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\ ABSTRACT

~xperiments were conducted on herring bone-grooved hydrod ynamic journa l
bearings and spira l-grooved hydrod ynamic thrust bearings under non-isotherma l
operating condit4ons. Journa l bearj.p~ performance was deterjn~tied under therma l
gradients to 12OUF/inCh axially, lf~~i’/inch rad ially, and 133 F/yr radians
circumferentially. Under these conditions , bearing characteristics could be
pred icted within ten percent using the effective average bearing clearance.

A double-acting hy~ rodynamic thrust beating was eva luated wi~~ thermally
induced gradients to 67 ’

~~/inch rad ially, 240 F/inch axially and 60 FIn radians
circumferentially. The effec tive bearing axial clearance after accounting fo r
bearing distortions as determined from statically measured axial end p lay
readings agreed within five percent of the clearance required ‘ r i  predict th~
measured dynamic characteristics.
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SE UON

INTRODUCI CN

As engineering advances improve matercais and machine design te:hn~ q~ es ,
there is a tread fcc turbomachmnery operation at higher speeds and temperar res.
To keep abreast with this trend , a need exists for improvements in the rotor
bearing and lubrication support systems for this equipment The ,.se ~: gas as
the lubricant medium offers obvious advantages o;er commonly used liquid and
grease type lubricants. Previous experimental work (]J * h~ s dem onstrated the
feasibility of gas bearing operation in an inert isotnermal environment at
temperatures to l4OO~ F. However , in order to app ly gas lubricated bearings to
high temperature applications whic h typically impose oxidizing environments and
thermal gradients, addo tional information regarding materials and bearmng
distortion effects is required~ Although consideration could be given ~c
isothermal bearing openation , the limitations imposed cm t~ rbcma:hmnery uescgn
to eliminate thermal gradients in the bearing region are consodered too great
to consider this approach practical in most applications -

The present program was initiated to lnvesti&ate these areas Bas:cally ,
the program has a twofo id purpose , i. e- , oc investigate materials su~ tabie fo r
use in bearings and construction to temperatures cm 1900 F and to determir,s gas
bearing limitations unde r non—isothermal conditions to temperat;res or 1900 ~

A five step pxcgram was conducted to select suitable bearing materials; i e

1. RevIew of base materials-
2. RevIew of surface coatings suitable f c~ high—speed rub s

and start—stop operation .
3. Ihermal dimensional stability evaluations base ~na:eriaia

in an oxidizing environment to 1400-F.
4. Stat ic coating evaluations to 1900 F
5. Dynamic coating evaluations tc 1400 F.

As a result of the matercal investigation program , ~ n~ cke1 base s p e r
alloy (Hastelloy X) was selected as the bearing base rr~.ts:ia~~, Although this
alloy was selected as one ot the best materials jot the experimental ccndit :cns ,
there was still evidence of dimensional instabml~ :y a~ temperat~~ es of 1-00 f
of the order of 1xl0~~ inches . It was felt that gas bearings may ba :apabie cc
short term operation within the dimensional changes encountered , No su:,t abie
mater ial was found for use ~n an oxmd~ zin 6 environ ment at 1900 r , howeve r

The surface coating selected was a ncckel-:hrcme bonded chrome carbide
sprayed surface on the rctating member and a self-bonded alumcnum oxide sp.: ;~ ed
coating on the stationary member . This combination was c~ct itTipec~.i c...s to damage
under the conditions imposed , but wa.s representative of the best combination of
known available materials for applications above 1000

*Numbers in parenthesi s refer to references listed at the end ~~t this repon
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The results of the material studies are summarized in Refs. (2) and (
~~) and

ind ica te tha t presen t ly ava ilable materials and coatings appear suitable f:r siort
term operation but further development is required for prolonged operati~~n at
1400°F in oxidizing environment . There do not appeas to be any prese~~ day
materials suitable for gas bearing operation at 1900 F in an oxidizing atmosp here.

In order to investigate limitations of gas bear ings at temperat’~res ~f 1400 F ,
a p lain cy lindr ical hydros tatic and a herr ingbone-grooved hydrodynamic jour-ial
bearing were selected for eva luation . In addition , a hydrostatic thrust bearing
and spiral-groove hydrodynamic thrust bearing were also utilized for experimental
eva luations . The primary concern in bearing design under non- isotherma l operation
is the induced bearing distortions tha t can result from therma l gradients. There-
fore , a three phaae program was outlined for bearing investigations , i.e.:

1. Bear ing operation and performanc e determination under mechanicall 7
distorted conditions.

2 . Bear ing o p e r a t i o n  under t he rma l ly d i s t o r t e d  con d i t i ons ,
3. Bearing operation under non-isotherma l coflditions and t emperatursa

to 1400 F.

Under mechanical distortions , generall y both hydrostatic and - ,dr d:namic
bearing s tend to average out the variations in bearing clearanc e a~ d fun ction as
a bearing with this average clearance. Similar results were ootained h~i thermall y
inducing distortions in hydrostatic journa l and thrust bearings. Th~ € ‘~~erim e~-r al
results of the mechanical and therma l irduced distortions are detailed i- refer Ences
(2) and (3).

