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I.  SUMMARY

The Space Power and Propulsion Section ’of:i the General Electric
~ Company Vhasﬂ been under contract to the Aetenautical Syetems Division,

' thght Patterson 'A[r Force Base, Ohio, since April 5, 1962, for the |

\ development of dynamic shait seals for space applications. The objective
R T CQ’Y\I,UJ/"‘/* -4
' techniques for sealing high speed rotating

shafts under the operatmg condittons of high temperature liquid metals and

fvapors. the near-vacuum environments of space, and to previde long seal

Tife, 7L . o2 et T »—4;,_‘, B I G e S
S N .f o - . '400 F T;’j, o ;’_ PR é ),\‘_ { :‘,l\,_‘v; , (.
)"‘/: L. 1 RN ) ’ o S - e = J' VR PUASHE R ?‘b "Lt": 'vLH—- c "2 qf\( % -"(’ A.k,(l«{, /—;)
o A. . The contract spemues the following requxrementS‘ — ~ . L
S At ) /A{, [IRTN 2,007 \,‘."';'.. vuc‘ J /‘—AM., P I U ”’I" < e ®
1. The fluid to be ,sealed shall be potassium. ’ /\\ ;

_2. The seals shall be operative at fluid temperatures from the
~ melting point of the fluid selected te 1400°P.‘
3. The pressure on the fluid side of the seal shail be 15 psi and
| the external pressure shall be 10-6 mm Hg.

4. The speed of the rotating shaft shall be a maximum of 36,000 rpm.

. S, The seal, or seal combinations, shall be designed for 10,000
hours of maintenance-free life. |
6. The working fluid, potassium, sﬁall'be used es the seal lubricant.
7. The seal, or seal combinations, shall be capabble of m‘aintainlhg

zero leakage - in the technical sense - under all conditions of

operation.




8. The seals shall be designed for a 1.0 inch diameter shaft.
9. The seals shéll be capable of operating in a zero “g"

environment.

- B. The séai evaluation shall consist of: “

1. '-pre’limtnary‘ experlmeﬁt_s with water,

2. IIOO-hour operatioﬁal 3crééningAte;:~".t with lvlquivd metal..
© 3. Thermal-cycling test with liquid iﬁéial; |

4. 3000-hour life test with liquid metal.

- On April 19, 1962, a meeting was held with ASD Head:quartérs '
representatives to get the proéram started and to reach agreement on detail
‘specifications. ASD agreed fo corisider 36,'000 rpm as thé maximum rpm
to be used on this pfogram. .ASD approved of our ’overall design approach
stressing the employment of non-contaéting rotating fluid ring seals, also
called slinge.r seals. ASD shared our own éorivicti,on in regard to the
unsﬁitabtlity of face seals to attain 10,000 hour life under the conditions
,specified. In regard to miﬁimum temperature level for ‘the liquid metal in
these seals, ASD suggested - frdm a SPUR systems standpoint - to consider
IOOOOR as a minimum tempera‘ture limit. Space Power and Propulsion Section
would prefer to include lower temperatur'e levels s:uch as 700 or 800°R iri rthe
| experimental program, in order to obtaifx basic data qvér é sufficiently wide

range of temperatures permitting a sound selection of seal temperature level




' frbm aFSYSter‘ns ystandpoirvxt la‘t‘er.' '-‘Ag‘re'ement‘"w.és r‘e‘:achea‘ndt to i.'ncludé" -
the electromagnetic seal in this program which éppears to be a /déx"/elopme’nt,
in itself and not too ;bar'omistn"g’ fgr“'spaée ‘t’ﬁrboméc’:ﬁthery. be#lgn cffprt
will be diteéted towaré dei)etopmeﬁt ofﬁvﬁ.lingé; sealé withoﬁt any Qahes or

, _qubving énd;tOWard screw seals. vAlth‘ngh ‘ih'ts apprdéch wil’l not delvl‘vér

optimum performance it will minimize cavitation and erosion problems.

%fhé Space Perr :a"nd Prdp;xlsién Séictior‘; V'iyti ‘EAZ'\;end—zler and the Génefal
Enéineering Laboratory in Schenecltady, New Yofk, will be par‘tnrers in fhis
prdgram. ~ This éartnership is strictly an intefnal Generaf E}ectric barrangves
ment With the purpose of makin_g more experience, rﬁénpower and test
facilities available to tfxis brogram. SPPS will be respohéib]e for the
ove.r;’;u program, GEL will contribute in ;ertain areas of‘seal_ analysis and
pre;testing. GEL will: - |

1. Pérform a literature seai-ch on contact—typé dynamic seals

for alkali metal sealing application. |

2. Perform an analytical investigation of screw seals for use

with low viscosity fluids. Also conduct an expevtimental
1m)estigation qf the helical groove seal using water as a
working fluid. This investigati‘on’will be conductéd under

room ambient conditions.




3. Make calculations of the mdleCular flow from close gap ‘seals
* '.éxhaust'lrig to a vacuum. This _calcuiation should include the

effect of temperature'and vabor pressufe on leakage rates.

C.  Progress Report R

" ThevZ0.00,(‘J rpm water seal test rig was desighe‘d‘, manﬁfactured, and
,sétup prior -fo the ‘beqtrmin‘g‘date of rt‘h.i,s pfogram. ' Referenge Pigur_es 2, 3,
4,.>a-nd 5. /ln this first reporting quért«er, instmmentéﬂbn anci the test rig '

“were checked out and tirst data was obtaiﬁéd. The data showed good
agreem.ent with previous célculations and ho cavitation‘v‘vas expe'rience‘d.

