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Tha Space Power and Propulsion

Sectlon of the General Electric Company

'has been under contractrto Che Aeronautical Systems.Division, W”Ight Patterson '

'-Air Force Base, Ohio, since April 15, 1962, for the dcvelopment of dynanic .

»_»shaft seals for spacc applications.

Tho objectlve of thls ptngram-is»to.acqutre

the techniques for sealing high speed rotating shafts under. the opera:ion con=

A.

ditions of high temperature liquid metals and vapors, the neqrfvgcpum environ-

r'ments*ofpspaee, and to provide long seat:life;u

The contract specifies the following reqniremen:s}

1.

2.

3.

4.

3.

- 6o

7.

9.

‘The fluid to be sealed shall

be potassium.

The seals shall be operative at fluid temperatures from the melting

point of the fluid selected to 1400°F.

The pressure on the fluid side of the seal shall be 15 psi and the

external pressure shall be 10-

The speed of the rotating sha

mm HSO

ft shall be a maximum of 36,000 rpm.

The seal, or seal combinations, shall be designed for 10,000 hours

of maintenance-free life.

The working fluid, potassium,

shall be used as the seal lubricant.

The seal, or seal combinations, shall be capable of maintaining zero

leakage - in the technical sense - under all conditions of operation.

The seals shall be designed for a 1.0 inch diameter shaft.

The seals shall be capable of

operating in a zero 'g" environment.
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B,-Ihe seal.evaluation she&%>consist—oT’ :";;%T" e N

A;.“”la Pgeliminary experiments with water. -’7 B S ..:.:ei:;
2, 100-Hour opetational screening test Hith liquid metal.
' 3. Thetmal-cycling test with liquid metal. L R

& ,3000259“FA11§9 test_with‘liquid-metal, .

Thie report covers progtess during the quarter ending July 15, 1963. The

nain events oE this reporting period are:

1. The interface instability observed during the operation of dynamic fluid
ring seals,continued to be investigated. Several methods of suppressing the in-
stability leakage using waster as the seal fluid have been developed. ' These

methods are not dependent on close axial clearances.

2, Metallurgical data on the materials used in the liquid metal test rig
have been obtained and the information used to insure proper design of the
equipment. Additional data on the ﬁelding and heat treatment of the Rex 49 gas

bearing shaft material {s still being investigated.

3. Analysis of the operating characteristics of the argon gas bearing for

the liquid metal test rig has been made with a program on the 7090 computer.

4s Quotations for manufacture of the liquid metal test rig have been re-

ceived and the lowest bidder selected. The low bidder was then investigated to
_determine that he ués capable of manufacturing tolerances mecessary in the gas
- bearing. The manufacturing order was then placed with a scheduled delivery

"~ date of December 31, 1963.
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e »:5' ‘The"h;arm‘afacta:;ingh order for the 1iquid metal syea‘l-te‘st_ facility has been

~ placed. The delivery date for the facility is scheduled for November 7, 1963, .

, ‘The following events are forecast Vt'or:v" this coming quarter:

1. rrc@pietion' of sll seal testing utilizing the water seal test rig located

in Butlding 301. This includes optimization of rotating housing/disk seal con-

figuration which will be used in the liquid metal test rig seal design.

2. Technical analysis and presentation of the rotating housing, rotating:

disk and squeeze seal will be completed. This Aina'lysris 'i‘ncl'udes' an intigtat-ion o

‘of test data and theory.

3. Manufacture of the liquid kmctal seal test rig should be completed and

ready for delivery to Evendale. o

4. Manufacture. of the liquid metal seal facility will be completed and tn-

stallation of the facility in Building 314 will be in progress.

5. Analysis of the argon gas bearing will be completed. This analysis

will pfovidé operationa! data for the test rig.

6e The materials ihvestigation for the liquid metal test rig will be com-

pleted and the information used in the tesc r:ig manufacture.
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S =t . M. JFLUID DYNAMIC TESTING @ -

The Cesting on the rotating sk sesl and.the squeese seal vas_pecforoed

B 'durihgfgﬁis,rgﬁoégihgrquartc;. This ﬁcs:l;g vas raquired fot the addi:ionil,,
'1nves££gatldh of the interface st)billtf phenomena .ssoéiat;d with nnn~cont;cting .
rotating seals. Por the purpose of this 1nvgstlgat£qn,'t§¢ dogblcmdi;g_siil
conf!guruti;n -ouqtcd'pn ;hd 20,000 rpm test spindle was utilized bgcaﬁio ol its

"tdnpkqbtllty to disk a§d stnc1on.ty wall changes and thcrcicclldntlobsetvltibn
capsbilicy af{otdtd5b§:the clcaf plastic stationary wall. The disk configur;;
“tiom also oildvéd'rgpid changé in the inlet/outlet configurations and the uicA

ofyuore than one ocutlet.