This report summarizes the experimental work conducted during ‘ - ~~~ , e r it d ~
1 March through 1 September 1968 concerned with thermally induced di~~. r~ i :- :

hydr odynamic bearing performance.
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THERNALL? NDUCED HYDR0OY’~AMt C GAS BEAR NC ~ 51 OR:: O~’3

In the operation of turbomacoinery at nign ambient t em per = r~~:es ~-siue~ a’j1e
des ign penalties are enco~ otered if it is -ieceesary to operate toe ne a r i -.gs i~ a~
isotherma l conditio~1. The existenc e of therma l grad i€ :ts oo t~~e ;t oe o
introduces distortions of the bearing reduci -ig bearing cap abili tie s. :~ :r der n o
determine the influence ~f the d i s t o r t io ns  ~n b e a r i n g  per L ’rm s r e  ;.~z n  :~.i:.gs a s
taper , out-of-roundness and mis align rne t were mecnanically inj_ :ed ~~ c- i s bearings.
In actua l machines , tt is more probable toa t bearing di st~~r n i o i .~ ~i.~id r e Eu l t from
therma l effects r at - o r coi a r’ macni~ r.ical loading , To iui ’e~ t i g 3r€ r -ie e f f e c t s  ~f
ther ma l l y i d,i:ed di s t o r t i -~; on ‘r~d r : d ; - i a m i c  b ear i~ g p e r E o r m ~~ oe ar . e .~p e : im a - i c ; l
rig tha t was cacable ot ro du c i- g toe r ma l grad osot s i-~ t-e be~ o ’-g r~~~:- ~~
utilized . Compar ison of perform s -ic e with and ~it no u t gradi e - .t~ ~~~~~d . e o ~i:j~ d
provide the basis for a rec mme ndatioo. on ~~~ to har.dle the ds-~~~ . ;idrod .-amic
gas bearings operatir .g wit ’c therma l gradi o -c s.

Direct control on the degree and :ype of distortio: was p.s scb~~ d r i o g  toe
mechan ical ly induced di sto rtio - pbase ot the  p r o g r a m .  T~~is  oT ~~e € r , ~a- 
case when the rma l gradie-.ts were ir,du:ed arcu.-~td t h ~- bearing r~gi: n t ..a ;
anticipated~ tri ere f re tha t the bearing would be sub~ ecred t ~~m b i -~a : i o - .
d i s t o r t i o n s  s i m u l t a n e o u s l y  which  c :u l d  ro t  be readily separated , Ac~~~si mea, ce
ments of the distorted condition of c o cn  shaft and bore w ’ii~~s a~ rem~~~r,r r s  sere
attempted without too muc h success. The pr imar .- difficu lt1 a~ i~ e~ :~ m c~~ fac
tha t therma l tran;ier~ts induc e co~osider ab1 e drift ing of ele:r r: ic gagt w h l : e
air gages tend to cool the parts. The re fore . the therm003uf les ~~o ed around t~~e
bea r ing  region were  used to pr o~ ide the indt :acion of toe degree of oi~~r r c i -..
Despite this difficulty, meaning ful res. it s ~ere obtainod ~oion ~r 1i a:-’~~~t r o e
designer of bearing s for high nemp erat ore :‘r:—i~~otherma i o~.era ti:~~

Test Rig ( N o n — i s o t h e r m a r

Actua l t r b m a c - ~ines usually consc:t ci a ceaz iog su~~ or te3 too ~:to a .:t
turbine wheel attached to one s.d and a c~~id output soaft a t  t s  :‘ o er  3uc~~ a
c onfiguration frequent ly result .; in toerma~. gradien t s at al i t .eari~ g l ::ati: ,
with particula rl y hi gr. ones at toe ho: e d  be sri .gs. i-is tes rig ‘~ - ed f:r c . i ’
progra m is des igned to simulate Uie corf igu ratioo of toe t r b ~ rn~co: e, A r ~~~~~

of the rotor a circumferential rou of heaters surrounds a t - r j st a -d i oo,r la i
bearing simulatir .g the hot end of a tur~~omachine . At ths )~~~1-n  e-d  ot  r~~e r
is a s€coo.d j :ur -ial beari n g and a sma~~ impulse turbi -ie , E . a ~~~i o  :~ c~~:d g-
throug h the t srbi-e act’ as a small heat sink a:~d aids i- mai: a t- .i g s
g r a d i e n t  a long  t o e  test r o t n r .  All rig c :nipo-.e:ts are mace f-c m hasre1: -~ < a - c
were speciall , heat treated t~ assur e goid dimensi.~’na1 s r a t i l i t r ,.