.Opetation' of the test rig was originally limited to 8000 rpm because of an

insufficient airb supply to the dri‘ve turbine. This problem was remedied by
relocation of the rig near a 4vinch diameter ‘air supply line. The turbine
presehtly oéerates at 20,000 rprri with 20 horsepower loads. The occurrence
of tho bearing failures caused a delay in testing alsé. This problem has |
been eliniinated by improvement in operating techniques and improved air-oil

filtering.

- ~ Analytical investigation of screw seal‘s ha’s been étarted. The analysis

' bis'encouraging insofar as it indicates that turbulancé - Which will exist at
thé speeds considered - is likely to imprdve the pressure generating ability
'o>f thé screw seal. Experimental results~reported in the literature té’nd td :

c_onfirm this prediction.

s : e e . T ey e




Water Pretesting of Rotating Fluid Ring Seals

_Thére are pres’eﬁtly three COnfigtjratlons of the Stationaiy dlsk-rotatthg
housing seal on hand at Bv_endale for testihg in water, Figures 6a, 6b, and
6c. Té#ting bn’Configurétloh I was completed on July 13, 1962, The

| completion bf testing on Configurations 11 and I is scheduled by July 31, 1962,

‘Design layouts have been completed on various configurations of the

stationary housing-rotating disk and the squeeze seal, The layouts are

- presently being detailed to be available as hardware for testing in Septem‘ber.

Design work is in progress on the high speed test rig to be used for
liquid metal testing and its auxiliaries required for liquid metal operation.
Both should reach the procurement stage by the middle of September. These

- dates are indicated on the schedule, Figure _1'.




II. BACKGROUND

A Wtde variety of seaI’s have been used over ma'n:,r Years for steam
turbtnes gas turbines high pressure pumps hydraullc equipment and
.rnore recentty, reactor coolant pumps. Many fluids, includlng liqutd
metals have been effecttvely sealed for varying service periods
C_onsiderable deyelopment ef_fo_rt has been spent in the seal erea, yet,
desp'it‘e‘a‘l'l accomplishments, we f,ind seals to be a troublersome r'n'vachine

" element and the cause of many failures and breakdowns.

Labyrin;h and rubbing seals, usedvsuccessfully in steam turbine,s;

become questionable in aircraft gas turbines, due to thérmal distortion and

in_suffictent‘lubrication.‘ Complete containment of fluids is usually
accomniiehed‘ bir using e)rpendable (or reclaimable) eeparating ﬂuids.
Hydrogen in large electric generators, for example, is sealed in‘by oil-
flooded c‘lose-'-}gap eeals combined with labyrinth seals. Sealing of pump
kshafts in liquid metal cooled stationary nuclear reactors 'rs usually
accomplished by using inert gas as a segarating fluid and then sub-dividing
the seal inte a liquid metal/inert gas and an inert gas/'air seal. In one
apélication, a freeze seal between sodium and irert gas and a rubbing seal
backed up by an oil-filled labyrinth slinget seal between Inert gas and air
has been used. The first sedl operates at the freezing temperature of

sodium - 240°F - the second seal operates at 150°F. Sheft diameter 15,




5 inches; speed, 1180 rpm. Lubricated face seals for sealing between

inert gas and air have also been used with limited success,

, Meré;ury sungerb seval's for the :s.ealt‘r:\g of a roiéﬂng shaft between
the very Iow p_rés_sure ina r»rklker_cuxf,/’ conderrx"ser. and Ambiént «_aif were in‘tro'dvuced
'succeséfully by Generét Electric 2 5 yeérs ago in r;xercpry pbwer'plantsf
B Thesé seals are still in operatiom and turned dut to be extremely't/rouble free
and relia’ble.‘ _"A.simiylar seal was ‘designed»for a two-stage pdtas‘siux‘n test
turbine which is being built and tested by the Flight Pro.pulsiqn Laboratory.
The potasstcrm%o-argon seal portion cbnsistsv of a potassium-filled slingef
s‘eél of the rotating chénnel type, an& thé argon to air seal is a;:compiiShed
bby a face seal. A labyrinth seal and forced circulétig"m are used to prevent
oil mist from contacting the potassium seal. “Zero" leakage ih or out of

the potassium system will be accompiished in this sealing arrangement.

nZero leakage"’wh‘en applied to seals in space, assumes a differen’t
meaning: it must incliude not only the working leid, but also any buffer
fluids used. Any fluid or gas used ivn fhe, seals will be exposed to the
vacﬁum of space, resultin§ i'n vaporization and the escape of g‘asesband
'moleckules, even through the smallest possible gaﬁ. Therefbre, "zero

leakage" can be closely'approachéd, ‘but hot absolutely attained.




" Hot metals and frozen liquids are prone to shbhx_ﬁation. . _Everi

dtffuslbon' of hot ga}se‘sv thr\o’ugh' metal wélls will result ln f,lutyd losses.
Molecular"movemehﬁts m‘ay be Qlowed dbwn by using k-low témpéfétures and
may éll s'olbrék 1n’fluex.1céd‘by. l,onilzation and "mag’rietllc fléldé. o If, however,.
| _Small_’ leakag'es suc_':hb'as 0.1 b, 'in 10,000 hrs. can beutqlera‘ted, then a

ﬂumb’ér(of sealinij apprdaches can be (denﬁfied as prc}n’x‘isingkto accomplish

‘ this goal. |

'Becadsé ’o‘f zero gravlty opérating conditions, there is the problem of
colléctinq and reclrculatihg the liquid metal bearing and seal lubricants.
Dyn‘amic‘ seals might serve the dual' function of sealing and of pumping the
lubricants back to the lubricant pump inletb. They could also prévide the

function of a lubricant pump.