!ntcr(aeu.lnstablltty,ot spu:tcrtngréhcuo-onu hge been observed many tin;s'
throughout the rotating disk seal testings. The degree of the instability
varied with the water ring velocity and the water ring depth. Physically the
instability is characterized by the seai fluid breaktng‘through the fluid
surface next to the stationary wall and leaking out of tﬁe seal cavity from
that point. It may be seen that the breaking througﬂ of the fluid surface
occurs thn the tangential velocity of the sealing fluid.is of a much lower
velocity than the radial flow in the fnward direction. It is therefore
postulat;d thit the Surfacé penetration of the fluid is caused by radial flow
surpluses that cannot be activated in the tangential direction at the stationmary
wall. This flow field occurs because of the characteristic viscous‘fluid pro-
file within the seal cross-section. The velocity of the sealing fluid in a

e tangential direction is greatest 6n the surface of the moving or driving mem-

ber of the seal and necessarily zero at the stationary portion or stationary
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s identical to the velocity of the rotacing disc.

:;, wnll of,;hg,scal.r The maximum tangentiai veloci:y occurring at the moving member

Methods have‘been tested which provide complete sealing using water as a

-Qoiking fluid up to 5pédas of 20,000 rpm utilizing a seal diameter of.3:9/13 in.

All uethods are dependcnt on close mechanical clearances and some of the motc

'attrlc:ivn schcnes iupose a high parasitic heat load on the seal system. Seal-

ing lcheues vhich involve close axial clc:ranccs are the most abundant and most
easily_uanufgc:ured. Hovever, thetr usgfulngss'is limfited to applications near
;He thfdit b‘#tinﬁriq tuiﬁb;ﬁachincri. At i érn;t.distigee frou the thrust
bearings the thermal growth of the shaft or ﬁhé ouier casings are of such a
magnitude that close axinl clearances are {mpractical and cannot be maintained.
Therefore, sealiug»schemes which involve only close radial clearances seem to
be the only practical way of designing non-contacting seals. Sealing schemes

of this type are more difficult to design since any such design necessarily

‘increases the overall seal length because of the flow paths that must be de-

vised to eliminate any fluid leakage.

Because of the simplicity of potential seal designs involving close axial
clearances many of these designs were investigated on our 20,000 rpm water
seal test rig. This hardware for the rotating disk stationary walls studies
will now be further discussed in a summar} of the observed interface instab-

illty. BT

Photographs of hardware designed and tested for th» specific purpose of
eliminating leakage from interface instability are shown in Figures 2 and 3

of this report. 1In addition to these photographs numerous other modifications

-5-




Anave been inuestigated.v notion pictures uere olto utilizedvin this sthdy to
provide comparisons between the various configurations designed. The signlfi~
cant contribution of the’motion pictures was a recording of test run observations

-oof the seal configurations at 5 000 lO 000 and 15,000 rpm. A summary of the

' rotating disk configurat{ons will now follow:

_tg’ Plain rotating disk and g}ain stattonary vall.

The plain rotating disk shoun,in Figure 2 and labeled No. 1 and the-
stationary wall shoun in Figure 3 an& labeled No. 5 were originally tested.
'.It was intended from the seal proposal that this configuration Hould provide
a satisfactory seal with a stable liquid to vapor interface. However, since
the'early‘testing proved that interface lnstabillty vas pmevalent”and'reQ
sulted in the loss of the seal fluid, it became necessary to proceed beyond

this state of the art.

Testing of the plain disk and wall elements revealed that leakage cc-

curred at the stationary wall and any leakage was subsequently lost overboard
_and not returned to the seal fluid sump. The leakage occurred at random
vhile using these elements. Occasionally, it was possible to prevent leakage
to speeds as high as 10,000 rpm, but once the leakage occurred it was impos-
sible to stop the leakage even by deceleroting to speeds as low as 1,000 rpm.
The problem that presented itself throughout the testing of this corfigura-

~ tion was the lack of repeatability of any of the instability results. The

" leakage occurred at.the'stationary wall and, since it was postulated that
this leakage was caused b; an excess of radial flow within the seal cavity,
ltbwas desirable to design stationary wall elements that would prevent this
radial inflov ard, hopefully, the leakage. Therefore, Configutotionuyo. 2

was designed with this requirement.

b




- ; 2. 'Plain rotating disk and grooved stationary wall

The plain rotating disk ihowniai,No. 1 in Figure 2 and the grooved

- sta;ionat}r;aiis.;ﬁﬁﬂﬁ,as No; i in Figure 3‘v§rc'ui;d for this tnvestig;tién.”

It was expected ﬁhht'by 1n:todd¢ing'v1rious gtooVés in the stattbnary wall
that the radial inflow could be reduced to an acceptable level and proper

Vsealing established. However, extensive 1nv¢ttigation with thtq ¢9nf£gura-

 tion revealed repgttéd seal leakage whenever speeds ibove 10,000 rpm were

3.

encountered. But leakage repeatability at low speeds was not necessarily
constseﬁnt; ihcuriisoﬁ £br.this inﬁonsistenéy—vas not determined since
it was apparent that this type of seal configuration would be unacceptable

for the use in this contract.

Plain'rétating disk and 1ip stationary wall

The‘plain rotating disk and the lip stationary wall shown as No. )
in Figure 3 was designed.to prevent leakage from the seal cavity when an
unstable liquid-vapor interface existed. It was intended that the lip on
the inside diameter of the stationary wall would return the flutd which
escaped from the seal fluid surface. Ihis design proved to be inadequate

for extending the operational range of the rotating disk seal. Testing

- revealed that operation with this configuration was similar to the plain

4.

rotating disk and grooved stationary wall.