The test rig sh own in block diagram iorm in  F i g u r e  1 wa~ ~sed  d u r i n g  ~~ I
thermal gradi ent s teSting . Major component s of t~ii ’ tes rig are~

1. Rotor .~~. I h r .~;t R u r i e r  . J n u r o~i i  F e a r i n g ; ‘ S~ ~~c Pic K~~
2. Turbine 4 . Thrust bearing s 6. Posi ti - S~~ sors

3
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The ro tor confi gura t ion used f or all grad ient tests is shown in. Figure 2
This roto~ weighs 5.75 lbs., has a polar moment of inertia of 1 5.89 x iO—3
in_ lb_ sec h and a transverse moment of iner t ia  about its center gf grav ity of
I = 0.122 in—lb—sec 2. A drive turbine is mount-id on one end of ohe rotor , ~
t1~~ust runner on the other.

The hydrodyriamic thrust bearing was of the inward pumping spiral groov e type .
A double—ac ting configuration was utilized with a stationary thrust plate located
on either side of the rotating thrust disk. End play was controlled by the
spacer located between the two stationary thrus t plates as schematically dep icted
on Figure 1. A 2.625 inch thrust runner diameter w~~ used w i t h  an outer to inner
radius ratio of 1.5.

The two journal bearings are identical in design and are 1.5 inches in diam-
eter by 1.5 inches long. Both contain fully grooved herringbone configuration in
the journal region for stability . The details of the bearing des ign are discussed
in the section containing experimental results

Hea t is app lied to the test rig in two zones , one located at the thrust
bear ing, and the other at the journal bearing nearest the thrust bearing The
heat source at each area consists of six 200 watt heater cartrid ges , equally
spaced c i rcumferen t i a ll y wi th in  the heater  zone . The pos i t ion  of each hea ’ er
zone is shown in Figure 3. Heater control is provided by nine autotransf ; rners;
three used to control three pairs of thrust heaters and six to individually
control the journal heaters . In the event sufficient temperature levels canno t
be ach ieved , the gas supply to the bearing can be directed through a gas preheate r
Details of the gas prehea ter desi gn can be found in Reference 1.

An assembled view of the test rig pr ior to inser tion of thermoco up les and
attachmen t of gas lines is shown In Figure 4. FIgure 5 shows the manner on ~,-hich
the heater cartrid ges are inserted in the rig. To aid in determining the extent
of thermal gradient  imposed on the test rig ,  many thermocouples were placed in
stra tegic locations in the test rig. Figure 6 shows where these locations a.~e-

Bearing Performance Evaluations

To establ ish the e f f e c t of thermall y induced distortions on hydrodynami c
bear ing performance , a series of controlled experiments were perrormed - Tests
both wi th  and wi thou t  thermal gradients  were conducted and a r ecord  was kept of
several basic performance factors such as stiffness , and whirl threshold speeds

Evaluations of the journal  bearings were conducted separately from the thrust
bearing experiments . There fo re , hyd ros t a t i c  th rus t  bear ings  were ins ta l l ed  f o r
the hydrod ynamic journal evaluations . During hydrodynamic thrust bearing experi-
men ts , hydrostatic journal bearings were installed . Operation , therefore , could
be started on the hydros tatic bear ings and the hydrodynamic could be loaded arter
attaining operating speed . This method of operation minimized starting torque
requirements of the air turbine .

The procedure used in making the journal bearing calibration test was as
follows . With the spin axis of the rotor oriented verticall y ,  ~.he dr ive turbine
was pres sur ized and the rotor broug h t slowly to a preselected speed . h~hen this
speed was reached , the entire test ri g was tilted toward the horizontal . At

4
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several angular increment s corresponding to fixed amounts of radial beari ’Ig load :,
the test rig was rotated about the rotor s sp in axis in 45 degree increments.

At eacn t i l t  pos i t i on , as the  test rig was rotated , a seq uent ial priotog raph
was taken of the ro tor orb it d i sp lay on a CR0. The result of toese p h o t o g r a p hs
was an eccent ricity circle at each of the fixed radial loads corresponding to the
particular tilt ang le photograp hed. The increase in the eccentricity circle dia-
meter with increasing tilt ang le def ined the stiffness of the bearings. To obtain
sti f f n e s s  da ta a t add iti ona l speeds , the rig was returned to toe jertical position
and the test procedure repeated .

In addi tion to stiffness information , the calibration procedure included the
collec tion of whirl threshold speed data, Because the hyd rod ynamic test series
wou ld be cond ucted a t onl y one bear ing c learance , the whirl speed would be deter-
m ined only as a function of two rotor positions; vertical with r.o journa l load
and horizontal wit’-i full journa l loads.

As previously indicated , dur ing eva lua tions of the hydrod yramic torust
bear ing, hydrostatic journa l bearing s were utilized to support tne rotor.

The procedure followed to determine thrust bearing characteristics was to
start operation in the shaft horizontal increasing speed to 10,000 RPM T o e r ig
was tilted 5 degrees thrust end down to load one face of the thrust system. At
this condition a reading was taken from a capacitive probe sensing shaft end p lay .
This reading was utilized as the initial starting point for the test. The rig
was then tilted to horizontal and the axial movement of the shaft rcc ord ed Loads
were then app lied on the reverse thrust bearing in vary ing ircrem ents ~ nd toe
ax ial  sha f t disp lacement recorded . The reason for loading ori both thr us t iac~~;

was to eliminate any unbalance load errors at the shaft horizontal , zt r o  I .ad
position. This procedure was repeated at 15 ,000 a nd 20 ,000 RPM at room ttm l c ra --
ture conditions.