Seal development should primarily concentrate ort development of
highly-reliable leakaée—free dynamic vacuu>m seals. Availabilify of such
seais would result in considerable progress in>the aft of turbo-electric space
power éystems. If the seal technology developed for vacuum seals can
also be applied to the solution of in-loop-seal and recirculation problems,

then a rigorous dynamic seal development program becomes even more

desirable.




The basic rules in the development of vacuum seals in space power

plants may be expressed as follows:

v:a.

Sealing in space 'places a premium on temperature levél
and minimum cooling requirement due to the necessity of

disposing heat by radiation, which becomes ihcreasingly

~ costly as temperatures are reduced.

Overall seal configurations in space power plants ‘sh‘ould

- be as short as possible to avoid creating a need for

additional outside bearings. A turbogenerator arrangement,

where the turbine is cradled between two bearings and the

generator rotor overhung, is highly desirable if sealing can
be accomplished between generator and turbine bearing;

Seals in space power plants should be se1f=contained and

- not depend on auxiliary systems. There is @ premium on

simplicity and on a minimum number ’of parts and maﬁerials .
involved.

Material choices must be restricted to those compatible
with the working fluid. Th_e fact that these materials will
be free of surface oxides, due to the reducing action of thew

alkali metal and due to the absence of an oxidizing

atmosphere should be fully considered.




'The deveiopment .‘of ~dynamic" seals that will pfévent lea‘kagé’bf the
system worktncj fluid over éxtéhded ;irhe beripds ~(’sﬁc§h ’as' _ohé 9e'ar)’ tnt§
Eheivacuum- of spa-ce’ can be accbmpli,shed’in fhreé stebs: '

 1. Prévide a pressure dam'- t'hrougfl which a transition from t‘hé
“high pres;ur—es of the workin‘g‘flul‘d in Itdgiéor Vaﬁdi étate
; :',to the lowest préssure IevéI possible-may be 'acciomplishe.d.
2. - F;enerate a c1ear.s’.eparatioh bétween .’liquid and vapor
phase‘of the wérkmg imid and prevent direct_ leakage of
; liquid ih-tvc»rt-he vacu-uonf space. Any leakage of quvuid
working fluid through even the most narrow gaps possible

wilkl be many time’s' higher than leakage of working fluid

in the vapor state throqgh the same narrow gaps. Sealing
will be most effective if a region of very low pressure
wvapor is established between the seal liquid and the final
réstriction through which the system is open to Apace.

3. Minimize the vapor pressure of the Working fluid and the

vapor leakage.

A pressure dam can be provided by a variety of concepts, resulting
-in high flow pressure drops or a counter pump action. Typical approaches

are labyririth, helical thread or slinger seals in various forms.

-10 -




| The ,ynov‘vei‘ty of t‘hé’ s'livnge.r and hellcal th;ead s’eaﬁ )usfifles their
,pre-'téstin‘g ’wit_h wal:ér és"wor)bcbin'g t,he:flutd. The tnformétion bdn the flow‘
phenomena 'obfalned in these prelimiﬁary te#ts caﬁ theh be applied to the
deski_gn’olf‘k’ltq-u’»td inetél seals. 'fhis appliéation is pé;‘.sib_le through the use
of diméhsionél simflafi;y qf the flow paramevters:’thatvls,visdostty. specific
Weight and Ré'vy’nold's nt;mber. | Howevjerv, mény‘ phenomena , likeb heat
- transfer and erosion, c’annotvbé simulated and studied in water fésts, due to

the diffefe_nt physical and chemical properties of the fluids.

-11 -




II. - ROTATING FLUID RING SEALS

A _I_.ow Speed Test Rig Set Up
‘Preiiminary Seai ekperir’ne’nts are préSénﬂy betng conductéd usind
_ water as the workingflu/td(l A 20,000 rpm seal test rig is présenﬂy being

utilized to perform these experiments.

Operatibn of the water 'séal test rig with -rotatiﬁg ﬁousing-sta;ipnary
disk Configuration I, (see Figure 23) insialled has been performéd up to
‘'speed of’ 20,:0‘00 rpm vand séali_ng press_&res of 90 psi. - Axial spacing éf
- the stationary disc Qithin the fotating housing has b‘ee,ri maintaihed at

| SA = 0.167, 0.092 and 0.019 for test purposes.  Partial evaluation of
a : ' : o _ '
- the dynamic seal testing has been completed and curves illustrating the

data and dtscussion of the curves are enclosed.

The 20,000 rpm water seal test rig is installed in Buvilding 301 at ouf
Evendale, Ohio, facility. Test rig checkout was initiated on May 2, 1962.
~ This checkout revealed the following problems which had to be resolved

before scheduled testing could be acc_:omplished.

1. Air Turbine Noise
The air turbine used to drive the rig was extremely ndisy.

Because of other operations in the same building'it was necessary to reduce




this noise to an acceptable level, Th'i.s was vdon'e by deStg'mng”and.

insfalling an enclosure which muffled the air turbine, -

2. ' vCoyoan Water Dtscﬁarqe

| Cooling water iks dtséhérged over_board irorﬁ ;he rotat‘ng hodsing.
‘It wés :iﬁ_ténded that this wa‘ter would then collect in the anmﬁar water vtrap
and' dra’inboverboard. . Operation of the”test rig provéd that 4the water did
'not ‘drain from the tr;b as plaﬁned. Instead, the ‘wa:ter was discharged
from the annular water trap in @ heavy spray without passing throﬁgh the
, drain.l kThis problém ;Nas a‘ITex‘/i‘ated ib‘y repositioning the drain locatioh to

-effectuate a positive drain.

