
RESEARCH MEMORANDUM 

PRELIMINARY INVESTIGATION OF MOLYBDENUM  DISULFIDE - 
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A preUmha,ry investigation of the effectivenebs of mlybdenvrm. 
disulfide ae a bearing lzibricant at  high temperature, and at 
high speeds wa8 coducted. Molybaenum disulf ide was applied in t h ree  
w a y s :  (1) by preparhg the bear- before running with a MoSz 

w i t h  a McS2-air mist spray, and (3) by a c d t m t i o n  of the MoS2 

c 

i sgplrp-bonded coating, (2) by lubricating the bearing during operation 

mw-bonded precoating d the m z - a i r  Dl0thodS. 

The high-temperature evaluation was conducted with, 1- Inch-bore 
b a l l  bearings equipped with two piece, stamped a d  riveted steel 
cages over a range of ambient temperatures f r o m  roan tanperature t o  

. 1000° T; and DN values   (prduct  of bearing bore in.m and ahaft 
sped in rp?~) f roan  0.04~ 106 t o  0.09~106 at a thrust 10ad of 
20 po~mds. The test; bearings were lubricated  with MoSZ-air mist at 
the rate of 0.35 t o  0.7 ounce per hour. 

The high-speed svLLua,tionwae  conducted in a radial-load r i g  with 
three types of 75-&ter-bore (s ize  215) cylindrical-roller  bear- 
ing: (a) cageless  roller  bearings, (b) one-piece  inner-race-riding 
c8ge-type bearings, a d  (c) two-piece ro l l e r - r idbg  cage-t e bearlnga. 
Bearing DR values were varied from 0.3X lo6 t o  0.975 X lo? the radial 
load was 368 ~ u n d s ,  and all three methods of lubrication w e r e  used. 

A 1-inch-bore ball bearin@; operakd satisfactorfly for 6 hows 
when lubricated only by a MoS2-air m i s t  at a speed of 1725 rpm a 
thrust load of 20 pouTlde, and a t  an ambient temperature that waa pro- 
gressively  Increased in 200° hcregents from 40O0 t o  800° F. The 

increased t o  1000° F. T n  a duplioate test, a second bearing ran  

I 

L bearing failed, ,-ever, when the  temperature was subsequently 
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succeesfully for 1 hour at  1000° F for a total r u m h g  tims of 
8.4 hours at which time the t e s t  wa8 terminated for Fnapectlon of the 
bearing. The bearing  surface wae f owd to be badly oxidized,. 

A a i m  215 cylindrical, oageless ro l l e r  bearing provided with a 
syrup coating before operation aa3 lubricated only with Moaz- 

air mist d u r h g  operation ran sat isfactor i ly  for 11.8 hours without 
showing signs of w e a r  or  surface damage. The run was conducted a t  a 
lcad of 368 pounds and at DIT  value^ which  were increased progres- 
sively fram 0.3 x lo6 to 0.975 X 106 (13,000 rpm) . . The maximum bearing 
temperature wa8 3860 I?. . 

Roller-riding a;nd h e r - r a m - r i d i n g  bronze (brass) cage-type 
bearings when subjeoted t o  slallar oonditione indicated a lower limit- 
Fng DN than the cageless-type  bearings and lshowed signs of consid- 
erable w e a r .  

Lubrication provided solely by a eyrup-bonded coating of MoSz 
over all bearing surfaces wag kt effective in lubricating s i ze  215 
o y l l n d r i d - r o l l a r  bearings mbjected  to a load of 368 pounde. 

Operation of bearings without  lubrication resulted in  failures 
of both  Inaer-race-riding and cageless roller  bearings after re la t ive ly  
short periods of operat$on. 

A lubricant  or a mea~ls of lubrication has been Bought that w i l l  
allow operation of partfl in roll- and sliding contact beyond a tem- 
perature range of -65O t o  400° F and at  extreme ape& ln certain 
&ppliCatiOIm. Oil-air &et and circulating oi l - Je t  methods of lubri- 
oation are at  present eqployed and a r e  limited in use to  the  afore- 
mentioned tmgerature ramge. Synthetic lubricants offer promise of 
improvement over mineral o i l s  and greases, although they a r e  at pre- 
eent limited t o  teqeratures below 50O0 F (references 1 and 2 ) .  

m i c t i o n  between surfaces i n  sllding contact is effectively 
reduced when a sp?~p-bonded coating of molybdenum dieulfide M- 18 

present between the surfaces (reference 3). Although a prsllmlnary 
investigation of roller  bearings coated. with  syrup-boded MoS2 ami 
run d q  (results  reported herein) &owed excessive w e a r  after limited 
operation at low speeds, the results were sufficiently promising to 
indicate the possibi l i t ies  of M q  ae a bearing lubricant. A n  inves- 
t igat ion was therefore canductal at  the NACA mi6 laboratory to deter- 
m i n e  the relative merits of a n e w  and Unique lubrication bchnique 

U 
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% hareinafter referred to 88 "molybdenum disulfide - air mist" lubrioa- 
tion. The results of this Invest igat ion  for  MoS2-air mist, in gar- 
tic-, are reported here ln far: 

(a) High temperatures and law ~ p e d . 5  

'ifne investigation was not conducted at the combined conditione of IJI& 
speeds and high temperature because of the preliminary nature of the 
work. It is emphasized that this bmelstigation is of pre1imLrw-y 
nature, and that all tes ts  were oonduoted with commercially ava-ble 
bearas. The results are considered to be w&h reporting a t  t h i s  
t-, however, Fn that the high tamperature a d  the hfgh-tasrperature 
high-speed lubricant groblam IE at present very critical in certain 
ayplicatiom such as guided mimiles a d  rockets. 

The high-tempratme evaluation was conducted with 1-inoh-bore 
b a l l  bea,rings equipped with two-piece, stamped a d  r iveted steel cages. 
For comparison, these bearings, a few of which were surface treated t o  
form a film of ferroso ferric oxide Fe3O4, were operated  both dry a& 

lows: ambient tamgemtures approximately 40O0, 600°, 800°, and 10(30° 
S O o  F; speeds, 1725 and 3400 rpm; load., 20 pods thrust; M q  flow 
rate, 0.35 t o  0.7 per hour; a d  lubricant air pressure 0.3 to 
0.8 inch of m e r c w .  

c 

* w i t h  *-air mist lubrication. The operating variables were a B  fol- 

The high-speed evaluation was conducted with three types of con- 
ventional 75-miL1lmeter-bore cylindrical-roller bear-. One type w a s  
equipped with 18 cylindrical rollers, 0.55l3-inch  dimueter by 
0.551 Fnclh long, spaced by a one-pfece Fnner-race-rid- bronze (brass) 
w e ;  a secolld type WBB equipped w i t h  17 cylindrical  rol lers ,  
0.5255-inch diameter by 0.650 inch  long,  paced by a-two-piece  roller- 
r iding bronze (brass) cage; snd the third type w a s  a cageless r o l l e r  
bearing equipped w i t h  2 1  c y l b d r i c a l  ro l l e r s ,  0.5635-inch dfameter by 
0.5625-lnch lOng. 