Rotating disk Wth helix and groove/lip stationary wall

bTheAtdtating disk with helix shown as No. 4 in Figure 2, was
characterized by the introduction of a positive means of returning the

escaping water to the seal cavity. This feature did not exist in any of

——
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, _the prev!ouéli—tested seal configurations. The helix on the rotaetng.
disk sutface wes used to return the escaping seal fluid.» The éroove
ltp portion of thestatianaty wall was also run with zero axial clear-

 ance on,ehe rotating disk. The conflgutation allowed speeds as high
- as 15,000 rpm without any slgnificant leakage. “Leakage uhich oc=
.'curred ac speeds of even 20 000 rpm was of only dtoplec slzes and
at an extremely slow rate. Howevet, once the zZero clearance betueen
‘the stationary l1p and the rotating disk was opened because of the
fubbing contace;“leakage Qes rapidly 1nceeased., This leekage eﬁen;
reached a magnitude which was entirely unacceptable and eas of the
order of magnitude similar to those leakages in Configurations No. 2

and No. 3.

S+ V-groove rotating disk and stationary wall combination

The V-groove rotating disk is shown as No. 3 in Figure 2. This
seal eonfizuration'has previously been used for establishing a vapor
liquid interface in rotating machinery. The mechanism of the seal
eequiree that any leakage which might occur along the stationary wall
of the seal must necessarily come in contact with the protrusions on
the surface of the rotating disk when the design requirement of low

axial eleatance is maintained,

Investigation with this sealing principle revealed that acceptable
sealing was maintained at speeds in excess of 10,000 rpm when axial
ciea:ances of .020 were maintained. However, at speeds greater than

13,000 rpm the leakage reliably occurred. 1t seems possible that if

-8«




" However, this seal cdhfighrat{bn'énééﬁhtetéd'High'ﬁa}ésicic losses because

6.

’ ‘and stationary wall. The submerged boundary layers caused excessive power

losses and consequently high heat losses. Also, because of the close -

~ seal fluid and overheating becomes a potential prbﬁlem. 

_seal‘diamgtersro£~greacer ch;a 3% wete‘available additionélvv-grQOQgs o -

could be in;ﬁélled'andithe-onsec of leakage ex:endgd:to-eyen higher §peed$.

of the submerged boundary layers of the working fluid on the rotating disk

clearances being maintained it was impossible to properly circulate the

- the coarser-thread such as the optimum values reported in the screw

Screw return rotating disk and plain stationary wall

The screw.returnvrotatiﬁg disk shown in Figure 2 as No. 5 and
plain stationé:y wall were employed to prevent the water leakage associated
with the interface instability. The designbihtent of this configuration
was to return any seal fluid that was lost ffom the seal interface along
the stationary wall to the seal cavity by use of screw threads in the

annulus between the rotating shaft and stationary wall,

This configuration provided acceptable sealing to speeds above
10,000 rpm with a radial screw clearance of .005 of an inch. However, at
speeds greater than‘I0,000 rpm and less than 15,000 rpm leakage occurred
repeatedly and could not be stopped by the screw threads. This performance
is synonomous with the sputtering which occurs with the screw seals at
high §eloc1ty.' It_should be pointed out that the threads employed
in this application had a small helix angle and therefore, provided

better sealing performance than would have been accomplished if

- a9a




Fiva {ify- -

'.7 test work ln :he third quarterly reporc had beeh used. The feasibility

7.

8.

-of using chis dcvice at low speeds appeared to be bec:er chan any other.

- seal configuration tested to ‘15,000 rpm. However, i:»should be understood

that complete sealing with this configuration at high speeds was not .

6bta£nabl§. s ' _~‘

Screw‘return totating;disk<nith_vanes and plain stacfonary wall

The screw return rotating disk with vanes was 1dencical to the pre-

ceding screw return rota:ing disk discussed above except that the disk

had several vanes within its,body to return the fluid from the screw
poftion near the I.D. of the disk to the outer tip diameter. The
usefulness of this disk was of negative value. The configuration No. 6

performed as good or better on every account than did this one.

Long paddle rotating disk with V-groove

The long paddle rotating disk with V-groove is shown as No. 2 in
Figure 2. This seal configuration provided paddles with which to increase

the watering velocity within the seal cavity and provided a groove near

“the I.D. to limit the possible instahility leakage. This configuration

was also dependent on close axial clearances and failed to perform as
designed whenever the axial clearancq for the V-groove increas@d beyond

contacting limits.

Examination‘oi this seal configuration by the use of a strobe light
revealed that the water within the seal cavity was filled with foam. The
foam within the seal cavity was due to the action of the paddle wheels

on the fluid. In addition, theheat losses due to the excessive agitation

«10-
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-df the ‘water within this seal cavity were considerably higher than those

_ experienced with thévprev!ously‘teqted configurations. Based on these

9.

10.