3 Turbine Air Supply.
| ‘Check’out of the te.ét rig revealed that seal testing could not be
accomplished at speeds higher than 8000 rpm because of air starvation at
the turbine. The air supply line waé inadequate to supply the power |
féquiréd to‘maintain seal operation at speéd_s hfgher than 8000 rpm. It was
not feasible to install a high capacity air line to the test rig location.
Tﬁerefore, it was nécessary to mqve fhe rig to another location and instéll

a short 2" air supply line. This change over was accomplished by June 13,

1962.

-13 -




4, Instrumentation

Instrumentation iprol:)lemsiwere en‘c’ounteredv in axial thrust and '.
disk ptgésureA méasurem‘ent. ~ One problem ieéuklted in axial thrust measure-
- mve""," not beﬂi.ng repeba‘tab‘le on thé test r.ig. . Subseqﬁent investigaﬁon
revealed that the beértngs in t'h%u'st frame had ’lbzrlnelledkthe thrust transfer N
: .shaft. It wé-s ’neCéSs'ary to replace this shaft and reoriént o'ne\of-.the
~béatings to improve thé lfhrust meaéurement, The faulty disk pressure
measurements were tmproved by e»mpl‘oying betfér transducer rhoun_ting and

calibration.

Ch_eckoixt of the test rig in the new locatidn with the improved air ‘
supply resulted in a 'spindle bearing failure .at'13,000 rpm. The failure
was caused by dirt in the bearing and on a bearing air seal. The failure
‘was promptly resqlved by bearing replacement and testing was resumed on

July 11, 1962.

The water seal test rig is designed so that the folIoWing parameters
are obtainable: |
Housing speed
Frictional torque
Nitrogen pressure sealed
v‘Water pressure on the stationary disk in ‘e‘leven locations

Water ‘,flow‘ for coollng

414_-




Axdal thrust on the seal
" Water in temperature
Water temperature at the circumference of the stationary disk E

Balance air pressure

B, Wat'ex‘:‘l'e’st’Daita

- CurQes chara‘c'terizin‘g the slinger seal pfessuré capabi}ity
é:e englosed in Ficjufes 7a, 7b, and 7c. The cu‘rves‘ show the sealing
| pressure plotted \}ers;us the rotating housing aﬁgular v'eloﬁﬁy for varioﬁs
radius ratiovs. Aéaléulated lirﬁit which corrésponds to the case of having ‘
no water on the pressure side is indicated on eacﬁ curve. However, this |
case of having no water on the pressure side is stﬁctly an idéal situation
and could never be reached in acn.xal experiments. T‘hgrebfore,» the case of

a-IN
3

- 0 was the closest the ¢§lcu1ated limit couldw beirea.ched in

at:iual experimex{ts without blowing out the seal. In addition to

dt;termining the seal blbw out point of each seal configuration, testing was
done with varibus water immersions on the pressure side of tﬁe stafionary
disk. The’experlmental test points when plotted on éealing p‘ressuré

yersu# rpm cur’vevs formed families of ia'_'_r.N_ lines. A combarison of
Figures 7a, 7b, and 7c indicate that the s/a ratio doeé not have a significant

effect on sealing pressures with this configuration. . It should be noted,

erax -

S

-1s-




hdweve\r, that the disk and rotating housing boundafy layers were not

submerged in any of the completed experiments.

* Analysis of the plotted data revealed that the sealing pressure

_tng:fease was proporttohal to the square o£>'the rpm increase.

. Prlbr to mak’mg‘ plots ofv' sealing pressure versus rpm plots were

made of sealing pressure vérsus tip Reynolds number. Correlation between

the s'epéra‘te test data points was improved, however, with the rpm plotted

as the independent variable instead of Reynolds number. Review of the

initial plots @ndicaté that minor changes in viscosity did riot have any

significant effect on sealing capability.

2. Power Requiremeﬁts

Curves characterizing the slinger .seal power requirements are
enclosed in Figures 8a, 8b and 8c. The curves show the slinger seal

power requirement plotted versus the rotating housing angular velocity for

~various radius ratios.

A comparison of Pigui‘és 8a, 8b, and 8c indicates that the s/a
ratio affected the powér requirement. This effect was characteriied by a

decieasing power requirement as the stattonafy disk approaches the wall of

the rotating housing. Analysis of the plotted data fo_r this configuration

revealed that the power requirement increa_se was approximately proportional




to the third power of the rpm increase. It could be seen from the data that

gyr_eater disk immersions on -thek gap side required more power to drive the B
rotating housing. ‘This was caused by an increase inACp, the frictional

torquye coeffictent.

Tﬁebcooli.ng—-water flow which also acts as 'the" wor_kiﬁg fluid
affect'edi tﬁe hqisepower .requireméntlé. The eff'ebctr Was'_ té increa sé_e the
powerbvrevqbui’remen‘ts as th‘e cooli_ng fldW,i-ncreased‘.' However, :hé power
tncrease réduiremén: waé of an ordevr of magnitude sma}ller than t_he

frictional effect.

