e n t  func t ions  which a r e  
summarized i n  Table I ,  None w e r e  intended p r imar i ly  t o  improve 
performance of t h e  l u b r i c a n t s  f o r  microfog l u b r i c a t i o n ,  and t h i s  
por t ion  o€ t h e  program seeks only t o  determine gene ra l ly  whether 
t he  var ious  types of a d d i t i v e s  which may be encountered i n  advanced 
l u b r i c a n t s  might a f f e c t  microfog l u b r i c a t i o n .  
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Wetting d a t a  of t h e  four  blended l u b r i c a n t s  and t h e i r  base 
l u b r i c a n t s  are summarized i n  Table 8 ,  which also inc ludes  d a t a  f o r  
XRM 177 F a t  3 and 4 c f m  taken from our e a r l i e r  study (2), Compar- 
i son  of test  r e s u l t s  for  I t e m s  1, 2, 3, 4, 11, and 12 i n d i c a t e s  
t h a t  presence of the a d d i t i v e s  used i n  Krytox 143 AC,  MCS 293, and 
XRM 209 A has l i t t l e  e f f e c t  on wet t ing  rate,  The presence of a 
wet t ing agent  which d i s t i n g u i s h e s  MCS 2931 from MCS 293, does n o t  
a l te r  the  wet t ing  p a t t e r n  of MCS 293, which remains s t r eaky  as 
shown i n  Figure 18 .  

O f  p a r t i c u l a r  i n t e r e s t  are the  a d d i t i v e s  i n  XRM 109 F. 
Examination of the wet t ing  d a t a  i n  I t e m s  5 through 1 0  of Table 8 
shows t h a t  the  additives--an antiwear agent ,  and a Kendall p a r a f f i n i c  
resin--markedly inc rease  t h e  wet t ing  rates of  XRM 109 F a t  700OF. It  
has also been repor ted  t h a t  t h e  a d d i t i v e s  improve l u b r i c a t i n g  
performance i n  a f u l l  s c a l e  bear ing high temperature test  ( 6 ) .  
The exac t  cause of  t h e  improved performance imparted by t h e s e  
a d d i t i v e s  i n  XRM 109 F has n o t  been e s t ab l i shed .  I n  t h e  case of 
XRM 177 F ,  a p r o p r i e t a r y  antiwear agent  i s  known t o  improve high 
temperature l u b r i c a t i o n ,  p a r t i c u l a r l y  boundary l u b r i c a t i o n .  
Improvement of boundary l u b r i c a t i o n  gene ra l ly  involves  su r face  
a c t i v i t y ,  which may also be t h e  cause of  improved wet t ing.  
Improved wet t ing  may, i n  t u r n ,  enhance high temperature l u b r i c a t i o n  
through i t s  inf luence  on f i l m  characterist ics as discussed earlier 
under wet t ing  p a t t e r n s .  

T h e  na tu re  of t h e  e f f e c t s  of t h e  Kendall p a r a f f i n i c  r e s i n  i n  
XRM 109 F on wet t ing  and on high temperature l u b r i c a t i o n  i s  even 
less apparent .  The sharp  inc rease  i n  o i l - m i s t  output  when t h e  
r e s i n  i s  p r e s e n t ,  which was discussed ear l ier ,  may account f o r  
much, if n o t  a l l ,  of t h e  inc rease  i n  wet t ing  r a t e .  T h i s  could 
no t ,  however, account f o r  t h e  enhanced high temperature l u b r i c a t i o n  
i n  t h e  bear ing  test  program c i t e d ,  which employed convent ional  
rather than m i s t  l u b r i c a t i o n .  A c a r e f u l  review of t h e  phys ica l  
p r o p e r t i e s  of t h e  r e s i n  r e v e a l s  no obvious connection between these 
p r o p e r t i e s  and t h e  effect of t h e  r e s i n  on wet t ing  rate.  It may be, 
t h e r e f o r e ,  worthwhile t o  vary the  concent ra t ions  of minor c o n s t i t u e n t s  
of t h e  r e s i n ,  such as s u l f u r  and n i t rogen ,  t o  determine whether 
t hese  may account f o r  t h e  effects of t h e  r e s i n  on wet t ing  r a t e ,  
e i t h e r  as wet t ing  a d d i t i v e  or mist ing  agent.  I t  would a l s o  be of 
i n t e r e s t  to  t r y  ou t  l i g h t e r  f r a c t i o n s  of Kendall syper-ref ined 
p a r a f f i n i c  r e s i n s .  