~results; AEd'the"résulgs of the sputtering observations, it could be

been that this configuration was not a desirable one from the seal

- sténdpoint,"Léékage'ddt‘td;the interface instability occurred at speeds

‘of Qppioximbteiy:10,000'rpm.'fTﬁé leakage was similar to’thdsc'expefiéﬁéed_

with other configurations. However, this configuration revealed a
potential improvement which might possibly provide a useable seal. This
improvement consisted of shortening the paddle blades and providing a

disk surface and a blade surface near the fnner diameter.

Short paddle rotating disk with V-groove

The rotating disk‘used for this configuration had shortened paddlés
from the configuration tested above. Visual observation with the use of
strobe light revealed this configuration to have a much more stable seal
surface. However,‘leakage losses were not inproved.‘ The power losses
due to the excessive agitation of the working fluid were significantly

reduced from the long paddle configuration.

Rotating disk/housing;seal

This seal was designed near the end of the reporting period and con-
sequently, is not shown in photograph form. However, the seal depends on

close radial clearances for its operation and sealing has successfully

been accémplished to speeds of 20,000 rpm without any fluid loss because

of the interface instability phenomena associated with the other fore-

going seals. Investigation of this seal is continuing for the determina-
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tion of ﬁhe'dimeqslbna} changes which may safely be made without affecting

~ seal operation. It is intended that this investigation will be completed

1.

12,

with;h ché_nexc reporting quarter.

Vacuum'¢6nﬁection on the plain'stationary wall

| Vacuum connections were made on the plain stationary vall as shown {n_
Confign:atidﬁ'ﬁo;‘6 oﬁ Figure 3. This allowed'the’observattqn of the séal
surfaqg while operating under alow pressure. ’The‘obsérvation of the seal
Qﬁrface‘undet a vaﬁuum.by-the use of.a strobe lightbrevéaled ﬁuch outgas-
sing froﬁ the wéte;vsurface; which was determined co.Se‘boiling. because
of the high va#or pressure of water. Therefore, no significant observa-
tions could be made and further work is required in this area. It is
desirable when performing this additional work to use another working

fluid such as a low vapor pressure oil.

Perpgndicular outlets and plain stationary wall

Item No. 4 in Figure 3 shows a plain stationary wali with a perpen-
dicular circular water outlet. This outlet and other similar outlets
were installed in the ﬁall to dtermine thecffect of remqying the water or
workiné fluid at this particular point. Exaﬁination of the seal while in
operation with a strobe light revealed that the outlet worked very well.
There was no cavitation in the area of the outlet and pressure recovery

was acceptable.

III. LIQUID METAL SEAL TEST RIG

Final quotations for the liquid metal seal test rig were received this

reporting period. Thgblow quotation was accepted after a visitation to the

e12a




VQndot‘s facilities to insure that he was éapéﬁie‘oi mhin;aihipg.thé
precision tolerances required. The order for manufacture was placéd on

© June 12, 1963.. Scheduled delivery was-placed at 25 weeks,

V—Tﬁé qrde; for the test rig was placed without the finalized anti-
:‘gﬁnﬁégfiﬁg cénfiﬁutationf'VThis‘allbwed the vendor to order all fotgingsi
" and ﬁeéln machintﬁg of the cgld end of the spin&le. This endvrequifesr'
the closest tolerance control, heat treatment and séﬁe welding and
thergf;te;;éhe longest time to manufacture. The seal configuration, or
‘hot end of the testk:ig, will be finaiized for manufﬁcture by the end of

Octobér .

The test rié configuration is shown in Figure 4., The spindle con-
figuration consists of three gas and one oil bearings supporting the
shaft on which an airdriven power turbine is overhung from one end, and

the seal test configuration is overhung from the other.

The gas bearings being utilized within the rig are, by their very
nature; dependent on the maintenance of close radial clearance between the
rotating shaft and stationary journal. Since the temperature of the hot
end of the-teﬁt rig will vary from room temperature to 1400°F during opera-
tion, éhe maintenance oflclose radial bearing clearance is dependent on the
accugatg_predictién of the thermal expansion rates of the bearing shaft and
journal. A successful design therefore, requires the use of materials with
compatible thermal e#pansion rates and also an accurate knowledge of the

internal temperature distribution within the shaft and housing.




f7 A ﬁ;mpefaéuFQHAiseriﬁdtidn»Qa;-éaicdi&té#ia#sﬁﬁiné‘a“ﬁOﬁ{eddlfeﬁfégatqi& ,
-of_6b0'ana 1400°F.. The#e‘calculacion; Qere‘que utilizing a heat transfer
';p;ogfgﬁ”dp §hé 70§O'c6ﬁ§h§er. " The results of the.cdlcul;tions aréiQhownitn_

distribution ploﬁs on.thuteS 5 and 6. 'Tﬁebbeariﬁg radial cleaf;ﬁées»ﬁgie
e o ithen ca1cul;ted-hsing':émpgrature'1nfofmatldn and'differéﬁt'hhﬁé}i;is;.'tbe
. caléﬁlatiops were made for 0;001, 0.6015 and 0.00Zeinch,radial clearance in
che‘coldvcondition. Considerations were also made for centrifu331 §routh
of the shaft because of rotaﬁion. The data accumulated from these calcula-
tions was then used to make a final selection of test rig materials. The
results of the clearance calculations on.:he selected Rex 49 shaft and