3. Frictional Torque Coefficient

Curves characterizing the slinger seal frictional torque
coefficient are enclosed in Figures 96, 9b, and 9¢c. The cufves show the
frlctionél torque coefficient plotted versus the Reynolds numb.er at the disk
tip for various radius ratios. "lr'he\symbol DCp, was used in place of the
standard C,, for frictional torque 5ecause the disk and housing were only
partly imfnersed in the working fluid instead of complet-ely'imnierksed. The
expverimental‘ test points when plottéd on frictional torque coefficient versus

disk tip Reynolds number curves form fammes of E_;_rN_ lines.

A comparison of Figures 9a, 9b, and 9c‘ indicated that the s/a

" ratio affected the frictional torque coefficient. The effect was c'haracterized»

. P PN R
. FE 3 E
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by a decreese tn torcue as the gdvp between the stattonary dtsk‘and rotating

" hous{ng on stde A, (the water stde) decreased The ltne on each curve
labeled C, = 0. 0622 R"I/S represents an emptrtcal equation derived by
Dr. Hermann Schltchtlng for a fully submerged dtsk in the turbulent flow

: regton. It should be noted that the experlmental data from thts test
t'ollowed» the same slope on 'the curve as Schlichting s equatton ‘ Analysts
of the. expertmental data revealed that the frtctrona’t torque coefficient
“decrease is approximately proporttonal to the one-fifth power of the Reyno.lds

number.

- 4.  Seal Efficiency
| Curves characterizing the slinger seal efficiency are enclosed
in Figutes 10a, 10b, and 10c. The sealing efficiency has beéen deyfbine‘d_as
the ratio of tne maximum actual sealing pressure to the theoretical maximum
sealing pressute. When considering the theoretical maximum sealing
pressure the ratio of the twater ring velocity‘ to the housinc velocity has been
taken as unity. The enclosed figures show the seal efficiency plotted‘ ’

versus 'the dirnensionless radius ratio, @ ~IN.

A comparison of the enclosed figures indicated seal efficiency

improved with increasing SA/a . tne disk-housing spacing.

-18 -




5. Axiai vPor'ceb-T‘hr’Qst "

. _'.CuirVe's CharéCtertztng the slinger seal a.xLalv ‘f'orc‘é arééncl‘o_sed
i Pigur’es" lla, 115, and llé. The figures show the hydrodynamté force
'pldvttesd vér‘ﬁl;s thé‘. stinkgkerkseal.sealing.psessﬁxe. | ,"rhis axial force or thrusvt ;
kw'asj:ca‘used Qy the pressure unbalance on the Stationary disk. An équal

= >anAd opposite unbalance existed on the rotating housing;

A comparison of Figures 1la, 11b, and llc indicate that
.incréésing the gap between the_ Sta;ionary disk and rotating housing on

side A, the water side; slightly increased the axial thrust.

6.  Water Ring 'Velocify '
Cuﬁ)es characterizihg_ the slinger seal water ring veloéity are
enclosed in Figures 12a, ’125, and 12c. The curvés show k, the ratio of
the water ring angular 'velécity to the‘rotating housing angular velocity

plotted versus the rotating housing angular velocity. .

A comparison of Figures 12a, 12b and 12c revealed no significant
eff_ect on the water ring angular velocity when the axial spacing, Sp/a dr
the dimensionless radius ratios, 2_;_’_1\1_ was varied over a wide range. The

experimental data indicates values of k range between 0.4 and 0.5.

el =3
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C, ,;Alkal»l-Me’tal Seal Test Pac”ittty :

k ‘Preliminary dfagram‘s of the dynam'tc seal alkall-metal“test facility
are shown in ?igures 23 and 24. This arrangément has been tentatlyely

selected based on :prev{ous alkali-metal test facility experience. '

The system shown in the two_,ﬂgurés has been designed to supply

atkali-metal and argon; Flows up to 4 gpm o_f al'kali-metal is supplied at ',

any selected temperature from 300°P to 1400°f'. - The }Jrinctble components,
services and connections for measurement, purification and handling the
alkali-metal are shown. Simplicity and reliability has been emphasized in

the design of this loop.

i . < ) © iy e e TR
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| pbsstb.l—e appltgatton‘as a»dYnam(c shéf»t seal. When used'as a sealing

1v. SCREW SEAL

A. Introduction

In rééen’t years interest has increased in the helical screw pump for

~device, the scre_w:pump is sometimes called a visco seal.

- The screw pump h'as‘found wide application in the chémical ihdustry"

" for extruding viscous materials. It has also been used there as a very

low specific speed pu‘mp. In the rotating machinéry field, studies;'ha ve
been made to determine its suitability as a lubricating oil pump. - In most
all of these apblications, however, the material being pumped was viscous

and as such pump operation was observed dnly in the laminar range.

With the badvent of the atomié enérgy and space progfams ‘wh‘ére there
is a need for a dynamic typé seal for se‘alir.xg gases and Iit;uids of ’relatively‘
low viscbsitj, interest has swung from the laminar o'peration of the visgo
seal to tiie turbulent operation. Although the principles of the operation of .
this type‘ of devicé have been well explored and experinienfally verified for
the laminar flow case, no comparéble theory exists for the turbulent cése‘.
Ih addition, no suitable criterion has been developed for kdetermining the

transition from laminar to turbulent screw pump operation.