v i i i )  Effect  of Plate  Surface 

Our earlier s t u d i e s  ind ica t ed  t h a t  any su r face  oxides  and o i l  
degradat ion products t h a t  might be formed on t h e  test  p l a t e  i n  t h e  
s h o r t  du ra t ion  of exposure t o  a i r ,  had l i t t l e  inf luence  on the  
wet t ing rates of XRN 174 F a t  60O0F. To f u r t h e r  i n v e s t i g a t e  the  
e f f e c t s  of su r f ace  condi t ions  on w e t t a b i l i t y ,  a series of t e s t  runs 
was made w i t h  four  d i f f e r e n t  su r f ace  condi t ions  a s  follows: 
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d) 2 1.( in.(RMS) surface roughness 

40 1.( in. (RMS) surface roughness 

Black oxide deposit for coating 

0 Coating of oil decomposition products 

Test plate surfaces were finished circumferentially ground to 
the indicated roughnesses, which were determined by using a Brush 
surface indicator, and the measurements were averaged over an 
entire test plate by applying the following expression: 

(3 1 I-? = 1 
* >  aR,Z E (R)dR 

J O  

N 

Black oxide coating was applied to $he test specimens by a 
proprietary alkaline oxidizing mixture (usually a mixture of sodium 
hydroxide and sodium nitrate, nitrites, and chromates, with certain 
trace chemicals) to provide a coating of magnetic Fez03 in conform- 
ance with Military Specification MIL-C-13924, Class I. 

Products of oil decomposition were deposited on a test plate , 
cleaned as specified in the contract, by preheating the plate and 
test lubricant to 350°F, spreading the lubricant uniformly over 
the plate, and then baking it in an oven at 650°F for 30 minutes. 
The process was repeated until a uniform deposit formed on the plate, 

Using these plates prepared as described above, the wetting 
rates of XRM 109 F at 600 and 700°F, and of FN 2961 at 700°F were 
determined with No. 1 nozzle at a gas flow rate of 3 cfm. Wetting 
data, summarized in Appendix D, are presented in Figures 23, 2 4 ,  
and 25. A summary of the wetting rate data on different surfaces 
is also shown in Figure 26. Test results from these Figures 
indicate that the nature of plate surfaces has a profound influence 
on wettability, In particular, Figure 26 clearly demonstrates that 
the wetting rates of FN 2961 and XRM 109 F are decreased by 
increasing surface roughness and by the presence of black oxide 
coating on the test plate, while the rates are unaffected by 
deposits of lubricant decomposition products on the plate. 
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Before discussing the wetting data, it is of interest to 
clarify the conceptual difference between spreading (or wetting) 
and flow, although we have not in discussion thus far distinguished 
between the two transport processes at the interface between 

Spreading occurs at the interface only whereas 
iquid layer adjacent to the solid to be stagnant, 

The mechanics and physical variables which control he processes 
are also &ifferent--the driving force is supplied e ternally for 
viscous flow while the spreading force is intrinsic. Hence, the 
surface properties are dominant in spreading but become unimportant 
in flow, 

Keeping this difference in mind, it is of interest to determine 
whether our study deals, in fact, with spreading or merely with 
flow, and if spreading is involved, to what extent the surface 
properties, such as surface roughness and modifications of plate 
surface, influence the wetting rates of two chemically different 
lubricants, FN 2961 (naphthenic oil) and XRM 109 F (paraffinic oil), 
As mentioned above, the test results indicate that the micro 
scratches left by circumferential grinding - ieeer scratches 
perpendicular to the oil film spreading - reduce spreading rates, 
This reduction of spreading rates with increasing surface roughness, 
which is contrary to PoiseuillDs law for the flow of Newtonian 
liquid through cylindrical tubes, suggests that the prese 
involves spreading phenomena rather than flow. For the Poiseuill's 
flow the dimensionless pressure drop is independent of the surface 
roughness, but dependent upon Reynolds numberp and is given by 

The apparent dominance of spreading over flow phenomena in this study 
is unexpected considering that for a thin liquid film flow induced 

trearn, surface rough ess should have little 
since the surface f rces of the l i q u i d  film 

nterface would become negligible in comparison 
rces at the gas-liquid in erface e Neve'rthe- 
esults ind4cate that the preading forces 

are still a dominant factor or this study, 

sidering the wetting properties of solid surfaces,. as 

affected by the surface energ 
tting rates for a given lubricant would be 

nt is in contact. It 
ants, because of their comparativ 

pread freel on solids of high surface energyI since 
It a large ecrease in the surface free energy of 

the system, On solids of low surface free nergies comparable to 
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those of lubricants, however, the lubricants should exhibit non- 
spreading characteristics. 