the 316 SS hoqsing are shown in Figutes_7 through 12. The proposed gas

bearings'were designed utilizing this information.,

1. Gas Bearing Design

The liquid metal seal test rig requirement for a reliable high speed

low power consumption bearing could be met by‘:he use of an externally
pressufized hydrostatic pool bearing. Since the bearing was required to
operate in close proximity with a vaporous alkali metal, it was necessary
that the lubricating film be of an inert gas. Therefore, the bearing
selected for use in the seal test rig will be used with argon. Argon

will provide an inerr covering for the liquid metal and also lubrication
for the gas bearing. In addition to the foregoing problems, the tempera-
ture gradient found in the test rig was exﬁreme; dne end'of.the te#t'rig
was essentially at ambient temperature, whereas the other end was, at 1400°F.
Therefore, the differential expansion range of the shaft and bearing.housing

necessarily had to be properly accounted for if a successful design Qas to

=
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Tiﬁéihéhievéd;fyfﬁe g$;'Béaftng sﬁ;ft'ﬁaé‘cherefofe’btdk;n'up into three

4individual bearings, each of which had a length to diameter ratio of one.

: Calculgéfons on the gas bearing performance, as designed for the seal

test rig; requiréd,éstablishment;of,gritgria for their pe;ﬁogmance.,:fhere-

fore, all calculations used to optimize the bearing were to meet the

'follouiﬁg criterias

be

Maximize the gas bearing rigidity.

Maximize the bearing operating clearances between the

rotatinp shaft and stationary journals.

‘Minimize the gas bearing argon flows since all flow

used in the bearings would be discarded at the exit

and

not reclaimed for use.

With the foregoing criteria in mind it was necessary to perf&rm-

careful analysis for the determination of the operating characteristics

of the bearing system. The bearing system could be optimized byuvarying

the following systems parameters. These parameters were: .

a.
be
-
d,

£.

The
The
The
The
The

The

radial bearing clearance.

axial bearing length and diameter.

incoming supply bressure.

outgoing discharge pressure,

reguiating supply orifice diameter in each beariﬁg.

bearing pool diameters and the bearing pool depth.

Before any actual design work could be accomplished it was necessary

to select several parameters for the successful operation of the overall




-:est‘ttg. Oﬁce these parametef§ ﬁere'acCepted the other parameters»in-
vvolved in the bearing design could be varied to form an optimum bearing
system. Therefore, the shaft dlameter and consequently, the bearing —
diameter were set at a'value of three inches. This selection was not
'f»néce;sériljwdeQ{;ablg‘ffoﬁ g;beériqg stan@pdiﬁt, however, {t Qas_ngcesf o
‘sary when éohsiderihg'tﬁe sﬁéfc’critiCal"speéd and stiffnéss pictﬁré."'”
A shaft of a larger or smallerLsize was not optimum from a vibration
,standpoinc, This vibration analysis for the shaftmwas performed on an
{nternal computer progran and the first and second critical speeds were
calculated -and the shaft length and diameter, both external and internal,

were optimized. With the bearing length to diameter ratio established

as unity, the bearing length was then established at three inches,

These basic selections of the system allowea extensive calculations
of the operating characteristics of the bearing system to be made. These
calculations were very numerous and in all, several months work, utilizing
an inplant computef program for the establishment of the bearing flows and
bearing stiffnesses. A complete tabulation of the gas bearing data on the
computer has been accumulated and is shown in Table I. The nomenclature
used in tﬁe tabulation in Table I is listed within this report under the

Symbols Section.

Referring to the tabulation of the bearing data it may be seen that
the parameters which required specification were numerous and presented a
difficult problem if an optimum solution was to be obtained. The gas

'bearing computer program calculated the bearing stiffness, bearing lubri-

-16-
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"'céﬁiifiﬁég;ﬁdlé;ikiCQ diamét§r :e4aired whéﬁ’i'séetified-preshu}é,raciBQ»'¥77
of the internal pool»éte;suti”té"ﬂupﬁl&"@iﬁ?sﬁf& wéf&‘mildtéinéd: "Tgid ’
-procedure was followqd,thréughou:,;he initial runs of the test program

"fana_th;'piessqiéjiéﬁib”ﬁhg haiﬁtéinédbcoﬁigaﬁt at 0.7. This ailoﬁédAaé;' 
cumulation of’daté and subsequent evaluation to de:ermtnq the approximate

range of orifice diameters in the lubricate supply line,

Thereafter, the program was run utilizing the selected orifice
diameters. The pressure ratio across the supply orifice was theh calcu-
' lated by the program along with the ‘bearing stiffness and gas £lows. .

From this information it was possible to plot various operating curves

for an individual bearing.

Once the epproximate orificevdiameters and operating pressures were
established, it was necessafy to establish the optimum number of pools
within the individual bearings. This optimization was done and established‘
at three orifices. A comparison of the various orifice designs may be made
by comparing an eight orifice bearing calculated in runs Number 22 through
25 and the three orifice bearing from all other runs accumulated in the

tabulation.