For camparisdn, these bearings were operated dry, a d  with the 
following lubricating techniquea: circulating o l l  through a sFngle 
jet, MoSz- syrup coating, M2- eyru-p coatfng over l i q u i d  hod sur- 

faces, and %-air mist (two methods). The operating v a r k b l e s  were 

368  pounds radial; MoBz flow rate, 0 t o  1.6 omcee per hour; air pres- 
sure, 0 t o  12 Inches of mercury, a d  o i l  flaw, 2.75 pounds per minute. 

c as follows: DN, 0.3 X IO6 t o  0.975 X lo6 (bxxx, t o  13,000 rpm) ; load, 

L. 
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I mmm 
High-temperature rig. - The high-temperature rig (fig. l), con- 

sisted of a modified d r i l l  prem, a Bmall cavity reeistanoe furnace, 

The test bearing was mounted on a rrpindle driven by the drill 
press. Modification8 made t o  the drill-press fac i l i t a ted  axial 1.0aaing 
of the teat  bearing, The outer race of the t e a t  bearing waa seated in 
a fixture looated at the bottom of t h e  furnace cavity. Il?re fixture was 
so designed that the test bearFTI@yould not ?M loaded in the radial 
direction by differential  thermal expansion between the furnace, the  
fixture, and the ouhr   r ace  of the test bear- (fig. 1(a) ) . 

The drill press was modified in that the rack and pinion were 
replaced by a load -arm (fig. l(b)) which loaded the spFndle ver t ical ly  
downward without  introducing a horizontal. compnent of the lo8.d on the 
aphd le  supports. This a l te ra t ion  made it possible  to obtain reproduc- 
ible cal ibrat iom of the laad applled  to' the test  bearing. The 
spindle was driven by a 1/3 horsepower, 1725 rpm motor. The spindle 
epeeds available w e r e  460, 900, 1725, 3400, and -6300 rpm. 

The furnace (fig. l(a) ) ooneisted of an 8-inoh diamater by d inch 

high cylinder of Inconel with a 2g inch by % inch  cavity In the  center. 

The kconel  block wae heated by the power lorn in a coil of ohrams1 
wire of 6 OW resistance wound arotmd t h e  block. The cavity tampera- 
t u r e  wa~ regulated by of a continuouerly adjustable autotramfor- 
mer, which controlled the voltage.outpUt of the U.0-volt source. The 
furnace was equipped with an autdmatic temperature control. 

4 
1 1 

The outer-race  bearing  temperature, a8 well as the wall t q e r a -  
ture of the cavity at it8 bottam center, was obtained by means of 
chromsl-alumel  thermocouples and a potentiometer  with a cold junction. 

The lubricating syatam was designed to supply --&e mist to 
the vicinity of the bearing. The srstem conefeted of a low-pressure 
air supply, a presmre.-regulating  valve, an sir filter, a 6.5-ounce 
bottle of MoS2 (the average particle size in percent by weight ie 
given in table I), and a length of l/l6-inoh copper tubing from the 
MoS2 bo t t l e   t o  the vlcini ty  of the test bearfng. The W Z  bot t le  
wag sl ight ly  pressurized t o  agitate the l~ricant. A i r  l eavhg  the 
bott le  through the.  1/16-inch  tube carried  particlee of W2 with it 
to  the  bearing. The M0S2-ab lubrtcarrt miet was directed t o  a point 
just beneath the test bearing in  the furnace cavity ( f i g .  lfa)). A 
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large portion of the solid part ic les  of Ma& f e l l  to   the  cavi ty  bot- 
tomwithout  contacting the bear-. Air pressure carried the finer 
par t ic les   to  the test beaxing for lubrication. 

Test bearings F e d  in high-temperature  Fnveatigatton. - The physi- 
cal characterist ics of the   t ea t  bearings used in  the  high-temperature 
rig are given Fn table II. These bearings were standard b a l l  bearings 
with two-piece, stamped and riveted steel cages (fig. 2 ) .  The b e a r a s  
were of the inch series,  
diameter, 2 inches; and w%:h:38 inch. The inner race, out& race 

miom being: bore, 1 inch- outside 

and balls were of SXS 52100 steel. 

A caustic potassium n i t r a t e  treatment waa used t o  form a black 
tenaciom f31m of ferroso ferr-ic oxlde Fe 0 on the surfaces of two 
of the bearings. The clean  bearings were immersed successively i n  two 
baths, each of which comieted of one part potasa im nitrate KN03 

and two parts sodium hydroxide NaOH. The baths were kept at  141' 
and E A o  C by dilut ion with water. The immersion time in each bath 
was not c r i t i c a l .  After immersion the bearings were washed in boiling 
water and dried In cleari aFr. 

3 4  

High-speed rig. - The high-speed bearing rig (fig. 3) used far 
this investigation is deecribed in references 4 and 5. The bear- 
&er investigation was mounted on one e d  of the test shaft, which w a s  
supported in c a n t i l e v q  fashion, far observation of bearing coqohent 
-6 ani lubricant flow during  operation. Radial load was applied t o  
the experimental bearing by meane of a lever and dead weight  system in 
mch a m e r  that the outer race of the experimental bearing was esaen- 
t i a l l y  unaffected by mall shaft deflections  or by small shaft a d  load 
arm misalinements. The drive equipme& is described in reference 4. 
The speed of the test shaft w a s  800 t o  50,000 rpm. 

The method of tqera ture  measurement is described in reference 4. 
Briefly, f o r  the test bearing,  outer-race bearing temperatures were 
measured by mease of six i r ~ ~ - ~ o m t & ~ r t =  thermocouples located at  60° 
Fntervals axound the  outer-mce  periphery at  t b  axial center llne of 
the  bearing under investigation. Innsr-race bearing tmgera%ures were 
measured 'by mans of a copper-oonstantan thermocouple preseed againat 
the her-race W i d e - s u r f a c e  a t  the axial midpoint of the  bearing, the 
voltage be- e m i t t e d  from the  rotating shaft by mans of a l ip  
rings. 