The investigation of surface composition effects on wettability 
utilized two different surface coatings--one comprised of black 
oxide and the other of oxidative lubricant degradation.products. 
These are presumed to have, respectively, a high and a low specific 
surface free energy. The wetting rate data for XRM 109 F and 
FN 2961, shown in Figure 26, reveal that the black oxide coating 
greatly reduces the wetting rates of the test lubricants, while 
deposits from lubricant decomposition have little effect. In 
addition, careful review of the movie films reveals that thin 
lubricant films advancing on a black oxide surface seem to have 
somewhat high contact angles. 

Since metal oxides generally increase the specific surface 
free energies of solids, one would expect a lubricant to spread 
more freely on an oxide surface than on the free metal. To 
examine this theory, the spreading time of XRM 109 F was determined 
at 7S0F by photographically following the enlargement of the inter- 
facial contact area after carefully introducing a sessile drop 
(equivolume) onto either a test plate with a black oxide surface 
or one with the surface free of oxide. The interfacial contact: 
areas measured at three different stages are: 

Diameter of Wetted Area, mm 
Non-oxide Black oxide 

0 5.5 6.0 

4 9.0 13.0 

22 11.0 20.0 

The data obtained from this crude experiment seem to confirm the 
theoretical analysis discussed above, which predicted faster spread- 
ing of XRM 109 F on the oxide surface than on the free metal. 
Nevertheless, contrary to both theory and the results of this simple 
experiment, comparison of the wetting rates of XRM 109 F on the 
black oxide surface and the free metal (both at 6 p in surface 
roughness) clearly indicates that the black oxide surface increases 
the friction coefficient of spreading at 600 and 700°F, which in 
turn increases spreading time. A similar conclusion can be drawn 
when the wetting rates of FN 2961 at 700°F are compared. These 
contradictory results are presently unexplained. Possibly, at 
high plate temperature, surface-chemical changes of the black oxide 
may alter the surface properties in such a way as to impede free 
spread of the lubricant. This qualitative reasoning has not been 
verified experimentally. 



In discussing the effects of plate surface, one must consider 
another common case in which the surface is covered with the chemical 
reaction products of the lubricant. When the temperature becomes 
high, lubricants often undergo chemical changes, such as thermal 
decomposition, oxidation, or hydrolysis, to form undesirable 
products, The reaction products in the lubricants may be highly 
adsorbable and may cause the formation of new low-energy surface 
films on which the lubricants may not readily spread. It is, 
therefore, of interest to determine whether the new low-energy 
surfaces formed by lubricant degradation products have any effect 
on wetting rate. Figures 23 through 26 show that the new surfaces 
prepared as previously described have no influence on the wetting 
rates of FN 2961 and XRM 109 F at 700OF. Thus, deposits from 
lubricant oxidative degradation neither enhance nor hinder the 
wettabilities of the two lubricants. In practice, such as bearing 
operations, there is some evidence that such deposits of lubricant 
decomposition products actually prevent metal fatigue. 

Another interesting point to note from these wetting data 
is that chemical differences between naphthenic lubricant FN 2961 
and paraffinic XRM 109 F have little apparent effect on wettability 
regardless of the surface conditions of test plates. 

Finally, review of these wetting data indicates a need for a 
better understanding of the hydrodynamics of the spreading of thin 
oil films on solids, which would be consistent with the Mavier- 
Stokes equation of motion. Moreover, techniques must be developed 
to provide first-hand information on the metallurgical changes and 
chemical nature of surfaces, particularly on the interface 
thermodynamic properties at elevated temperatures. Until then, 
many questions remain unanswered. 
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IV. NOTATIONS 

A :  

Ao 2 

NRe 
P :  
Qg : 
R :  

Ro : 

u :  
w :  

s u r f a c e  area of t e s t  p l a t e  
t o t a l  s u r f a c e  area of t es t  p l a t e  
cons t an t  i n  Equation ( 2 )  
cons t an t  i n  Equation 
c o n s t a n t  i n  Equation 
cons t an t  i n  Equation 
diameter  of p ipe  
geometric cons t an t  for microfog gene ra to r  
l e n g t h  of t r a n s f e r  pa th  
t o t a l  number of tes t  measurement 
Reynolds number = (UL/v) 
p re s su re  
volumetr ic  gas  flow ra te  .- 
r a d i u s  
r a d i u s  of t o t a l  area 
v e l o c i t y  
ra te  of o i l - m i s t  ou tpu t  