- 21 -




" B. _Scc':rew'Seal Analysis

1 - Lamlnér Flow'Case

The screw ’punvr‘p constéts of a thx_feadéd shaft rotating‘i_h‘a‘ fi,xedb
-c;yltnder or sleeve.k The Screw chahnel 1s'cqnsfan£1y changlng its ‘posmonj
: rélative t‘c:-x»s'lkee;ve and the ad:vanée of the fluid vﬁﬁrc'idgh the‘ "sleeve of the -
- ,pdmp follows ‘a helical ;Sarth which is a mlﬁbf imagé of the helix 'on the
$cfew. It has been srhovka, bqth a’nalytlcaflly ahd' éxperirﬂentatly, the end
‘ results unld be tﬂe same if ‘the sCréw‘were held rst},ationary and the barrel
:otéted in direétion opposite to the actual rotation of the screw, since the
relative velocities ofythgh‘g;ré\'k»and the barrel are uhaltered. | But in this
case, the liquid mo'ves alohg the helical path defined by the screw channel.
Because the channel walls are attached to the screw, it is far easier to
visualize and discuss the case in which the barrel rotates; For this reason,

the screw is usually taken as the frame of referencél.

Figure 13 shows a _portio'n of a screw pump'in Which the
rotationat speed of the barrel is U. The component V tends to drag the
fluid in the direction of the channel. The T component induces a transverse

flow. This transverse flow is neglected in the analysis.

If part of the screw channel is isolated as shown in Figure 14,
the flow in the screw pump can be considered as a special case of couette

ﬂow in an arbitrarily shaped channel against a pressure gradient... This

- 22 -




assumption is valid since in most éppllcations'th‘e redtﬁs of the sleeve or

rotqt is usually much ta}ger than the screw depfh'.’

'l'he dtfferential equations governlng this type of flow are the
‘Navier Stokes equattons As shown in Reference l, theseyeq’uattons, after
. _tembving the terms th—at vanish appear as

.a_.__ | - o )

dx 3 y2

for incompressible léminar flow between two parallel blates.

- A very simple solution of eeuation (1) is obtained fer the case
of steady flow between two parallel flat walls one of Which is moving with
a velocity V. The boundary conditions are: |

Yy = 0; U =0

y=h U=~V
The solution is

U-{—vefjé.d’(»( %_) - (2)

The flow through a channel of width b

h : .
Q=-b / Udy ' . ()
‘ (]
3 : ‘
- Vbh _ . bh™ dp I
Q 2 12/( dx ' @
or ‘ ,
Vbh 2 12 /N dx ' .
.~ 23 =




In ad‘d‘ition to the flow given 'By équatlorn‘(4), "there is a leakage

’ through the clearance space 5 This ls analyzed by assumlng the flow is

' tsothemat pressure ilow through a narrow slot or

s : - .
xz,ab dr o v

"thete 1 is distance along the leakage path.

- The factor E {s a correction for possible eccentricity of the
screw in the barrel. It varies from 1 for a 'perféctly centered screw to 2.5

for a screw with maximum eccentricity.

It is shown in Reference 2 that the leakage flow can be expressed -

as: v
QL = r? D253 tan ¢ AP
10 4 b L ‘7 ’(7)
or
QL 77"2 Dz J3 tan 4 hz dp » (8)
Vbh 10h3,«b2 sin ¢f AV dx
or | _ : ;
i Tl XCN dx) j | -9

where X is a constant dependent only on the geometry of 'the screw,

The first term of equation (4) is the drag flow. The second term

represents the backward flow along the channel due to the negative pressure -

PR
P,
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_gradient. The total flow can be viewed as a drag flow minus a pressure N
flow and a Ieakage‘ flow or:
N
By 'cdnjbinin‘g equations (5} and (9), the total flow in dimension-

less terms becomes

T A TR AR L an
where : B = - h

‘ )
AT O

If _V% is plotted versus B a straight line results with a negative
slope as shown in Figure 15. Data for a given geometry of screw pump

should all fall on one straight line independent of speed when plotted in the_

above dimensionless form.

4

For seai operation, thé shut off pressure cc::efficient is of
interest. ‘Pdr Q = 0, this becomes for the theoretical case,
b2 g0 . —-'—1—-7' S (iZ)
/(V‘ dx 2 ('(+1'2') : : _
' The actual shut off pressure coefficient 15 lower than the thedretical. In

practice, the sealing pressure is usually expressed as

g () w

- 25 -




The "constant Ky, whictx depends on the 'ge'o'met'rjrY of the s‘crew is
» determinad experimentally, rather than from equation (l 2) ‘ The form of
the equation has been veriiied experimenta}ly, and values of the constant ’

Ky have been found for various screw geometries

2. ‘V ‘I'-ra’n'sition Range

| Frossel in Reference 4 presents data forﬂv‘ar‘ious geometries ot
screw pumps over a speed range from 1500 to 15000 rpm. Typical pump
, characteristics are shown in Figures 16 and 17. In Frgure 17 the data
| from 1500 to 12000 rpm fall on a straight line as the Iam’inar theory would |
| predict. The data for 13,500 rpmand 15,000 rpm, however, fall above
the straight line characteristic. This is a Reynolds number eftect caused
by a decrease in the viscosity of the oil being pumped The temperature
of the oil increases as it passes through the pump lowering the viscosity )
and increasing the Reynolds number. At some critical value the,fiow

becomes turbulent changing the pump characteristics.

' To date no suitable criterion is ‘avai!abie_ for predicting the
transition point. The critical Reynolds number for an unloavded journal

bearing may be a significant parameter;

Re = 2V4

u S e
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Such a criterion works well for jdurnal bearings, bqt the existence of

threads on-the screw pump may call for a different definition for the
“critical Reynolds number. It may be more accurate to base the Reynolds

“number on the s_créw geometry and obtatn;

Reg = /o—*‘LY,d . S o (19)
where d, is the hydraulic diameter of the screw passage. It will be one
| of th’e‘goals of the present study to determine a valtdvcriterion‘for predicting

the transition point.