Experimental Results of ‘Jndistorted Herringbone Journal Beari ,~~~

Prior to rig operation the journal bearing s and rotor were dimens ionall y coeck~ d.
Figure 7 shows the inspection setup used to measure the rotor.

Measurements taken during this inspection showed the follow i ng ’

A . Average rotor diameter — 1,49839
B. A verage rotor out--of--roundness - 50 ~ in.
C. Average rotor taper (Bearing area) - 50 u in .

An en la rged photog rap h of the herringbone pattern etched on the rotor at each
bearing location is shown in Figure 8, The helix ang le of the gro oves is ~2.8
degrees. Each of the 36 groov es is 0.035 inch wide  and 0.0006 inch deep.

The journa l bearings were measured using a setup similar to the n-n e ised to
measure the rotor. Figure 9 shows a bearing during inspection. Results of the
bearing inspection:

10
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T u r b i n e  End T h r u s t  End
Bearing Bearing

Average Bearing Diameter 1.499323 in . 1 .499548 in .
Average Bearing Out-of-Roundness 150 .~ in . 63 in .
Average Bearing Taper 100 a in . 105 .~ in.

Follow ing inspection , the bearing s and the rotor were instal led it’. th~ te s t
rig for a performance calibration. This calibration was made under isotherma l
condi tions and was directed toward determination of stiffness ano whirl threshold
speeds at several load conditions. The purpose of the calibration res t is to
establish the performance cha racteristics to which all the non-osothermal per-
formance tests are to be compared.

During the initial calibration , a bearing seizure was encountered at 32 :000
rpm and was typified by the transfer of aluminum oxide from the bure of th~
bea ring to the surface of the journa l , The failure was attrib ted :0 debri s
entering the bearing du ting operation causing a locali zed loss ~n b o~i~~ n.g cle~~r-
ance . The foreign m att er was a;;umeo to be generated from the hign t emper~ ture
seals around the capac itive probes which tend to flake off particl e ; wnen C3ju~~:-
ing the probes . Onl y twenty-fi-~’e percent of the bearing was damaged on the :n-
board end as shown on Figure 10. An attempt was made to clein and cont inue to
use the bearing with a par tial loss in~ load capacity after correcting the probe
seal condition . However , flaking of aluminum oxide part:cles f rom the damaged
portion of the bearing bore induced two rn-ore bearing failure ; at 19. 700 and
40 ,850 rpm respectivel y. The second failure caused sufficient damage t o  pr~ -ient
any further operation . It was appa rent that the initial failure sho~ lo na ce been
comp let ely repaired to avoid the latter two seizures . At this point the ;rtaft
journal was ground down and rebuilt by metal spraying and the herring bone pat t ern
photo etched on the shaft . The bearing bore was ground and resprayed with
aluminum oxide . The journa l was finished straig ht within 75 micro iriche ; ~‘.~~o inch
and round radia ll y to within 25 microinche s with an average radial cl~ ara n o5 of
800 microir iche;,

After comp letion . of bearing repairs , bearing calobratio n was conducted b\
onitiall y tilting the rig to the shaft ~oertical condition (zero eccentr ~ c~~:~-j end
th e threshold speed of whirl instabilit y determined . The result ; are p lotted on
Figure 13., compared to the experimental results obtained using the mech an :cal
distortion rig described in reference 3. As no ted , the threshold s~ eec com pare d
ve ry c losel y to the previousl y obtained experimenta l data The act ..al measur ~ d
threshold speed was 12,500 rpm .

Operating speed was reduced to 12 000 rpm and the loa d d i sp i acem en t cha rac-
teristics of the bearing were rechecked by tilting the rig toward the ;h~~t t
horizontal . This was repeated at 10,000 rpm . The results , compared to - r ~~~
dicted performance , ar e p lotted on Fig ~re 12. Once again . tne exp eriment ~~1
compared very closel y to the predict ed .

Non -isotherm~j,~~~ eration of rod~~namic_Journa l_ Bea~~ ,~~~;

Upon comp letion of the i n i ti ai calibration , the rig was returned t :‘ tFi e
vertical po sition~ operation to 12 ,000 rpm was ‘turted , and all cart r i dge h~ .~te rs
at the thrust end of the machine were energized . In order to increase the axial
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gradients, the thrust end was water-ocoled u.sing coolIng coils. The rig operating
in the shaft vertical ccndition cc illustrated in Figure 13 d’~ring the gradient
test.