Greek Letters 

A 
E 

7J 
V 

71 

P 
(J 

denot ing a s m a l l  increment 
area-mean s u r f a c e  roughness of t es t  p l a t e  
dynamic v i s c o s i t y  
kinematic  v i s c o s i t y  
3-14 
d e n s i t y  
s u r f a c e  t e n s i o n  
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APPENDIX A 

Statement of Work 
Contract NAS3-13207 

I. SCOPE OF WORK 

The Contractor shall furnish the necessary personnel, facilities, 
services, and materials (except the Government Furnished Property 
as specified in Article X I V )  and otherwise do all things 
necessary for, or incident to, the work described below: 

A. Task I - Mist Generator Tests 
The? Contractor shall- iqvestigate the'wettability of five 
test lubricants under a range of ambient conditions and in 
a manner as prescribed in this task. 

1. Test Lubricants 

The following five lubricants shall be used in this 
investigation: 

a. Dupont Krytox 143 AC perfluorinated fluid (non- 
formulated) . 

b. Monsanto MCS-293 modified polyphenyl ether. 

c. Mobil XRM-109F synthetic paraffinic hydrocarbon., 

d. Mobil XRM-209A, pentaerythritol ester, 

e. Humble FN-2961 super refined (deep-dewaxed) 
naphthenic mineral oil (base for Humble FN-3158). 

Substitution of items in this list shall be made if 
recommended by the Contractor and approved by the NASA. 
Project Managers. 

2 ,  Test Rig and Instrumentation 

The Contractor shall provide the microfog bubricant 
applicator test rig, test specimens, and instrumentation 
that were designed, fabricated, and used under NASA 
Contract NAS3-9400. This equipment is described in 
Task I of Appendix I, Statement of Work, and subsequent 
amendments of that contract. 
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3. Test Procedure and Conditions 

The Contractor shall perform a series of wettability 
tests using each of the five test lubricants listed in 
Task I, paragraph A.P under each set of standard* test 
conditions. These standard test conditions are as 
listed below and shall be used throughout this contract 
unless otherwise specified. 

a. 

b. 

C. 

Standard Test Conditions 

Oil and gas temperatures in generator: 200 
(+ s_ 10) OFI 

Test specimen temperature: 600, 700, and 800 
(+ I 10) OF. 

Nitrogen flow rate: 2, 3, and 4 cfm (at 45 
psig and 200°F). 

Spray nozzle:: converging type, orifice diameter 
of 0.171 in. and 0.281 in. 

Spray distance between nozzle and test plate: 
1 inch. 

Test chamber pressure: 45 (+ 5) psig. 

Test specimen: 2 (9 1/21 in. x 2 (+ 1/21 in, x 
114 (9 1/16) in. maze of hardened Cm WB-49 
materral and finished circumferentially ground 
to 4 to 8 u in. RMS. 

- 

Wettability shall be determined-using the photographic 
technique developed in Contract NAS3-9400. 

Prior to the start of each run, the test chamber . 
and specimen shall be brought to the required temper- 
ature. A stream of pure nitrogen, at the same rate 
as the nitrogen stream to be introduced from the 
microfog generator, shall then be sprayed through 
the nozzle. The run shall be started by switching to 
the nitrogen stream carrying fog from the microfog 
generator when the specimen temperature has recovered 
to the control temperature, and the nozzle tempera- 
ture has reached equilibrium. 
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d. 

e. 

All lubricants shall be degassed for a 72 hour period 
immediately before running by means of. a mechanical 
vacuum pump capable of maintaining a pressure of 
lom3 mm Hq, while vibrating the fluid. The test 
chamber shall be pumped down with a mechanical pump 
prior to a run and then purged with nitrogen during 
the run. 

Test Runs 

(1) Metal test specimens shall be cleaned before 
each test in the following manner: 

(a) Rinsed with acetone. 

(b) Scrubbed with moist levigated alumina and 
a soft polishing cloth. 

(c) Thoroughly rinsed with tap water. 

(d) Rinsed briefly with distilled water. 

(e) Rinsed with ethyl alcohol. 