The support bearlngs were lubricafied in  the manner described in 
reference 4. A double fe l t  seal  w a 8  inetalled on the Bhaft between the 
center  support  bearing and the t e s t  bearing for all dry m, MoSz 
spupbonded film rune, Ehnd Mc+-air mist ru11~. A suction fan w a B  

installed between the support beaZlngE t0 caum a slight flaw of sir 
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f rom the test section  through the &aft seal. These precautiom were 
taken t o  prevent o i l  and o i l  mist from enter- the test  bearing  eec- 
t i o n  of the rig. (The felt seal heated the test shaft somewhat, the 
emot  amount depending on the a f t  speed and previous e e a l  operating 
the. Therefore, precise comparisons  between rune with and without 
the seal should not be attempted.) 

Molybdellum diaulfide sm-bonded coatinge (references 3 and 6) 
were applied t o  bea;ringe 12,  l3, 14, a d  15 (table III). A new tech- 
nique wae wed w i t h  bearings 12 and W. All the surfaces of these two 
bearings were f*st liquid honed with nwber 80 grit before the c0atLn.g 
of syrup was applied. This sequence of treatments provided a 
somswhat more tenscioue film of Mo% on both the steel and brass w- 
faces of t he   t e s t  bearings. 

cc 
to 
cu N 

TWO MOS~-& mist eyst;ams were employed (fig. 4). The s ~ n g ~ e -  

opposed j e t  system is i l luetrated in  figures  4(a) and 4(b) and the 
mod~fied-single-jet system i e  ehown in figure 4(c). m e  operation of 
bearings 15 (cageless) and 16 (one-piece  Inner-race-riding cage tspe) 
were par t icular ly   sensi t ive  to   the amount of MoS2 supplied by the a l r  
S k W a U l  of tb 8ingle-OppO8ed M o l S Z - a i r  IUi8t.jet Bystem. This 8yst0IU 

proved faulty  became it did  not  deliver a constant amount of MoSz 
per unit time when the s q p l y  air pressure wa8 maintained  conetmt. 
The faulty operation waa due presumably t o  the intermittent clogging 
and breaking away of &gglomeratiom of WZ partioles in the feed 
linea. AccordFngly, a modified-single-jet system was desi@;ned 
(fig.  4( c) ) to  qisperse the eolid MoSz =t ic lee  in euch a m r  . - ." 

that the larger particles would f a l l  away from the bearing. In order 
t o  accomplish this distribution, a second air  j e t  was introduced per- 
pendicular t o   t h e  W 2 - a i r  jet. The pressure of t h i s  air  jet was 
adjueted 80 th%t O n l y  the m W  part id08 W e r e  ca;rried t o  t h  
bearing. 

T e s t  bearings used for  huh-speed inveErtigation. - The physical 
characterist ics of the seven test bearings used Fn the high-speed r i g  
are  given in table III. Three cy-pee of cylindrical-roller bearing 
were investigated (fig. 5). one type was a conventiond  roller bearing 
equipped with 18 cylindrical rollers, 0.5513-inch diameter by 
0.551 inch long, spaced by a one-piece mer-race-riding  braes cage; 
the e e c o d  type was a cormentional r o l l e r  bearing equipped with , 

1 7  cylindrical   rollers,  0.5255-inch diasleter by 0.650 tach long, 
lspaced by a two-piece roller-riding bmss cage, and the thfrd tspe was 
a cageless-roller bearing equipped with 21 cylindrical rollers, 
0.5635-lnch diameter by 0.5625-inch long. A l l  three  types had the 
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Y fol lowbg 3imensione: bore, 75 millinasters; outside  diametar, 130 mil- 
limeters; and width, 25 inf 17 Wters. 9310 each of the f e e t  two types 
of bearing and three of the cageless tspe were investigated. 

The t e s t  bearing measurements were obtained fn the manner des- 
cribed In reference 4. 

High-temperature study. - !R.w flret rum w e r e  cOnaucted at a con- 
stant speed of 1725 rp and. a thrust load of 20 pounds. The bearings 
were operated both dry and with --air mist, Fn which -88 solid 
par t ic les  of Mo+ were carried by the air stzeam t o  a p o h t  ju& 
beneath t h e   t e s t  bearing. Most of the  partfcles of MoSz did  not work 
through the   t es t  bearing but  settled  out of the a i r  e t r e m  and col- 
lected in the  space in the- b e a r k g  homing duet below the test bear-. 
The flow of the lubricant WELEI 80 adjusted that a f h e  mist issued f r o a n  . the bearing. 

inadequate lubrication w a s  evidenced by a squeaky test bearing. 
* E d u r a  the run, operation became queaky, addi t ioml  lubricant  w a s  

supplied until more quiet  operation w a s  obtained. A grating murid 
Indicated an excessive supply of l a r i a a n t  t o  the t ea t  bewing. 

The rune were conducted ovez a rmge of ambient temperaturee. 
For  comparison ptnpaeee, a few  run^ w e r e  conducted with no external 
heat  supplied t o  the bearing. !Two additional rune were made with an 
Initial furnace-block ambient t q r a t u r e  of 800° B, a speed of 
3400 rpm, and a thrmt load of 20 pouds. During these rum the 
amount of heating power w a ~  kept  conetant. The third. group of rune 
waa conducted with an initial block ambient t q e r a t u r e  of 400° F. ' 

The furnace-block  temperature wae Increased fn 200° F increments un t i l  
failure of the test bearing occurred. The shaft speed w a ~  1725 r p  
aod the thrust load 20 pounds. The bearing w a 8  operated  contfnuously 
durlng the time requlred to reach the desired ambient tazqeeratxre ad 
for 1 hour a f t e r  the d e e m t e d  ambient temperature $Ebd been reached. 
The t e a t  was terminated when failure of t h e  t e s t  bearing occurred.. 
Criterions of t e s t '  bearing fa i lure  were slippage of the drive  bel t  or 
rotat ion of the test, bearing outer race  or  both. 