3. Turbulent Flow Case
In Reference 5, a study is made of the hydrodynamic motion in -
a lubricant layer. = The results of this study have direct application to the

screw pump.

In drder to describe turbulent flow in mathematical terms, it is
convenient to separate it into a mean motion, T, and a fluctuating moiion

u.

The velocity and pressure components then become

‘u =T +u v =V +v _w-“"vTi-l-w' p=F +p

If the above are substituted in the Navier Stokes equations and
a time average made, the following equations result for thé physical situation

of Figure 14b.
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dp . ydiu o d T
Ca ST ey AN (1)

45 .4 (- 4V
dy  dy - " ‘

S .Upon comparison with equation (1), it is noﬁtcéd that»et:uattons

“(16) cpntain'an 'additional term, the so-called turbulent st_res‘s uv,

" Further, there is a variation in pressure across the lubricant layer.
In order to integrate equation (16), it is necessary to know the ,i

turbulent stress‘ u'v' beforehand. Constaninescu does this in Reference 5

by introducing Prandtl's mixing length, 1, where

du -"—E—l | (a7

T _ 2
_/Ou v ‘/ol dy ay

After substituting equation (17) in equation (16} and simplifying

. he arrives at

dv | 4§ |, 4T o '
AV Gy d?l+ &5 + By -C = 9 (18)
where
CR2
A = K2Re h_ do
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Solutiybn 6fA"éq'uatvidr’1 (18) ylel’dswth‘e» veloct‘ty'prof’"i‘l’é' bfof‘zvar'tbus: "éres'sure
c‘:oe‘ffit‘:i‘enfts ahd Reynolds numbers. It is instr‘uc‘tive to combare the
»yélqcit'y'profiles predylicted by the’I‘amtnerr and ti_zrbdléht tvheofies.v These

. are shown:i:n Figure_ 18. The di‘fferences‘-are Qéry gn;gc‘at.y krrl'okr thé séme
preésﬁre | (B_parafnetef) more :fl-clrw will be delt(rered in turbulér;t flo;_v ﬁh;in in |
lamlnar‘.” Th/is is als’o bome vout by the data of Pf§55e1 in ‘Fig‘ure’s 16 avnd

17.

If the couette fllow velocity profile is pIo't‘t‘e'd for‘various Réynoid’s
numbers, Figure 19 result§. ‘The Reynoldé number has substantial influence
| upon the velocity profile; when Re —» 0 the vefocit_y profi},e tiends towards
the laminar one and when Re --#.a the velocity di's‘trib&tion tends to
become conétant with respect to y. It is‘ mor’e important to note that the -
area under the velocity distribution curve is independent of Reynolds number.
This fneans that the drag flow term, Qp = Vhb , in ‘eq‘ixation (4) is also

2

independent of Reynolds number.

Now if velocity is plotted for a constant value of pressure

coefficient B= — 20, the influencé of Reynolds number is clearly seen.

This is shown in Figure 18.

The mean velocity in the screw channel can be thought of as

consisting of two parts.

s ity
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where umc,.," mean couette veLchty

,ump - mean pressure velocity

" Pigure 19 shows that Up, 15 tndependent of Reynolds number.
The mean velocity is then
Uy = 5v + ‘ump . | S - (20
}'or lémlnaf flow, neg‘Iéctt'hg seal leakage, this becomes

k_‘lnL_

1l 4, B
v =7 *

12 o - (s)

" For turbulent flow, “mp {s a function of Reynolds number.
Mean velocity for various Reynolds numbers and various B parameters
were calculated in Reference 5. This is shown in I-‘igyure Zlfor the pertinent
range of values. The pressure coefficient 1s almost linear for all Reynolds

numbers, Thts can be expressed analytically as ‘ v
. . n ; » |
Ba,K(_‘.’.’.E> ' : o o (21)
_ "
where K = 12 for Re = 0 and XK =c0 for Re ~» 0o |

This variation can be expressed as

K=K + K Re"

| 0. 725 o | (22)
12 + 0.14Re - -

Substituting for ump in equation (20), we obtain

- 30 -




N

v 2 (12 +0.14Re0.725) . (24)

sz" Reanlds xiu_mber =0, this reduces to the laminar case. The dimension- V
'les‘s preésufe‘coefficient versus the d_lmensidnless flbw coefficient i{s plotted

in Figure 22.

It‘vis interesting to cdmpafe the ,tﬁkéo‘reti‘cb:al 's‘crevwk pL;mp
characterisf.i‘cs with t;zpicél meva’su'reldkcharacteristic of Ffossél in Figure i5 _
and 17. ' If the flow in the puxﬁp were laminar aﬁd isothermai all of the daté
pdints wOufd vlie dn one straight line when thé dimensionless pressure
’ cc;éfflcient was piotted againét dimensionless flow c‘c'Jef_ft»cierit. .'l'his held
, trué at >Iow rotational speéds; but at highér 5peeds a fan’shaped family of

characteristics v}vaks obtained. Since the purﬁps tested by Frossel were not
cooled, ithe temperature of the oil increased as it passed througl'} the pump

: with an attendant decrease in viscosity and increasé in’Reynolds’ Number.
The effect is a >minimum'at high flows since the temperature rise is smaller
due to the higher mass rate. At low flows and high speeds.the temperature
rise if greater giving a larger negative slope to the characteristic. For this
reéson, along any speed line the slope of the characteristic becomes steeper R
as thé pump opératlng point rﬁo\}es to lower fllows. | The dip on the |

qharacteristic lines at high rotational speeds is most likely a result of the flow

- 31 -




' changing from laminar to turbulént’vcondit‘mné. * The above theoretical - |

analysis predicts the same shape of >‘chyaracte‘r.ts'tic; as was experimentally

observed by Frossel.