During the heating cycle , the rig became unstable , necessitating reducing
the operating speed. As a resu~.c , the threshold speed was monitored along with
bearing temperatures during the. heatcri g cycle - rhe results of both the threshcld
speed change and the bearing temperature variations are plotted on Figure 14~
After 30 minutes , the threshold speed began to increase and continued to increase
throughout the heating. cycle . During this heating cycle , the load capacity as
well as the threslwld speed. of. the bearing were checked . As noted from Figure 14,
the average bearing temperature reached approximately 500’F. This temperature
represent s  an Increase  in gas : iscosi ty  over room temperature from 2 .7  x io-~ to
4.1 x l0—~ lb—s ec/on 2 . The increase in viscosity would reflect an oncrease in
both threshold speed and load capacity. However , Figure 14 illustrates a decrease
in threshold speed. This :s att .tibuted to an increase in bearing radial clearance.
Using the experimental threshcld map or Fcgur e 11 , -and the threshold speed ci
Figure 14 , the effective be.ac- crg clearance was computed arid plotted on Fcgure .5
The effective clearance :.orce reflects that clearance required cc produce the
stability speeds of Figure 14 including the effect ot vis:osit~ change . In
addition , the average temperature difference between journal and bear:ng was
calculated from the change in clearance and plotted on Figure 15 In summary ,
t he re fo re , the t h r e sho ld  speed was used to determine effective bearing clearance~
This clearance was used to predict load capacity of the thermally di storted bearing
The predic ted results were compared to expen.menta . for verification of the ability
to analytically predic t performance of a thermally distorted bearing .

After 120 minutes or heating, the. number of heaters energized were modified cc
include four thrust and Icur bearing heaters, After approximately 160 minctes , all
heaters were turned off. During the changes in energized heaters , tr.e threshold
speed was checked and the erfect ive clearance determined . Load capacity ca; aJsc
determined at 145 and 215 minutes . Figure 16 outlines the bearing temperat re
during the c.omplete test Included on thc.~ figure is a tabulation of compu cec
versus actual load displacement characteristics of the bearing The c omputed
characteristics ~s previously indica ted are based upcn tne effective clearan ..e in
the bearing as determrned rrom the stability characteristics . As noted , th e actoa
displacements under load are within 50 mccroinches o: predroted and in most cases
are within 20 microinches The trends ir. load capacity follow the predi cted ver;~
closely~ These results indccated that the bearing performance j f l  terms ot both
stability and load characteristics can be determined vety accurately it the
e f f ec t i ve  clearance r e s u l t i n g  a f t e c  thermal distortions can be determined . As
noted from F:gure 17 , which depicts the clearance with and without thermal gradients 1
the bear ing indccates considerable c.it-of—roundness as a result of the gradients .
In addit ion , from the observed bearcng temperatures on Figure 16 , there os also a
bell—mouth plus taper condition existing in the bearing Despite these disto rti ons , I
the bearing tended to a’.ierage Out  the variations and function with an average
clearance, These res.clts follow the same trend observed when mechanical distor- Ftions were induced into the bearing .

The type of overall gradients cnd,4ced in the test ri g dur ing tne heating arid
cooling cycles can be noted iron Figures 18 through 21. These fi gures represent
rig temperature at time 85, 110, 145, and 215 minutes , respectively. Consider-
ing the bearing reg ion onl y,  axial gradients to 120 F per inch , radial gradients
to 160 F per inch , and c:r:urnferential. gradients to 133-F per radians t-.ere
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Fig. 17 r~ffect of Axial Gradients on Diametra l Clearance
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experienced . These gradients were considered in excess of the normal grad ients
to  be expec t ed  in t u r b om a c h i n e s .  However , d e s p i t e  t h i s , the bearing continued to
operate satisfactorily with predicted performance. It shou ld be pointed out that
due to the distortion , minimum running fi lms in the bearing were reduced. This
indicates tha t operation of this bearing would be limited to eccentricity ratios
less than 0.5 under the gradi€nts imposed .

It is interesting to note tha t gradient s in the thrust bearing region were
also very high. For these evaluations , a hydrostatic thrust bearing was utilized.
P t the extreme temperatures of Figure 9, the thrust pla tes warped sufficiently to
cause leakage of the pressure behind the thrust plate and limited maximum thrust
load s. Upon comp letion of  the tests , permanent distortion of the thrust plates
was noted . Maximum temperatures imposed on the thrust p lates during the test-s
reached 1050 °F As noted  during the te sts with the Hastelloy X material , there
is a tendency for dimensional instability at  t e m p e r a t u r e s  above 1000 F.  In
addition , the material stability tests were conducted without pre stre ssing the
components. In the actua l rig opera tie- ’. the thrust plates were held in corn--
pression. It was felt tha t this mig ht add to the dimensiona l stabili ty problem
The degree of distortiez- ’ encountered was less than 50 microinches across
approximatel ,’ four iricnes . This , however , was sufficient to cause leakage around
the static seal formed by the thrust p late and the housing . It was further felt
that thi s type distort ior would be typ ical for high temperature operation and
would n e c e - 4 s i t a t e  c o n s i d e r a t i o n  in the  initial design phase to accommodate it.
No perma !1~~ r distortion was evidenced in the journa l bearing region of the rig or
of the thr u ’,t ru~

- -ier . Tneae areas , however , did not reach the 1000 F tem pe ra tu re
rang e of the thrust stat ors.