High-speed study. - The ef fec t  of the various 1ubri"bE and .lub- 
c r ica t ion  methods on the operat- temperatures of three types of r o l l e r  

9. b e a r a s  were run fa> lubricated  with o i l ,  f r o m a n  0.089-inoh-diameter 

bearing was determined over a range of DN values and a t  a conetsnt 
radia3 load of 368 pomcZs. The one-piece  inner-race-rid-  cage-type 
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je t  a t  a lubricant flow of 2.. 75 pounds per- minute, = dire.cted perpendic- . c 

ularly t o  the bearing  face and aimed a t  the cage-locating  surface ( d a t a  
from reference 4, -bearing 6); (b) dry, uncoated; and (c) lubricated with 

modified-single j e t .  The two-piece roller-riding cage-type bearings 
were r u n  with (a) MoS2-sgrup  coat-. over conventional bearing sur- 
faces with no other  lubrication, and (b) k2-sylrrp coating over 
liquld-honed  bearing  surfaces wi.th no other  lubrication. The cagelese 'IC 

full-complement roller bearings were run (a) lubricated with o i l ,  from 
an 0.089-inch-diam~ter je t  a t  'a lubricant flow of 2.75 pounds per min- 
Ute, directed  perpendicularly  to  the bparing face and. aFmed at  the ' 

inner-race-flange  outside  diameter, (b )  with MoS2-eyrup coating over 
conventional bearing surfaces w€th MoSz-alr mist lubrhat ing,  ( c )  with 
Mosz-syrup cqating ,over liqu€d-honed bearing .surfac.e.s..with no other 
lubrication, and (d)  dry and uncoated. 

The properties of the lubricat ing oil used are  given @ figure 6 ,-.. 
This oil was a ccumnercially prepared blend of a highly refined paraffin 
base with a mall percentage of a polymer  added t o  improve the viscos- 
i t y  Wex.  . .. 

. . . I- 

W2-air  mist 8Upp1ied through ei ther  Bh@-OppOBed jet8 or the .- . . . ." 

m 
N cu 

.. . 

- .  ." 

High-Temperature lhvestigation " 

The high-temperature investigation  comisted o f . s i x  t e s t s ,  which 
are summarized in  table 11. Three tests were run without any lubricant. 
In a l l ' cases ,   the  bearings were khoroughly degreased by washing several 
tjmes in a solvent and blowing with .air. The dsy r u m  were BO con- 
ducted that a cmrpm?ison might be made betw.een the bearing operating 
characteristic8 with and without the. MoSz-air mist lubrication. '  

Test 1. - Te8t 1 was conducted with bea,ring 501, which had been 
Fe304 coated. The tes t  was run . .  at  room tamperatme, a speed of , -. . - . . 
1725 p'pm, and a thrust  load of 20 pounds with no lubricant supplied to .  
the t e s t  bearing: Failure  occurred after 79 minutes  because of ca&e 
breakage. 

. .  

. "  . 

Test 2. - T e s t  2 w a 8  conducted with bearing 502. The bearing, 
which was uncoated; was run dry at  roam temperature, a speed of 
1725 rp, a d .  a t@*t load of 20 po+E.,_ Failure  occurred after - 
2 hours and 27 minutes. A a m d l  section of the- *e ha& broken away 
and jammed between the Paces causing the outer race t o  rotate .  The 

. . . . . - . . . . - 

. 



c, balls, cage, and parts of the  race.waye of the bearing were discolored 
from over-heating although the maximum measured temperature at  the 
outer  race  did  not exceed 187O F. 

Test 3. - Test 3 was cmucted  with bearing 503, which had been 
Fe304 coated. The bear- was lubricated with a W z - a i r  miet and 
ran 8 a t i s f a c b r i l y  a t  a speed of 1725 rp, and a thrust  load of 
20 pounds a t  ambient tenrperatures of 400°, 60O0, a d  N O o  F for a 
period of 1 hour at  each  temperature after the desired ambient  tempera- 
ture had been attained. Failure  occurred during operation as the anibi- 
ent temperature w a s  being  increased Prcm 800° t o  10Wo F. The t o t a l  
r u m h g  time was 6 home. Failure w a 5  due to  of the bearing, 
which caused the  outer  race t o  ro ta te  In  its housing. Jamnhg of the 
bear- resulted, fn the main part, from the buildin@; up of f r o n  oxides 
on the bearing surfaces. The loss of bearing clearance  apparently w a s  
not due to   the  packlng of within  the bearing. 

’Past 4. - T e 6 t  4 wa5 conducted w i t h  bearing 504. This uncoated 
.. bearing was run at 8 qeed of 1725 rpm and a thrwt load of 20 p o d s  

with m-alr mid lubrication at ambient temperatures of approxi- 
mately 400°, 6W0, 800°, and looOo 3’. A period of 1 hour at each tern- 

reached. B e a r i n g  failure did not  occur  although  the diametral clear- 
ance w i t h i n  the bearing increased from 0.0003. to 0.0007 inch. The 
t o t a l  ruming time was 8.4 hours. 

- perature w a 8  maintained after the desired anibient temperature had been 

Tesb 5. - Teet 5 w a s  conducted with bearing 505. This unomt?d 
bearing wae operated d r y  at a aped of 3400 rpm and a thrust load of 
20 pounds. The anibient furnace-blook temperature was set a t  800° F 
a t  the start of the test. Bearing f a l l m e  occurred after 6 minutes 
of operation, the e tee l  cage having been fractured in several  places. 

Test 6. - T e s t  6 w a B  conducted with bearing 506, an uncoated bear- 
ing run w i t h  M o S 2 - a i r  mist lubrication a t  a sped of 3400 rpm, a 
thrust load of 20 pounds, a d  an ambient furmice temperature of 80Q0 3’. 
Bearing failure occurred after 67 mFrurt;es of operation, apparently as a 

one-half of t h e  steel cage had fractured slightly near a r ive t ,  t h i s  
fracture did not’cause the beaxing t o  jam. 

’ result of binding of the bearing due t o  oxides of i ron.  Although 

CompariBon of MoS2-afr mist and d,ry rune. - It is evident that 
the  MoSz-air m i s t  ehows pramise of effective lubrication at  tempera- 
t m s  ae high ae 1000° F. 

* 
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B e a r h g s  made of alloy s tee ls  ha-vhg nonoxidizing properties at  

elevated temperatures would  appa;Elrently operate with lese w e a r  became, 
in  all probability, the fron axides a c t  as an abrasive w i t h i n  the beax- 
Fng and also promote the tendency of the bearing to bind. Eitronger 
cages llaade of a m a t e r i a l  having good frictional  properties at  both low 
a d  high temperatures would greatly Etdd to the  bearing reliability at  
elevated temperatures. 

Although 110 conclusive  evidence  can  be drawn from the  few tes ts  
reported herein, it Ls evident at  l0ae t  that the Feg04 coating  did 
not result In any improvement of b e w i n g  performance. 

The short cage l i f e  a t  the higher speed (3400 rpn) may be attri- 
buted in part t o  the- general m u i t a b i l i t y  a d  weakness of a stamped 
and r iveted  s teel   re ta iner  for this application. 