The bearing pool diameters and pool depths required optimization
before a bearing operating map could be made or before any attempt was made
'ﬁo optimize the overallibearing performance. The optimum pool dimensions
were obtained by holding the other bearing parameters within the bearing

program constant at their approximate values and calculating stiffness and

e s s e - 5. S
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o . gas flow whtle varying pool dimen&ions. The tesul:s of.:hgse calculationsi

are shown in. thures 13 and. 14, °

?Igure l}.shows'a‘plpt of beariﬁg stiffness and gas flow versus the
_ bearing pool diameter. Analysis of the curves reveals that the bcating
’stiffness reaches a maximum in this particular design at a pool diameter
v of approximately 1-inche The bearlng flou may be seen to increase at a
‘vety*:téep'thfé“ﬂﬂdit"imall pool diameters and approacli’a maximum and
- nearly constant value at a l-inch pool diameter. This value of the pool
_di#me:er,valthough certainly not optimum from~a‘flow standpoint, is optimum
from a sciffﬁess standpoint; therefore, the bearing pool aiametet; were

established at l-inch.

Figurebl4 shows a plot of bearing stiffness and gas flow versus pool
depth. Analysis of the curves reveals that the bearing stiffness approaches -

a maximum and remains constant thereafter for values of pool depth beyoﬁd

0.003 pf an inch, The gaﬁ flow within the bearing is constantly 1néﬁ;ising
as the pool depth is varied; however, due to the inaccuracies in the program
- and the equations from which the program was derived, this flow curve should
be partially disregarded. It may be seen from general gas laws that this
increase in depth certainly does not increase the gas flow at such a rapid
rates The pool depth was established at 0,003 of an inch and this depth

was maintained in all the individual pools and bearings.

'By using the foregoing analysis of pool diameter and pool depth and the
selected bearing diameter and bearing length, it was then possible to obtain

plots and cross plots of bearing performance for various pressure ratios,

——p e e -
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jftemperatures, inlet supplY p;essurés>énd bearing clearances. Thé,?;dt;‘

ST

nrdescribingr;his analyxisvare included in Figurcs 13 through 28.

’ A‘tjpiéil“pldt"ﬁf'stiffnési'vetsus pressure ratio {s shown in Figure 15.

Analysis of this figure reveals that lines of constant bearing cleatances and

orifice diameters .approach an.optimum value at a pressure ratio of approxi-

' mately 0.7. "It may be seen that'gt Lowet_pressure ratios the stiffhgss

 decreases but at a slower rate than the corresponding decrease at pressure

ratios greater than 0.7.

From experience it is known that the operation of gas bearing at pres-

‘sure ratios of 0.7 or less has been more successful than operation at

pressure ratios greater than 0.7. ' This is caused by the pdtential énergy
within the pool being at a significantly higher value when the pressure

ratio is greater than 0.7. For satisfactory bearing operation,::he pressure

ratio should always be maintained at a value lower than 0.7. A more signi-

ficant plot has been prepared in Figures 16 through 19. These Figures show

bearing stiffness plotted versus the gas temperature within the bearing,

- The effect of bearing supply pressure and radial clearance within the bear-

ing is readily seen by evaluating these curves. 1t may be seen that in-
creased supply pressures necessarily increase the stiffness of a given
bearing whenever the pressure.ratio is within a reasonable value of 0.5
to 0.8. Also, it may be seeﬁ that lower clearances within a given

bearing of a particular design generally increase the bearing stiffnésses.

The above plots are especially important for use during operation of

the test rig, When a particular gas temperature is measured within a

o v Con et
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'xiﬁéétéyg and a particular flow ptessure has been set, then by utilizing ther

bearing clearance as calculazed £rom previous data, the approximate stiffe

Vhess of che bearihg.sysCem will be known. This is. essential when opera:ing

'the bearing since, should the bcaring begin to run unscable, it may be lm-

. mediately determined as to what the corrective pction for stable operation

'shduld be. This correction may be made immediately and potentially damaging

results may be avoided.

Pigures 20 through 25 show plots of gas beating flow versus pressure )
ratio wichin»the bearing. These plots have been made for 1ndividua1 supply
pressures and bearing temperatures. Analysis of thesa plots reveal in-
creased flow requirements as supply orifice diameters increase,and when the
inﬁernal bearing clearances are increased. It may be seen that this combina-
tion is in direct opposition to the desired operation from a stiffness
standpoint; that is, maximum stiffnesses are generally obtainable from a
gas bearing when gas lubricating flows are increased. However, it is

necessary to optimize the overall system by compromising these parameters.