Hydrodynami c Thrust Bearing Evaluations

t’ previousl y indicated , during the hydrod yaamic thrust bearing eva l uations. ,
hydrostatic journa l b earing s o~ere used for radia l support. The purpose of m e
eva l u a t i o n s  c o n d u c t e d  w a s  b a s i c a l l y d i r i c t ed toward verifying the abilit y to
p r e d i c t  h y d r o d y n a m i c  t h r u s t  b e a r i n g  p e r f o r m a n c e when s u b j e c t e d  to t h e r m a l d i s t o r ~
tion. This presuppos es that the egact type and degree of distortion can be found .
Unfortun ate1 y~ thi~ is an extreme ly difficult task and is comp licated by the fact
that temperatures in the thrust bearing reg ion reach 900 F. Therefore , an indir ect
method of predict log performanc e was used where it was necessary to assume the type
of distortion. There was , however , physical ~~perimenta l evidenc e to verify the
assumptions u;(d . The procedure can be outlined briefl y as f ol l ows~

As seen from Figure 22 , the total thrust bearing clearance should be the
differenc e between the spacer thickness and the thrust runner thickness . When the
r i g is a s s e m b l e d  a t  room temperature the measured end play of the shaft was found
to be less than the diff e renc e between spacer and runner thickness. Thi; dif-
ference is due in part to squareness ‘ diia rion and partl y due to distortion of the
thrust p late faces under the assembled clamping action. The measured io d p lay was
corrected for the measur ed unsquare conditions and the differenc e between this
figure and th -o r et i c al p lay that should exist , was attributed to distortion.

The rig ~as then heated in a static condition and the end p lay was measured
during the heating - m d  cooling cycl es . The temperature of both runner and spacer
was measured to ~I te rr ili n e any cha nge in end p lay due to differ ential t emperatures.
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Beyond th is , ch.~nges in end play were attribu ted to distortion of the thrust
pla tes -

The distortions during b oth initial assembly and dur ing the thermal cycle
tend to reduce the effective bearing clearance. Depending upon whether the
distortion is dishir.g or crowning of the thrust pla tes , the reduction in
effective clearance can vary between 40 and 60 percent of the total distortion
Contact marks between runner and thrust plate during actual running, infer that
crowning of the thrust plates occurred . Therefore , 60 percent of the loss in
clearance attributed to distortion was applied to determine the effective bearing
clearance.

Performance ci the bearing over the heating cycle was determined analyt ically
using the effective bear ing clearance. The rig was then operated over the same
heating and cooling cycles with the lcad deflection characteristics determined
at varying inter-;als during the test, The effective clearance necessary to
produce these characteristics was determined analy tically~ In order to determine
how well ac tual performance fcllowed predicted , a comparison was made between
effective measured bearing clearance statically and the effective bearing
clearance necessary to produce the dynamic characteristics The difference
indica tes how closely performance car, be predicted under thermally distorted
conditions. With this brief description of the experimental pro ced ure , the
details of the results may be more c lear l y understood .

The thru st bearing was assembled with a built-in axial clearance (total,
of 0.00357 inches. End play measurements indicated a clearance of 0.00316
inches . The additional loss in end play of 0 00041 was attributed to distoct.on
resulting from the compressive clamping stress on the thr’.~st plates Operation
indicated this distortion was primaril y coning or the thrust plate which would
tend to reduce the ef fec t ive  bearin g clearance by 60 percen t of the crown height
The resulting effective bearing clearance prior to heating the bearing theretore
was 0.00332 inches-

Additional end play checks o~ the bearing were made during a static he~ tang
cycle. Variat ions in end play were attc~~buted primaril y to additirnal crowning
of the thrLst plates Fig .4re 2j ..utlines the measured temperatures in the
thrust bearing reg ion , and the change in measured end p la, of the thrust system

During the initial heating cycle , a slight increase in end play was observed
indicating the initial transient temperature condition tended to reduce the
distortion condition . After 30 minutes , the end play began to decrease -until
the heaters were c-ut off~ The ditrerential temperature between runner and spa:er
represented a loss of approximatel y 0 00015 inches in end p lay d- .ring the heating
cycle-. When the heat was remo~ ed , the differential temperature between r..~nnez
and spacer dropped from 50 F to- 10 F in three minutes. This tended to open
the clearance 0 00012 inches . However , the transient condition induced
additional distortion of the thrust plates with an overall sudden decrease in
total play in a ten minute period After the initial transient , the end p lay
increased and after tour hour s returned to within 0.00006 inches of initial
measurements.
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As previously indicated , the end play measurements do not necessarily
reflect the effective bearing clearance. This is the nomina l clearance at w— iich
the bearing attempts to operate. When the thrust p lates distort inward to remove

• end p lay , the effective clearanc e is reduced only a percentage of this clearance
cha nge depending up-on the type of distortion . During actua l operation of m e
thrust bearing under distorted conditions , contact occurred at the inboard edge
of the inboard thrust p late an~ r unner as shown on F ig ure 24. This inboard p la t e
was the heavily loaded thrust member , On the lig h t loaded p late , contact occurred
both outboard and inboard. This imp lies tha t the inboard pl ate distorted in a
crowned cond ition while the outboard tended to remain reasonabl y flat v ith some
light dishing occurring . The interpretati on of these contact areas is that
crown ing is the ma jor ca use of end p lay c oa nge. Therefore , f o l l o w ing the
mechanical distortion experimental results , the loss in effecti ve clearanc e was
taken as 60 percent of the distorted crow n heigrit as determined from the end p lay
measurements. It should be pointed Out tha t the cont ac -t o.arks were ind uced during
test by load ing t~ e bear ing to contact. Althoug h OOi ippare nt frco ~ Figure 25 ,
there ~as no measurable bearing damage discernible fro~ the induced con tact