High-Speed Investigation 

The high-speed p t  of the Inrpesti@;ation reported  herein,  teats 7 
t o  13, consisted in  a comparison of dry operation,  operation  with 
MoS2-air mist ,  MoS2, eyrup-bonded,co@ting, MoS2 syrup-boded.  coating 
after l iquid honing, and operation with oil   lubr icat ion.  The result6 
of the high-speed investigation are s ~ ~ n ~ a a r i z e d  in table III. 
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A brief  description o f  each te6t i e  given and the  individual high- 
speed-test results are follarecl with a general discuasion of the rela- 
t i ve  merits of the various  techniquee of lubrication  reported  hereln. 

Teet  7. - Test 7 was conducted w i t h  bearing 10 (one-plece  inner- 
race-riding bronze (braes) cage) .  The bearing was run  dry and uncoated 
at a rad= load of 368  pound^. The begrring ran at  DW values of 
0.3X1o6 and 0.375 x106 but  failed after having  operated for 9 minutes 
a t  a DM value of 0.45 X lo6. The t o t a l  ruming time was 2.15 hours. 
Failure was due t o  exceseive cage we= in the r o l l e r  pockets, which 
res~i l ted  in a bras6 build-up on the TQuBFB, and in  the eventual bind- 
ing and. fracturing of the cage in several places . .  (fig. . 7(a)) .  

- - . . . -. 

The bearing runafng temperatures a t  the various speede were not 
excessive. A t  DIP values of 0.3X lo6, 0.375X lo6,  and 0.45X lo6, the 
outer-race-maximum temperaturee were 106O, 126O, and 195O F, respec- 
t ively,  arnd the  Inner-race  temperatures were 1040, W20, and 2010 F, 
respectively.  Tempraturea at the DW value of 0.45X l o6  were 
obtained immediately a f t e r  faKLure of the test bearing and are not 
equilibrium running temperatures. Upon disassambly, tempering  colore 
Indicated Inner- and outer-raceway  contacting-surface  temperatures .. 

-6 



Y of 500' to 550 O F (fig. 7 b ) )  . This fact indicates that neasuremnt of 
bearing temperatures a t  the Innsr-race bore and outar-race  outside ,diam- 
eter does not reveal conditione w i t h i n  the bear-. 

Test 8. - Test 8 was conducted with bearing 12 (two-piece ro l le r -  
r iding bronze (brase) cage) w i t h  a syrup-bonded MoSz coating ELFter 
liquid horn; the bear- wa8 operated for 6 minutee at  a DIT value 
of 0.3 X106 and a rad ia l  load of 368 pounds. Ro Indication that the 
bearing would approach an equilibrium r m m n  tamperature w a s  apparent. 
DO severe  physical damage t o  the bearing was evident on post-test 
exambation  although ~ o m e  8mKU amount of wem? had occurred in the 
cage-locating  pocket cawing an increase in the cage diametral 
clearance. 

Test 9. - T e s t  9. waa conducted with bearing 13 (cagelesa) , which 
had a syrup-bonded W2 coating af'ter l iquid horn. The bear-, 
which was operated  without  outer-race snap r-s, ran rough and very 
hot at  a DM value of 0.375X lo6 a d  a radfal load of 368 pounds. 
Although the bearing did not fail, no attftmpt was &e t o  r u n  a t  higher 
DN values  because .of excessively  high operat- temperatures. The 
nmximum obsemed bearing temperature w a s  44Z0 F. W e x r  was obeemalble. 
on the r o l l e r  emZ6 and on the fLasges of the Fnnsr-race track 
(fig. 7 (b) ) .  Tple total running time WBE 3.2 hours. 

Test 10. - Test 10 wag conducted w i t h  bearing 14 (two-piece 
roller-riding bronze (brase) c a g e } ,  which had a syrup-bonded e 
coat-. The bearing ran   sa t i s fac tor i ly  at  a DN value of 0.3X LO6 

a rad- load of 368 pounds %ut  failed after for 4 mFnutee 
at a DN of 0.375 x106 and a load of 368 pounds. Cage wear reeulted 
in th6 b i d i n g  of the cage, which, in  turn,  cawed the eject ion of the 
cage cover-plate from thE! bear-. ( m a  bear- had been disassembled 
for coating.) Tow mmng time wae 1.06 hours. 

Test ll. - Test 11 w a s  conducted with bear- 15 (cageless)  lub- 
ricated by the MoS2-air mist sfngle-opposed-jet system. The bear- 
waa MoSz syrup-bonded coated before  operation. The bearing w a B  oper- 
ated without outer-race snap ringe. Although operation w a s  samewhat 
rough, aud seemingly -table w i t h   r e s p e c t   t o   o p e r a t a  temperature, no 
failure occurretl at Dm values up t o  and including 0.975 X LO6 with a 

.a 15 was vexy sensit ive to the amount of solid MoS2 delivered to it 

MoSz constant at  a conetant air pressure owing t o  intermittent clog- 
ging - i n  the supply tubes, the okerating temperatures varied  consider- 
ably at a specific DIT value.' A t  the conclusion of the test, the 

radial load of 368 pounds. T o t a l  tims Ut38 ll.8 hoUr8. B W -  

r per unit t-. Became it was found .Inrpossible t o  keep the flow of 

c 



bearing  diametral  clearance had .decreased f r o m  0.0016 to 0.0015 
(because of McS2 build-ip on the rol lera) .  A photogmph of 
bearing 15 after teflt 11 is s h m  in figure 7fc) ;  no surface dama,ge 1s 
evident. In addition, no meakab le  wear could be detected on & star- 
faces. Bearing 15 waa the o d y  Mq-a i r  mist lubricated  bearing t o  
operate a t  very high  speeds w3thout showing wear or  surfaoe damage. 

Test  12(a). - Te& U(a) was conducted with bearing 16  (one-piece 
inner-raceeridbg bronze (brass) cage) which waa lubricated by the MoS2- 
air miet'aingla-opposed-jet eyatem. The bearing  operated t o  a DN of 
O.675x1O6 with a radial load of 368 pound@. Again the  operation was 
rough and unstable with respect  to  operating  temperature .bu% no failure 
occurred. Total running time o f  t h l a   t e s t  was 8.-4 . hours. . . . . . . . . . .  