Figures 26 and 27 show plots of internal bearing clearances versus
pool pressure ratios. These two figures have been plotted for constant
orifice diameters on the inlet supply of 0.040 and 0.085 of an inch. The
two plots show the possible operating range for the individual orifices
with respect to supply pressure and bearing temperature. It may be seen
that inc;eased temperature causes the préssute ratio to ﬁhange across a
particular bearing as well as does the supply pressure. Therefore, througﬁ-
out the operation of the test rig it will be necessary to monitor bearing

temperature inasmuch as it will affect the running clearances or radial

-20-




,cleatances of - the beating and alsgﬁ;he gasqproperties of :he argon. The :L

curves indicate the signiftcant changes involved fn an adjustment of the

. operating parameters.

ngure 28 shows a plot of bearing stiffness versus lubcicant flow.
Thts curve was made for a constant bearing radial clearance of 0.0015 oE an
o 1nch’and.a‘constanc pressure ratio of 0.7. Analysis of this plot Teveals
that bearing ctiffness may be increased cy simply increasing the bcaring
"cqpply-érecsuce p:oviced the pressure rctlo within the cavity is approxi-
'macely 0.7, Also, an increase in gas temperature hac the effect of - .
decreasing the argon lubricant flow without affecting the bearing stiff-
nesses pfovided the bear;ng clearance remains constant. However, this
picture is scmeuhat confused by the fact that the pressure ratio within the
individual bearings changes signtficancly with changes in temperature and |
supply pressure. These changes are not reflected in their proper perspective
by this particular nloc since a constant orifice pressure ratio has been

assumed.

When considering the operation of the gas bearing it must be remembered
' chat the orifice selected to operate the bearing when it is initially starced
and obviously at lower temperatures must remain inside of the test rig
chroughoutvthe particular test run even if the testing continues to extreme-
iy high temperatures. There is no convenient method available to change the
6perating orifices while the test rig is running, Therefore, the pressure
ratio effect must be accounted for before initiation of a long time test

by selecting the proper supply orifice that will provide accepcable running

throughout the opeta;ing spectrum.
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A complete summary of the clearance data, orifice sizing, gas beartng,

Vstiffness ‘and orifice pressute ratio is shoun in Iable II. _In_this tab}eg_

the clearance data has been established from the thermal expansion data
nteviously discussed and the bearing operation has been predicted for
various operating temperatures which are expected within the test rig.

Based on these predictions, the appropriate orifice for test rig operation

has been selected, accounting for optimum stiffness and orifice pressure

ratios. The flow within the gas bearing has been malntained at an ac-

--ceptable Iimit as dictaced by the supply facility established‘in Building 314,
" These calculations have been made for all three of the individual gas'bearings.

It may be seen from this tabulation that the requirements of the individual

bearings along,the test rig vary considerably in their requirements for

orifice sizes and the resultant stiffnesses and pressure ratios.

MATERIALS SUPPORT

Investigation of the materials being used in :he test rig was made to
determine their effect on the operation of the clqse tolerance gas bearing.
It was necessary that the materials demonstrate high strength at elevated
temperatures and good dimensional stability. Various anti-seize coatings
were also evaluated to insure ease of disassembly after operation at high

temperatures required by the proposed testing.

Rex 49 Alloy Tensile and Creep Strength

Tensile tests to 1400°F in flowing argon have been completed on Rex 49,
The test bars were hardened and drawn to Rc 56 before finish grinding to

0.160" gauge diameter. The results of the testing are shown below.

22w




 Tansile Properties of Rex 45

‘j‘Averagé of Two Specimens .QOS 1ﬂlin1min>8traln-kate

Test - uLr

o WS |
Temperature (Ksi) (Ksi) *El % R.A.
RT : 277.5 : 240;5» o 0.0 0.0

600°F o 271.7 238.7 L 2.0
800°F C 2535 2160 1.7 2.9
‘ﬂtobo°r IR 205,00 - 1770 19 s
1200°F - 148.7 114.3 1.5 1o
1400°F : 46.7 | 31.8 25.2 ,' 63.9

The room temperature test specimens failed in the threads. The
threaded sections were cut off and the bars pulled using the button-head

specimen adapters.

The 1000 hour creep tests are being conducted at the General Electric

Company's Advanced Technology Laboratory. Tests to be performed will be

conducted as follows?

Test Temperature Stress Level
800°F ’ 140 Ksi
1200°F 15 Ksi .
1400°F 2.4 Ksi

These test conditions are based on the Larson-Miller plot of prelim-
inary creep daca. Preliminary testing recorded rupture times of 8.51 hours
at 15 Ksi stress and 1200°F. The average creep rate over 400 hours was 6 x

=5

10 ia/in-hr at 100 Ksi and 800°F. " This specimen was step loaded to 140 Ksi{ ~

for an additional 100 hours without failing.
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" Dimensional Stability of Type 316 Stainless Steel

SRR - ** The dimensional stability of 172 inch mill annealed rod was measured. -

| gf;e:‘exposute to 600,'800 and’lOOQqF temperatures for 100 and 1000 hours
in;vaéuum. The results of the testing are summaiized below. Two specimens

were treated simultaneously.

Shrinkage Rate

Heat Treatmént Microinch/inch/hr.
46@oo°.v,‘,..;1,ofo.1;-.u...7..‘._..;,,., L 1e27 e 1.31
© 600°F - 1000 hrs.  0.188 0.194
800°F - 100 hrs. 2.33 225
800°F - 1000 hrs. 0.040 0.236
1000°F - 100 hrs. 1.67 1.60
1000°F - 1000 hrs.  0.150 0.113

These data indicate that shrinkage occurred primarily during the firsc
100 hours of testing. Therefore, for gas bearing appliéacions, ic is
necessary to perform a 100 hour heat treatment at.800 to 1000°F prior to

final machining.