A run shall consist of operating the generator 
with a test lubricant under a set of conditions 
while impinging the mist on the specimen. After 
reaching equilibrium conditions of pressure, 
temperature, and flow, the wettability shall be 
recorded by measuring the time required to cover 
the entire metal specimen with a complete film 
of oil, Similarly, the particle size and veLocity 
shall be determined under the identical conditions. 
A minimum of 90 runs shall be made to include all 
test conditions in Task I, 

B. Task I1 - Optimization of Microfog Lubrication 
The Contractor shall investigate the effects of various 
factors on wetting rate in microfog lubrication, These shall 
include the effect of gas and oil temperature on wettability, 
modification oil properties by additives, and the effect of 
test plate surface condition. Two reference test fluids 
common to both the Task I and Task I1 shall be selected, one 
of which will be MobiI XRM-109F synthetic paraffinic 
hydrocarbon. Selection of the second fluid by the Contractor 
shall be subject to approval by the NASA Project Manager. 
One spray nozzle, selected by the Contractor and approved by 
the NASA Project Manager, shall be used in this task. The 
test procedure and equipment of Task I shall be used, 
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1, 

2. 

3. 

Effect of Gas and Generator Temperature 

The Contractor shall perform two series of wettability 
tests under the standard test conditions as listed in 
Task I, paragraph C, with the exception that the gas 
and generator temperature shall be 100 and 300 (+ 10)OF. 
A minimum of 36 runs shall be made to include alrthese 
conditions. 

Effect of Additives 

The Contractor shall perform a series of wettability 
tests under the standard test conditions as listed in 
Task I, paragraph 3, with the following exceptions: 

a. Test plate temperature shall be held at 700 (+ 10)'F 
I 

only. 

b. Nitrogen flow rate shall be held at 3 cfm only. 

c. Four blended fluids shall be tested. The blended 
fluids shall consist of: (1) Mobil XRM-1O9F plus 
10 weight percent of Kendall paraffinic resin 
(20,000 SUS), (2) Mobil XRM-21OA, formulated 
pentaerythritol ester, ( 3 )  Monsanto MCS-2931 and 
(4) DuPont additive No. 9530-49. Substitution of 
any of these fluids shall be made if recommended by 
the Contractor and approved by the NASA Project 
Manager. A minimum of 4 runs shall be made to 
include all these conditions., 

Effect of Test Plate Surface 

The Contractor shall perform a series of wettability tests 
using two fluids (XRM-109F and another fZuid common to 
Task I and Task I1 selected by the Contractor and approved 
by the NASA Project Manager) with varying surface 
roughnesses of test elate under the standard test conditions 
as described in Tqsk I, paragraph 3 except that the test 
plate temperature shall be held at 700 (+ 10) OF and the 
nitrogen flow rate held at 3 cfm during gll the runs, 
The surface roughnesses of test plate shall include two 
finish types (i.e.# honed and lapped) and two coating 
types (ice., black oxide and fluid decomposition product), 
A minimum of 8 Tuns shall be made to include all these 
conditions. 

C. Task 111 - Wettability of Lubricants on a Rotating Disk 
The Contractor shall investigate the stability of a thin oil 
film on a heated rotating metal disk and its effect on wetta- 
bility. 
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1. Test Chamber 

The Contractor shall design and fabricate a test chamber 
with a rotating, flat disk or test specimen. Test 
chamber design shall be approved by the NASA Project 
Manager prior to its fabrication. The disk shall be 
4 inches in diameter, made of CVM WB-49 tab1 steel 
circumferentially ground to 4 - 8 y inches RMS, and 
shall be capable of variable rokative speeds up to 
5,000 rpm and higher as limited by the power requirement 
for a driving motor. The disk shall be mounted in a 
vertical position in the test chamber with a flat side 
facing the spray nozzle, positioned at a right angle to 
the disk surface and at one inch from that surface. The 
chamber shall be a thermostatically-and pressure 
controlled oven for simulation of pressures up to 80 
psia and temperatures up to 1000OF. The chamber shall 
have an observation port through which visual and 
photographic observations of the test specimen can be 
made. A heater mounted closely behind the rotating 
disk shall be capable of maintaining the required 
temperature during operation. The disk shall also be 
equipped with a thermal flux transducer by which %he 
rate- of heat transfer through the disk can be measured 
Tiuring operation. A dropwise oil feed system shall be 
provided as well as the microfog spray system. 