Test 12(b) .  - Test 1Z(b) was conducted with bearing 16 ( a f t e r  con- 

cc 
m cu cu 
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c lmion  of' test  12(a)), which w a s  lubricated by the MoS2-alr &et, 
modified-eingle-jet  systam*(fig, 4(c) ) . The bearing was operated from 
a DN of 0.675 X lo6 t o  a DN. pf 0.9 X lo6 with a .dial. load of 
368 pounds. .Operatian,  although somewhat rough, waa very stable with 
respeat  to  operating  tqnperature.  Operating  temperaturea were cornid- 
erably lower with the m r d i f i e d - s w e - j e t  system than with the single- 
opposed-jet system. The possibility%hat the air e t r e m  of  the 
modified e ingle . je t  promoted cooling was eliminated by completely  shut- 
t ing down the sir stream fo r  short . p e r i d s  of tims. This produced 110 
detec tab le   r ime in  operating  temperature. A t  the  conclusion of the 
test, the m0Urrt;ed baaring diametral clearance had increased f r o m  0.0005 
t o  0.0006 inch, whereas the cage diametral cle&mxe had increased from 
0.013 t o  0.022 inch. The bearing was not run t o  failure, and it is 
shown i n  figure 7(d) (after test 12); there was l i t t l e  evidence of sur- 
face damage or we- except at  the  cage-loading sMaces .  The running 
time of test 12(b) was 9.1 hours. The tot&runnin&time on bearing i6 
was 17.5 hours. 

" * 
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Test =(a). - Test =(a) was conducted with bearing 17 (cageless), 
which waa lubricated  with oil through a single 0.089-hch-diameter Jet 
aimed pergendicuhrly to the bearing face and at t h e  inner-race-flange 
outside diameter. The tes t  bearin@; operated sa t i s fac tor i ly  u-p t o  and 
including a DN of 1.2X106 with a radial load of 368 pounds. Total 
r e  tbm was 9.4 hours. 

" 

TeBt U('5). - Test l3(b) w a s  conduoted wfthout any lubrication of 
bearing 17 af'ter the conclusion of test l3(a).  The bearing operated 
sa t i s fac tor i ly  a t  a DN of 0.3 X lo6 for 1 hour and reached a temporary 
equilibrium  temperature of 103O F for both the outer-race-maximum and . -  
Fnner-race  temperatures. Then, without a change in speed, the bearing 
temperatures increased slowly until failure occurred 6 mlnutee after . 

the temperature M .begun. t o  r l a e .  

-. 

- 
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A t  the conclusion of the test the mounted bearing clearance had 
increased fYm 0.0007 to 0.OOll inch.  Ekcessive w e a r  occurred at  the 
r o l l e r  ends aml. a t  the guiding surfaces of the --race flanges. 

Comparison of  high-speed lubricating  techniquee. - The effects of 
DIJ value OR the  operating  temperatures of b m r h g s  W, 14, 15, ana 16 
are  given Fn figure 8. These bearings were lubricated with MoSe 
syrup-bonded coatings, M+-air mi&, or  by both methods. The bearing 
operating  temperatures lncreased a t  a rate greater than linear with 

.'increasing DN value for all tests (fig. 8 ) .  

G o ~ ~ w ~ E o ~  of tests 9 and U. In figure 8 E ~ O W  that the MoS2-air 
m i e t  lubrication method IS superior t o  the Mus2 ~grup-bonded coating 
for the cageless-type r o l l e r  bearings because much lower opera thg  tem- 
peratures arnd much higher  operating s p e d ~  are possible with the MoS2- 
air mist lubricakion technique. 

Comparison of te&s ll artd 12(a) reveals that the %-air miet 
was more effective- Fn lubricating bear- 15 (cagelese) than in lub- 
ricatlng beaxing 16 (one-piece  inner-race rid- bronze (brass) cage). 
This phenamsnon may be at t r ibuted t o  (a) the cage ac t i rg  as a bar r ie r  
t o  the MoSz-air mi& and preventing i ts  reaching the cage roller 
pockets aTld Fnner-race rollm?-gui6e flange surfacee in sufficient quan- 
t i t y ;  (b) MoS2 being more e f fec t ive   in  steel-to-steel lubrication than 
in bronze (brass)-to-steel  lubrication. For example, at  a DN of 
0.6x lo6, the outer-race-mpqxlmum temperature of bearing 16 w a s  88O 
higher and the  hner-race  temperature 102O B higher than w e r e  t h e  COT- 

ricating  techniques; thie represents a significant  dlfference i n  heat 
generation withfn the two bearing types. 

maponding  tamperatwee O f  bear- 15 for S j I K k J ?  MoS2-&ir I I l i E t  lub- 

Par t s   (a )  aml. (b) of test  12 reveal the superiori+y of the M+ 
modified-single-jet lubricatlng system o m r  the Ma32 s-e-opposed 
jet system. A t  a Dm value  of 0.675X lo6, the  outer-race maxlmm 
temperatures with them two systems were 230° arrd 355O F, rerrpectively, 
( f i g .  8) ; In addition, the operatFng temperature was very stable with 
the rnodified-Eb&e-jet Byem.  

For comprable bearings 15 and 13, or 16 and 10 (not shown in  
figure 8) comparison of the performance characteristics am3. the bearing 
appearmce after ruzl~ 5hma that MO;s2-&ir mist provides  lubrication 
that is eomswhat effective in  preventing w e a r  aml failure. 
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Canparison of t e s t s  7,  8, 9, and 10 that, where lubrication I 

is Inadequate or  nomxietent, the- presence of a cage is apparently 
detrfmental, 

No definite  conclkions can be made concerning the value of the 
Mo82 syrup-bonded coating  applied t o  bearings 12,  13, and 14 because 
.of  the incomplete nature of the  tes ts .  Although it hire been shown that 
the  existence of a syrup-bonded MoSz coating  reduces  the  coefficient 
of sl iding  friction  (reference 3), it was not  successful ~n them 
tests. h a l l  probability, the high s l iding,veloci t ies  encountered iri 
high-speed roller. bearings, together w i t h  the normal forces that exist 
between the sliding  surfaces,  considerably  reduce  the  effective life 
of a MoS2 amp-boded  coating wMch is not  continually reformed on 
the eliding  surfaces. 