Follow ing this appr oach it is possible to tabulat e end p la ,’ and effecti v e
bearing clearance in Table I •

TABLE I

E FF ECTIVE THRUST BEARING TOTAL ~ X1AL CLEARANCE

Runner to
Spacer Crow-n Effective Ax~ al

Time End Play Therma l Crowtti Distortion Bearing Cleara ce
Mins , x io~ ins. x l0~ ins . x i0~ iris . x lO~ ins

0 3,16 00 .61 3 32
30 3,31 ~ .l8 .09 3 .52
45 2,96 ~ ,l8 .4~ 3 3 1
60 2 .76 -‘.15 .66 3.1 7
75 1.96 — .03 1.58 2 62
90 2 .46 - .03 1.08 2 ,92

105 2 .61 ‘~.O2 .94 .01
120 2 .76 — .02 77 3.l~

( — )  Indicates loss in play .

The resulting effecti’- ’e axial clearanc e does r.:t reflect tr-me I ~flucn c c ;f
frictional heating ir cooling effect of windage around the rotatin g tri ru st ru~ ner
At the maximum operatin g speed of 20,000 rpm these influences should not seriousl y
alter the temperature distribution. During the nesting a:id cooling cycles whi I~
operating the unit o ’er the speed range , the temp erature distributi on as shown o •i
Figure 25 was recorded. f’s noted , the temperature change’~ indicate appr ~-‘:i mat lv
the sac-c slope and distribution althoug h peak temperatures are approximatel y 70°F
cooler. rhe ass oftion tha t the distortion of t:i e thrust p lates will follow the
s?rne tre nds as determined under static conditions , appe ars ver \’ reasonable
During the heati ng and cooling cycle , tne icac disp lacetrc t characteristics of
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the thrust bearing at 10,000 , 15 ,000 and 20 ,000 rpm were determined. The
tabulated measured results are outlined in Table II.

TABLE II

HYDRODYNAM I C THRUST BEA RING
EXPERI MENTA L LOA D DEFLECTION CHA RACTERI STICS

10.000 RPM 15 ,000 RPM 20 ,000 RPM

Time Load Disg l. Time Load Displ. Time Load Displ .
(mins) (lbs) (xl0~ ins) (mins) (ibs) (xlO 3ins) (mins) (].bs) (xl0 3ins)

0 - .48 0 0 - .48 0 0 - .48 0
(100°F) .00 1.315 .00 1.988 .00 .792

.48 1.755 .48 1.36 68 1.052
1.425 2 .02 1.425 1.58 1 425 1. 2 7 2

2.75 1,712
20 - .48 .00 27 - .48 .00 2. 75 1. 45

(400°F) .00 1.25 (4 70°F) .00 .965 3. 75 Touch
.48 1.93 .68 1.449 35 - .48 00

1.425 2.13 1.425 1.69 (550°F) .00 .659
2.67 Touch 2 .75 1.84 .48 965

70 - .48 .00 65 - .48 .00 1.425 1.23
(680°F) .00 .57 (675°F) .00 .439 2.75 1 34

.48 .90 .48 .725 3.68 Touch
1.425 1.183 1.425 .965 60 - .48 00

78 - .48 .00 2.33 1.12 (670°F) . 00 35 1
(630°F) .00 .351 80 — .48 .00 .48 572

.48 .615 (600°F) .00 .263 1.425 835
1.33 Touch 48 .395 2 .75 1 01

101 - .48 .00 1.425 .614 2.8 Touc h
(37 0°F) .00 .763

.48 1.14 98 - .68 .00 83 - .48 00
1.425 1.39 (375°F) .00 .439 (550°F) .00 . 198

300 - .48 .00 48 .79 . 48 351
(100°F) .00 1.27 1.425 1.01 1.425 572

.48 1.71 300 - .48 00 95 - .68 00
1.425 1.93 (100°F) .00 1.095 (400°F) .00 316
2.50 Touch .48 1. 492 .48 572