2 .  Film Formation and Wettabilitv Tests on a Rotatina Disk 

The Contractor shall perform two series of wettability 
tests under the standard conditions as described in 
Task I, Section 3 ,  using the test chamber and test disk 
described in Section A of this Task. One spray nozzle,. 
selected by the Contractor and approved by the NASA 
Project Manager, shall be used in this Task. In one 
series the dropwise oil feed system shall be used and 
in the other the microfog spray system. The oil feed 
shall be located at a one inch horizontal distance from 
the disk surface and directed normal to that surface. 
The oil feed shall be directed at a radial distance of 
one-half inch to one inch from the center of the disk 
as recommended by the Contractor and approved by the 
NASA Project Manager. Two reference test fluids, the 
same as tested in Task 11, shall be used in both series 
of tests., These tests shall be conducted while the 
test disk is under static condition and at two different 
speeds up to 5,000 rpm or higher as recommended by the 
Contractor and approved by the NASA Project Manager. A 
minimum of 108 runs shall be made to inclu- all these 
conditions, 
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D, Task IV - Surface Cooling Studies 
Using the microfog lubricant applicagor test gig specif iea 
in Task 111, the Contractor shall measure the cooling effect 
of oil-fog sprays on the heated rotating disk for four 
different oils or formulations. The disk shall be maintained 
at the required temperature while spraying each of four test 
fluids on the disk. After reaching steady state conditions 
of temperature, pressure, and flow, the rate of heat transfer 
through the disk shall be measured by using a thermal flux 
transducer in conjunction with a recording potentiometer. 
Test conditions shall be used as defined in Task 111, 
Section 2, except that the dropwise feed system shall not 
be used, with two blended fluids. The blended fluids shall 
consist of: (1) Mobil XRM-109 F synthetic paraffinic 
hydrocarbon plus 10 weight percent of Mobil XRM-126A fluEd. 
A minimum of 108 runs shall be made to include all these 
conditions. 

E. T~ 
Mist Generator 

Using the test equipment and test conditions as specified 
in Task I11 for the microfog feed system, the Contractor 
shall perform a series of wettability tests with one 
reference base fluid and one rotative speed to be selected 
by the Contractor and approved by the NASA Project Manager, 
with the novel reclassifiers and flight weight-mist g$nerator 
as described in the following sections. 

1. Tests shall be made with two new reclassifier nozzles 
in conjunction with the microfog generator supplied in 
Task I. The Government will provide one of these 
nozzles, and the Contractor shall design and fabricate 
the second no-tzle which shall be capable of delivering 
a secondary gas stream to the test specimen, in addition 
to a primary microfog stream from the generator. Nozzle 
design shall be approved by the NASA Project Manager 
prior to its fabrication. A minimum of 18 runs shall 
be made to include a11 these conditions. 

2. Two series of wettability tests shall be made with a new 
flight weight mist generator to be supplied by NASA. In 
one series, one conventional nozzle from Task I shall 
be used selected by the Contractor and approved by the 
NASA Project Manager, and in the other series the new 
reclassifier nozzles specified in Section A of this task 
shall be used, A minimum of 18 runs shall be made to 
includ'e all these conditions. 
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F. Specia l  C a l i b r a t i o n  and D a t a  Requirements 

1. S E e c i f i c  Data t o  be Reported 

A s  a p a r t  of  the  d a t a  t o  be repor ted  under A r t i c l e  VI1 - 
REPORTS OF WORK, of t h i s  c o n t r a c t ,  t h e  Contractor  s h a l l  
s p e c i f i c a l l y  inc lude  t h e  following da ta :  

a. Average drop p a r t i c l e s  s i z e  (microns) and s i z e  
range for each 'condi t ion of nozzle opera t ioh .  

b. Wet t ab i l i t y  of f l u i d  on m e t a l  t e s t  specimen as a 
func t ion  of p a r t i c l e  s i z e ,  gas  ve1oci ty ;meta l  
temperature and other parameters as can be determined 
from th'e d a t a  such a s  vapor p re s su re ,  v i s c o s i t y ,  
d e n s i t y  and sur fake  tens ion .  

2. C a l i b r a t i o n  and Addit ional  Data Requirements 

a. Apparatus and instruments  used s h a l l  be c a l i b r a t e d  
p r i o r  t o  t h e  s t a r t  and a t  scheduled i n t e r v a l s  during 
the  program. 

b. An equipment log  s h a l l  be maintained for each 
appara tus  and instrument .  Dated e n t r i e s  s h a l l  be 
made f o r  a l l  c a l i b r a t i o n  r e s u l t s ,  a l l  uses  of t he  
equipment, all i n spec t ion  d a t a ,  and a l l  maintenance 
ope ra t i ans  on t h e  equipment. 
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