I- 
v) 

cu cu 

Capmison of operating  temperatures f o r  o i l  lubrication and f o r  
M o B 2 - a i r  mist lubrication. - Tbe operating  temperatures.of bearings 6, 
15, 16, and 17 a r e  plotted  againat DIJ in  figure 9. Bearings 15 ard 
1 6  were "-air mist lubricated. The curve ehawn for bearing 16 1s 

that obtained with the MoSZ-air mist modified-single- jet lubrication 
method. The curve of bearing 6 is for a n  o i l  lubricated one-piece - 
inner-race-riding cage-type beezing e& w a 8  obtained from reference 4. 
The conditiona of operation for th ie  bearing were: load, 368 P O U ~ S J  
o i l   W e t  temperature, looo F; o i l - j e t  diameter, 0.089 inch; and. o i l  
flow, 2.75 pounds per minute, The oil F e d  was the same as shown in  
f igure 6 .  The curve for bearing 17 is for an ki - lubr ica ted  full- 
camplament b-hg (cageless). The .conditions of o-pera%ian and lubrl-  
cat ion  for   thie  bearing were the 8&me a0 thohe for bearing 6. . -  

.,. : -.: 

Both typee of b e a r i q  give approximately the same re la t ive  per- 
formance with regard. t o  operating  temperature  (fig. 9) when  cornparLeon 
is made of the data of the oil-ll.ibrlcated tests aTld of the MoSz-air 
mist lubricated tests; that is, bearin@; tmperatures  Increased  approxi- 
mately l k & l y  with increase in DIT fo r  bearings lubricated with oil 
through a single J e t  and bearing temperature.s  increased a t  a rate 
greater than Uney with an increase in  DlV for b e a r w e  lubricated 
w L t h  MoSZ-air mist. Also,  both  types of bearing operated at h u e r  . 

temperature levels when lubrioated w i t h  MoBZ-air mist than when lub- 
ricated  with oil for a l l  DIJ values. Ln general, the s p e d  in the 
o p e r a t a  tnmperatures  incraaeed with an incream in DB. At Dm 
values of 0.3 x lo6 t o  0.7 x lo6 the difference In outer-race-maxirmrm 
t~lmperatuqes was approximately 60' F and the difference b, Fnner-race 
temperatures. was approximately 100' -F for the two lubricating methods. 
A t  a DN of 0.975 .X106, the spread in  the outer-race-mxlmum tempera- 
turee wa8 approximaeely 160' and the spread , i n  .&mer-Fce temperature8 

. .  

z 
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was approximately 170' F f o r  the two lubricating methods. W i t h  oil 
lubrication  the o i l  (2.75 lb/min) acts  as a  coolant  as  well  as a lub- 
ricant,  whereas with  the MoSpaLr mist lubrication no appreciable 
cooling  occurs  because of the  lribricant sowce. (The felt  shaft seal  
was not  used in the o i l  lubricated runs.) 

Bearing-operatiq  temperature above anibient-air -tRmperature. - The 
outer-race-mAxi.lmmr and inner-race  operating  temperatures above ambient- 
air tewerature  in the test r ig   me-glot ted S n s t  DX i n  figure 10, 
f o r  bearings 13, 14, 15, and 16  and in  figure U for bearings 6, 15, 
16, and 17. 

The value of %-TAIL (bearing tqge ra tu re  minus ambient-air tem- 
perature)  increases  at  a rate greater than ~fth a n  increase 
DN fox the syrup-bonded MoS2 lubricated  bearings as well  as f o r  the 
MoS2-air mis t  lubricated bearings. This rapid increase i s  to be 
expected  because  the  ambient-air  temperature in the test r i g  is a  func- 
t ion  of the  test-bearing  operating  tenrgerature (figs. 8 and 9). In 
contrast is the almost l inear  increase in  %-Tu f o r  the o i l  lubri-  
cated  bearings (6 and 17).  (In- reference 5, it i s  shown that when 
bearing  temperature w r e a s e s   l i n e a r l y  w i t h  an increase i n  DN value, 
T u  increases  lineexly w5th an increase in  IN.) The bearing operat- 
ing tenperatme i s  dqendent on the a i r  tempersttare surrounw the 
bearing. This dependence is greater @en rn lubricant cooling occurs 
f o r  the syrzrp-bonded MoS2- and MoSz-air mist lubricated  bearings as 
conqared with oil-lubricated bearings where the  lubricant removes a 
significant gaunt of heat from the bearing fn addition to perPorming 
the  lubricating  function. It may be seen in figure 10 that the MoSz- 
air mist lubricated  cageless ro l le r  bearing operates at a lower TB-Tu 
and, therefore,  possibly  generates less heat than any of the other 
beaxings shown in figure 10. It if, inpossible t o  verify this fac t  
inasmuch a8 frictlon  torque  readings of the bear- were not ,mEtde. 
Also, this fac t  i s  not revealed i n  figure 8 where the data o f  tests I" 
and 12(b) are more nearly  coincident. Also, over the range of DN 
values fram 0.45 X106 t o  0.85X lo6 the MoS2-air mist-lubricated cage- 
less  bearing  operated at  lower outer-race m-Tu than did the o i l  
lubricated  cage-ty@e-bearing (fig.  1l). Inasmuch a8 the inner-race 
%-Tu fo r  the MoS2-air mist-lubricated  bearing was somewbat higher 
than f o r  the  oil-lubricated cagelese bearing, it cannot  be postulated 
a t  this time that the  heat  generated was l eas  for the MoS2-air mis t -  

lubricated  cageless  bearing. This discussion-  (although not including 
the effects  of heat  generation by the shaft seal)  m e 6  t o  further 
i l lustra-  the  possible advantages of MoSZ-air mist lribrication. 
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A prelim3nary investigation of the  effectiveness  of  molybdenum 
disulfide MoSz as a bearing lubricant  at high temgeratures, and at 
high speeds was conducted. 

The follcrwing  results  were obtained in  the  high-temperature  eval" 
mtion of bearings,  which was conducted with I-inch-bore  ball  bearings 
equipped  with  two-piece  stamped and riveted  steel  cages  at  azlibient  tem- t- 
peratares frm r m m  temperature to 1000° F, bearing DN (product  of 
bearing bore. in mm times shaft speed ln rpm) values of 0.04 X lo6 and 
0.09 X106, 8 thrust  load of 20 pounds, and lubrication  by  MoSz-air 
mist  at  the  rate of 0.35 to 0.7 ounce  per hour: " 

lI7 
Eu 
N 

1. A I-inch bore  ball  bearing  operated  satisfactorily  for 6 hours 
when  lubricated  only  by R MoQ-air mist  at a shaft  speed of 1725 rpm,  
a t h r u s t  load of 20 pounds, md 'at an ambient  tenperatwe  which was 
progressively  increased in 200' F increments from 400' to 800' F. The 
bearing  failed,  however, *hen the  temperature I&S subsequently 
increased  to 1000° F. In a duplicate  test, E. secand  bearing  ran auc- 
cess€"y for 1 hour at 1000° F for a total running time of 8.4 hours 
at  which time the  test  was  terminated  for  inspection of the bear-. 
The bearin@;  surface was badly oxidized. 

2. At an anibient  temperature of 80O0 F, a speed of 3400 rpm (DN, 
0.09 X lo6), and a thrust  load of 20  pounds, &z1 uncoated dry bearing  had 
a life of 6 minutes,  whereas a MoSZ-air  mist-lubricated  bearing had a 
life of 71minutes. 