" When the screw pump is adapted for use as a seal, the important

polnt o',n the char—a‘cteristic‘ts the shut off pressure, i.e. the value of presksu're

| coefficte'nt at zero flow.

- From equation (24), the shut off value is given by

2 .
de h_ . "%“ (i24+0.14 Reo.?'zs) e - {25)

dx pv

"l'he constants in the above equation afe the theoretical values.
It was shown for the laminar case that the experimentally determined constant
was considerébly lower than the theoretical maximum. A similar discrepancy
between the theoretical and actual would be expected in the tufbulent case.
Thus we would expect an expression for the turbulent sealing pressure to be

of the form
- my, [A4UL | |
AP = (K + K, Re )(‘—Th ) (26)

where the constants in the equation will be function of the screw geometry.
The verification of the form of equation and the determination of the constants

Kl and K2 will comprise an important part of the screw seal study.
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: ‘31'nce f‘foéSet ’ (Réferéﬁcéll) dld .ndt"ac‘tualiy‘ measufe'kshut‘OEf

vpféssurél, lztvk‘is ;xot known for certain tha; en;rapolétinq hi-s‘ méasuréd pumpv; a

» bcharact‘é‘ristlés fo zero flow is v‘alid.-k, Ctl ‘foa-r-r’d'nq oi cavitation may take -

place c'a‘>u/ss‘tng*'the seal éff.éct to breakdown at hlgh Reynolds number. ~ Based
‘on the 'a‘na’lytlcal study presented abdve. however, it appgéérs Athé»tv’th'e seai

'vdperatiqn should improve with tncreésing Reynolds number.
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1.

.SYMBOLS

Slinger Seal

R

2

g'@

1]
]
~

[+]]

3

Reynolds number, taken at the disk tip, dimensionless, w‘a

- Torque coefftcient for disk partially wetted on two sides, .
" dimensionless, 2M

pw?ad

Stattc pressure of the nitrogen being sealed by the water, psiq.

Dynamic pressure of sealmg fluid water on the atmospheric
side of the disk, psrg :

N ‘Radius of stati_onary disk, ft.

Radius of fluid from the center of the disk on the atmospheric
side, ft. : :

‘ Radius of fluid from the center of the disk on the nitrogen

side, ft.

- Kinematic viscosity, ft? per second.

Sealirxg fluid mass density, b secz/ft4.
Ratio of angular velocities, .dimensionless, —(E-

Angular velocity of rotating housing, radians per second.

Rotating housing velocity, rpm

Angular velocity of sealing fluid, water, radians per second,

Frictional torque (moment), ft. lb.

Radius Ratio, dimensionless

Cooling flow, gpm water
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"HP

Screw Seal

A

Spacing between dtsk and rota ttng housing on the
: atmoshperic side of the dtsk ft.

Seal efficiency R

Thrust

Horsepower

Constant in turbulent flow eque—fton (18)

‘Width of thread channel

Dimensionless pressure

Constant in turbulent flow equation

Hydraulic diameter of screw channel
Shaft diameter
Flight width

Eccentricity correlation factor

| Depth of groove in shaft

Constant turbulent pressure sealing equation (21)
Constant in turbulent pressure sealing equation (22)
Constant in turbulent pressure sealing equation (22) .

Constant in laminar and turbulent pressure sealing
equations (13) and (26) '

Constant in turbulent pressure sealing equation (26)

Distance along shaft
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L ‘ ~ Threaded éhaft'plcngth
mo Constant turbuient pressure sealing equattdn (26)

n ’ ‘ Constant in relation between pressure coefflcient and
mean pressure velocity (21) ‘

N | Shaft anguIar veloctty
- P Pressure
DP Pressure drop across seal‘
Q | ‘ Volume flow |
Re‘ a Reynelds number
t . Thread -pitch
u Velocity in x direction
v _ Shaft Vetocity
v ' Veloeity iny dire.ction :
| \ Velocity of moving plate
w o Velocity in z direction
X Distance along axeskof thread groove
Yy Distance alohg d‘ifection df groove depth
'z Distance aloﬁg directioﬁ of groove width
7 Constant depending on groove geometry
) ] ~ Radial 'clearanee between shaft and sleeve
" Absolute viscosity
‘ P | Fleid density
| | |



o '."-}"Sub‘scti_gg‘_s_
m mean value
¢ couette flow value

p  pressure flow value

’Sugérscrigi‘s ‘

fluctuating value

‘— " time averaged value .
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Seal Test Rig

Figure 2.
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Figure 3.

Seal Test Rig
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Figure 4. Seal Test Rig
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rigure 8c. Housing-Diak Configuration III, Actual, {-_‘-‘- = 0,87.
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" “Figure 24a {contd)

Item No. Quantity  htem

- 19 R ! . E. M, P_lowinéter}

201 Ejector
21 ) 1 o Cooler-Héater |
‘22v "‘ 1 ' , Heat exchanger
‘. 23 | 1 Filter |
24 " Cooler and Valve
25 - | 1 o - Pump

- 26 1 Head tank
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