1.425 1.712 1.425 7 4 7
300 - .48 .00

( 100°F) .00 .857
.48 1.14

1,425 1.36
2. 75

In order to provide a comparison between the experimental results and pr~
dicted results , the approach followed was to determine the axial thrust bearin g
clearance required to produce the experimental results. This , in turn , was
compared to t h e  effective clearance as previously determined.
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The computed load deflection characteristics of the bearing configuration
with 0.004 inch total clearance at 15 ,000 rpm are p lotted on Figure 26 for 100 F,
460°F and 860°F. Similar p lots were constructed for 10,000 and 20 ,000 rpm.
Referring to Figure 26, the left-hand position of the curve reflects the load
cap acity on one thrust face while the right-hand side is the reverse thrust face.
The right-hand portion of the curve actually reflects negative loads relative to
the left-hand por tion but was p lotted as shown for convenience. At 0.002 inch end

p lay, the load capacity is zero . For a load variation from — 1 pound to +1 po und ,
the ax ial  ro tor disp lacemen t would vary  from 0.00081 to 0.00319 or a displacement
of 0.00238. A s the total end p lay of the thr ust bearing is red uced , the left-hand
and right-ha nd portions of the curve move closer to each other by the reduction in
end p lay. The intersections of the curves represent the midpo in t or zero load
point of the bearing . The fina l load capacity characteristic is the difference
between the sum of the right and left side of the curves , remember ing tha t the
right-ha nd side has negative values of load.

The load deflection characteristics of the thrust bearing were calculated for
axial total clearances of 0.004, 0 .0035 , 0.003 and 0.0023 inches The data was
p lotted in the form of the experimental data , i.e: utilizing —0.5 pounds as zero
axial deflection. The results are shown on Figures 27, 28 and 29 fo r 10 ,000,
15 ,000 a nd 20 ,000 rpm , respectivel y . I ncl uded on these p lots are the experimental
points of Table II. From this data it is possible to estimate the apparent bearing
clearanc e necessary to produce the uxperimental results. This information is
tabulated in Table III

- 
TABLE III

THEORETI CAL BEARING CLEARANCE
TO PRODUC E EXPERIMENT A L RESULT S

10,000 RPM 15 ,000 RPM 20,000 RPM
Effective Eff.~ct ive Eff~ ct iv ~

Time Axial Cl. TimL Ax i al Cl . Time 2xial Cl.
Mins . x l0~ ins. ~-h ri’, x 1U 3 ins. lli ns . xlO 3 ins .

0 3.5 0 3. . 0 3.3
20 3.8 27 3. * 35 3.5
70 3. 2 65 3.0 60 3.0
78 2.8 80 2.6 83 2.6

101 3 .1 98 2 .9 95 3.0
300 3 .5 300 3 .5 300 3 3

A comparison can now be made ’ between tI ~ v ft e c t i v e  bea r i n g  c l e a r a n c e  t h a t
would be used to predict per formanc e of Table I and the clearanc~- necessary to
produce the experimental results of Table III . This is shown on Fi gure 30. It
is obvious that the effective bearing clearance of Table I cou ld be used to
predict performanc e and compared with fina l results. The -ic tua l procedure used
essentiall y accomp lishes the same thing and proved more convenient , having
established the load deflection characteristics of Figure 27 through 29 prior to
test. It also provides a clearer approach to reviewing tu e  overall comparison.
The time base of the data of Table I as p lotted on Figure 30 was increased by 15
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minutes after the 60 minute data point because of the additiona l 15 minute
heating time during dynamic tests. This p laces the heating cycle and cooling
cycle of both static and dynamic tests on the same time base.

It may be noted from Figure 30 tha t the effective bearing clearanc e during
operation tended to increase during the first 30 minutes of heating followed
by a decreas e during the remaining 45 minutes. This followed the staticall y
measured trend during this period. As the heat was turned off , the opera tiona l
clearance dropped and then increased , following the trend of the staticall y
measured results. Experimental results followed predic ted res ult s wi thin f ive
percent, which is considered extreme ly good s ince the ac tual physical distortion
of the bearing could not be measured directly.
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SECTION III

S’JI’ff’IARY OF RESULTS OF
NON- I SOT HERNA L or~EBA -r I ON OF HYDROD Y~A~ff C F EARl !~CS

Herr ingbone journa l and sp iral-groove thrust bearing s were subjected to
operation under non-isotrtermal conditions. The distortions resultin g from the
induced thermal grad ient s could riot be measured directly. However , throug h
indirect means , it was established that bearing performance could be predicted
by utilizing an effective bearing clearance . Tnis effective bearing clear,~nce
was found to be the average bearing c learanc e while in a distorted coriditio-i.
This same tendency was observed during mechanicall y induced distortion evaluati o’is .

In the case of the ~terr ingborie journa l bearing operation ~as conducted e .t t l
axial bearing gradients to 120 F/inc ri, radial grad ien ts to l60~ F/inch and cir-
cumferential gradients to l33°F/E: radians. Under these conditions , the bearing
load characteristics were predicted within ten percent using the effective
bearing clearance.

The sp iral-groove double-acting hydrodynamic thrust bearing was subjected
to thermally induced grad ients to 67°F/ inch rad iall y, 240°F/inch axiall y, and
60
0F/It radians circumferential ly . The effective bearing axial clearanc e after

accounting for bearing distortions as determined from staticall y measured axial
end p lay reading s agreed within five percent of the clearanc e required to produc e
the measured dynamic characteristics. This verifies the results obt~~i - ~~d during
mechanical distortion evaluations and iadicates tha t thrust bearing p ’rf orma -i c e
can be predicted once the type of distortions within the bearing is knaC~-- .
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