3. A coating of ferroso  ferric.oxide  Fe3O4 on a bearing run 
Uitllout any lubrication  at room temperature, 1725 rpm, and 20 pounds 
thrust load did not  result i n  any improvement  in  operating  performance 
over that of an uncoated dry bearing. 

The following results were  obtained in the high- speed  evaluation, 
which was conducted in a radial load rig with  75-millimeter-bore 
(size 215) cylindrical-roller  bearings  of  three  desigps  at DN values 
of 0.3 X LO6 to 0.975 X IO6, a radial load  of 368 pounds, and with three 
methods of ldricaticm  as well as dry  operation: 

1. A s i z e  215 cylindrical,  cageless-ro3ler  bearing  provtded with 
a MoS2-syrup coating  before  aperation  and  lubricated o n l y  with a 
MoSZ-air mist during operation, ran satidactorily in a test  of 
11.8 hours duration  without showing signs of wear or surface  demnge. 
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s The run was conducted  at a load of 368 pounds and  at Dm d u e s  which 
were  increased  progressively  from 0.3 X106 to 0 . 9 7 5 ~  lo6 (13,000 rpm) . 
The maximum bearing  temperatime w&s 386O F. 

Roller-riding and inner-race-riding  bronze  (brass)  cage-type  bear- 
i n g s  when  subjected  to similar conditions  indicated a lower  limiting 
DN value  than  the  cageless  type bearings and showed signs of consid- 
erable wear. 

2. The  modified-single-jet  lubricating  system was superior  to  the 
single-opposed-jet  system  inasmuch 88 the modified  system  provided  more 
adequate  control of the flow rate of MoSz, which  resulted in lower  bear- 
ing  operating  temperatures. 

3. A syrup-bonded  coating of MoS2 over  both  untreated and liquid- 
honed  &aces  was an inadequate  bearing  lubricant under the  operating 
conditions  investigated. 

4. Operation  without  lubrication of a one-piece  inner-race-riding - cage-type bearing resulted in excessive  cage wear in the ro l l& pockets 
and in a multiple  fracture of the  cage w h i c h  caused failure after 
9 minutes  at a D1B value of 0.45 X lo6 after mnn for about.. 1 hour 
at DN values of 0.3 X lo6 d 0.375 X lo6. Similar operation of a 
cageless-type  bearing  resulted in excessive wear at  the roller ends 
and inner-race  fLange guiding Vfaces, which  caused  bearing fail e 
dter mnng f o r  1 hour asd 6 minutes at a DN value of 0.3X10 . IY 
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TABLE I - PARTICLE SIZE OF MOLYBDENUM DISULFIDEa 

Over 200 mesh 
Under 200 mesh over 400 mesh 
Under 400 mesh over 22 microns 
Under 22 microns over 11 microns 
Under 11 microns over 5 microns 
Under 5 microns 

1 
10 
30 
27 
15 
17 

19 

“Purif led molybdenum disulfide, 99.9 percent. 
Impurity mainly iron  oxide 
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Load, 20 l b  

I 
B e e r i n g  outer-race 
thennoc ouple 

- M d 2  air mist 
Test  bearing 

Heating element 

I n c ~ d - b l ~ k  
thermocouple 

110 Volts, a.c. 

.I- 

(a) Sketch shoving instrumentation. 

Figure 1. - HI&-temperature rig. 
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Figure 2. - High-temperature-rig test  bearing. 

-NACA RM ESiG31 

and 



NACA RM E51G31 27 

Figure 3. - Cutmay view of high-speed bear- rig. 



28 NACA RM E51G31 

A i r  and MoS2 

A A i r  and MoS2 

(d)  Single-opposed - 
cation of cage less   ro l le r   ca t ion  of inner-race-ridlng 

bearing. bearing. 
Air and MoS2{ 

cage-type r o l l e r  

j e t  lubri- 

"" 

( c )  Modified-single--jet  lubricatio,n of mer - r ace - r id lng  cage- 
type r o l l e r  bear-. 

T 
Figure 4. - Molybdenum d i m l f l d e  - a i r  mist lubrication  techniques. 
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(a) be-piece inner- 
rme-riding cage. 
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(b) Two-piece rivetad 
roller-ridlng csge. 

p&ure 6. - High-aped-rig t e s t  bearings. 
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Figure 6. - Absolute vlecoelty and specific gravity of lubricant. Pour point, -500 F; 

flash  point, 3100 F; ViECOsi'Cy index, 150. 
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( a )  Bearing 10. 

Figure 7. - Conc¶,i t ion of bearings after operation. 
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(b) Bear- 13. 
Figure 7. - Continued. Condition of bear- after crperatlan. 
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. 

460 . 
420 

380 

2x) 

140 

Figure 8 .  - Effect of DN on outer-race-maxirnum and inner-race temperatures of bearings 13, 
14, 15, and 16' ( a l l  with shaft seal). KIN, O . 3 x 1 O 6  t o  0 .97Sx106; load; 368 pounds - 
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Bearing Type of 
bearing 

riding cage 
lnner-race- 

0 6 Qne-piece 

0 15 _ .  Cageless 

o 1 6  One-piece 
inner-race- 
rLdlng cage 

A 17 Cageless 

Lubrication 

Oil at  f low rate of 2.75 lb/min 
through 0.089-ln.41am. Jet 

MoS2 syrup-bonded coating  with 
MoSg-air mist lubrication at 
flow rate to 1 .6  oz/hr 

MoS2-air m i s t  single-jet modified 
syatem at  flow rate t o  1 . 6  oz/hr 

Oil at  flow rate of 2.75 Ib/mfn 
through O.O89-in.-diam. Jet  

3 

3 

3 

3 

3 

3 

3 

3 

3 

1 
0 0.4 0.8 1.2 x106 o Q.4 o .a 1.2 x LO6 

DN 
Figure 9 .  - Effect of  DN on outer-race-maximum  and inner-race tem- 

peratures of bearln s 6 (reference 4 ) ,  15, 16 ,  and 17.  DN, 
0.3 x 106 t o  1.2 x 10f; load, 368 pounds, 

.. 
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Bearing Type o f  Lubrication 
bearing 

he-piece bil at flow rate of 2.75 lb/mln through 

ria- cage 
Inner-race- O.OBS-in.-dIam. .Jet 

Cageless MoS2’sgrmp-bondsd coating with MoS2 .air- 

inner-race-  through modified single Jet 
0 16 One-piece MoS2 air-mist at flow rate  to 1 . 6  O z , h  

mist hbricEtiM at flOW rate  to 1.6 OZ/” 

- 
riding cage 

- 

A . 17 Cageless O i l  at f lm rate of 2.75 lb/min through 
0.089-ln.-dLam. jet 
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