Dimensional Stability of Rex 49

The dimensional stability of Rex 49 was obtained after exposure to
600, 800 and 1000°F temperatures for 250, 500 and 1000 hours. The results

. -

of two samples are summarized below.
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©  Shrinkage Rate ..

T Heat Treatment - Microinch/inch/hr o
600°F - 500 hrs. g - 0.010
600°F - 1000 hrs. 0.006
" 800°F - 500 hrs. , 0.016
. 800°F - 1000 hrs. - ©0.005
© 1000°F - 250 hrs. - 0.168 (growth)
- 1000°F - 500 hrs. - 0,064 (growth)

" These data indicate that growth occurs at elevated temperatures, but

 the material is still acceptable for gas bearing applications.

Anti-Se{ze Coatings for Type 316 Stainless Steel

. The antf{-galling and anti-seizing properties of various electroplates
and of lubricants as.applied either singly or in combination to 316
Stainless Steel bolts have béen evaluated after exposure to 1200°F

for 100 hours. The results of the testing are summarized below.
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T 7T original Torqus

" Breakaway Torque .

Silver Plate | : 100 160
© 0.00075 inch thick 100 160
Cepper Plate | 100 - 240
0,001 inch thick 100 o 200 -
Silver Plate Plus 100 160
Mg0 in. Xylene ' 100 , 120
Copper Plate Plus A 100 140
Mg0 in. Xylene 100 120
Mgo in Xylene | ‘ 100 140
100 130
"Led" Plate Compound 100 220
100 ‘ 190
Nickel Powder 100 120
100 90

No galling or seizing was observed using any of these coatings. The
magnesium oxide slurry appears to be the most acceptable coating because

of the low breakaway torque observed and because of the ease of reapplying.

Electron Bsam Welding of Rex 49

Initial welding of annealed Rex 49 specimens indicated a crack sensitivity

of incomplete weld penetration occurred. MHowever, it was demonstrated that. .

-2 6-




7“:'i:"che cracked welds could be "repair welded" successfully foltowing a first' -

,'temper of the 1nit£a1 weld. "‘ ) e : o «‘-, S

| Additfonal ueldlhg71nf0tmition is being obtained to determine Rex 49

weldibilicy in a hardened condition.

III. LIQUID METAL SEAL TEST FACILITY

Design work on'the'liquid metal seal test facility has been completed
and all materials and purchased items have been received. Requests for
qhotacion on assembly of the facility as'é self-contained packagg were sent
to'a.dumb;r of qualified vendors this montd. These quotations have been
received and selection of the low bidder has been completed. The assembly

. order for the seal test facility package has been placed. Delivery of the
facility is.scheduled for October 23, 1963. |

Bids for installation of ;he facilitf in Building 314 at Evendale are
now being accepted. It is intended that the installation of the facility
will tage four weeks. This schedule allows check-out of the loop and tdst
rig to start by the middle of Novemlter. This facility will be capable of
providing the Eolicwing services.
| l. Liquid potassium at melting point to 1400 Fotemperaturé.

2. Argon flow for gas bearing lubrication at a rate up to
200 lb)hr and 200 psi pressure.
3. Vacuum on the low pressure side of the dynamic seal down to
-6

10 © mm of mercury absalute.

4, Afr at a rate of 2 lb/sec to power the air turbine drive.

e e
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Instrumentaclon for monitoring the operation of che cest tig per-,

wf;ruunec has bccn detniled, the instrumenti ordcred and fpresencly on
" hand. Thasc tnscrumencs are separate from those monitoring the liquid
metal facility and shown on the schematic in the third quarterly report.
~ The £qllowing is a list of the procured instrumentation available for

data acquisitions

~ Quantity
1 h 8-Channel Sanborn Recorder
1 : Frequency Meter Preamplifier
.4 Carrier Preamplifier
3 ‘Low Level Preampiifier
2 . Pressure Scanners
2 Pressure Scanner Control Units
12 - 160 psi Test Gauge
2 100 psi TeschAuge '
1‘ Distance Detector Energizer
2 Distance Detectors
1 Caiibrated Furnace
1 10 1b Load Cell
1 Sixty Point Recorder
1 Overspeed Trip

.28
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SYMBOLS

 number of orifices

- radial clearance, in.

gravitational constant, in/secz'
bearing diameter, in,

bearing length, in.

pool diameter, in.

pool depth, in.

discharge coegficicnt
temperature, R 2
viscosity, (lb/sec)/in.

ratio of specific heats Cp/Cy

gas constant, in. 2/(sec? °R)
ambient pressure, psia

supply pressure, psia

optimum ratio of pool pressure to supply
pressure (eccentricity ratio = 0)
pool pressure tolerance, psi

initial eccentricity ratio

final eccentricity ratio

delta (increment) eccentricity ratio
orifice diameter, in.

stiffness, 1lb/in.

pool pressure, lb/:ln.2

flow per orifice, lb/sec.

flow per bearing, lb/sec.

flow per two bearings, lb/sec.

flow per two bearings, lb/hr.
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Figure 2. Rotating Disk Configurations
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Figure 11, Bearing Clearance
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