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Alvn B, Buggelo : 1
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INTRODUCTION

Large high-pressure vessels designed forambient or high tempetratures ard-not

presontly capable ef containing gascous hetium at oquivalont pressurcs-whon at cryo- I
genic tomporatures, Probloms associated with achicving and maintaining high pres- ‘
surcs at cryogedic temperatures as they involve scal designs were studied, The . !
purposes of this study were
(1} To identify suitable materials and-develop a scal for cryogenic applications ]
at pressures to 4080 bars (60 000 psf) (The prossure vessel design limited |
this portion of the study to 1630 bars (22 500 pst), ) :
(2} To-identily some factors thut-affect seal performance and reliability for

cryogenic pressure vessoels

E-9212

To accomplish this, the seal study was divided-into three phases; 51 seal configura-

tions were tested, :

METHOD. | i

This seal study used a conventional monoblock pressure vessel made of 304 ‘ ¥
stainless steel in an annealed condition (fig, 1). The vessel has a single threaded ¥ '
closure containing an O-ring scal with a 304 stainless-stoel, wedge- shaped backing \ )
ring (fig. 1(a)). The apparatus was supplied with gaseous holium at pressures {o !
1630 bars, the elastic safety limil, The assombled high-pressurc-vessel apparatus

(fig. 2) was hung in a nominal 27, 94-cm- inside-diametor (H,0-in, -i, d, ) dewar for

tests in liquid nitrogen (77. 3 K) or liquid helium (4, 2 K),
A series of cxperimental scal systems were designed and tested in this typical

pressure vessel that had a representative closure, In phase 1 a common O-ring

design of various materials was studied. In phasc 2 attempts werce made to improve
the scal design, to identify rcasons for not scaling, and to establish the necessary

design philosophy and design criteria for the next goneration of scals, Phase 3 was. - ...
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nsedarolinge

tho design and te Identify operatfonnl idiosynerasies, 1 mitations, and

failure merhantems for two dovelopod groups of high-pressure cryogenic soali ng con-

Group A consists of those configurations that requiroed hi gh pressures L

fgurations,

‘ ' Inttially at ambient temperature to sot the seal and-4o-maimtain pressure feor latar

cyrogenic operation,  Group B consists of thoso configurations that wore.capable of )

scaling without an injtial scaling pressure, Thesc scals can be pressurized and dga— . . !

4
pressurized repeatedly at 4, 2 and 77. 3 K, |

APPARATUS.AND INSTRUMENTATION

Figures 1 and 2 show the cquipment and the numerous cempeonents used in con- ]

ducting this study..-The pressure vessol is 21,
106 kg (235 1b),

6 em by 36, 8 cm, with a mass of -

Two platinum resistance thermometors were attached to the

pres-

sure vesscl at its top and bottom and wete used. in addition to Chromel- Constantan '

thermocouples to confirm temperature stabilization, Prossure was monitored by a

0- to 40 000-psi (2720-bar, laboratory calibration-type gage that was located I meter

from the vessel, This gage was fitled with a potentiometer that provided an analog
signal {o a sirip-chari recorder,

For liquid-nitrogen tests, the Hquid level was

.automatically maintained 2, 54 em (1.0 in.) below the top of the vessel, Tor liquid-

helium tests, the levels were controlled manually between the extremes illustrated ,‘
in figure 1,

A pressure of 1530 bars caused the seal width to increase 0, 0137 mm (0, 00051 jn,)

at ambient temperature, 0.0096 mnt (0.00038 in,) at liquid- nitrogen temperature, and

0.0074 mm (0, 00038 in,) at liquid-helium temperature, A high- pressure eryogenic

y
scal must retain sufficient flexibility to contain the pressure regardless of dimensional '

- :
changes from either pressure or temperature effcets,

Analyses of gascous-helium samples taken prior to phase 3 testing were within

spocification | ‘| which requires a 99, 995-pereent purity and allows H50-ppm total jm-

|
[
]
i
§
1

purities,

RESULTS AND DISCUSSION

Current design eriteria for commeon pressure-vessel elosure systems ha e hoeen

[ IR Y e . N . N
documented [=03) The original closure scal system of (he pressure vessel used in




this study (fig, a)) follows typieal deaign practice,

Phasoe 1

Phuse 1 was undorighen to evalualo-O=yings made-of several common matarials,
The matorials wore- BUNA-N, & nitrile rubbes (70 duromotor), silicone-ribher
(~60 durometer); Kel-1, a Quorocurben rubber (=90 durometer), and Creavey scals
consisting of u ‘Teflon (fluorocarbon resin) tubular terus having a stainless- steel
rosiliont spring insido with a Viton (fluoroclastomei) core in its conter, The high-
durometer-nuniber O-rings, or matefials with a groater rubber hardness, tended to
leak and to distort by plastie flow and-had poot pressure-cycle life at ambioat tom-
peratures,...All the seals in phasc 1 failed al or above lquid-nitrogen temperafure,
The pressurcs thal wore achioved in this first phasc of tests did-not exceed-several
hundred bars, The unsuitability of the scal design shown in figure 1(a) for cryogenie
opdration was apparent,
Phasc 2

Phase 2 consistad of a series of improved scals, Twelve different types evolved,
and the design criteria were established for the next phase, Six partially successful,
but mostly unsuccessful, seal configurations that were developed dnd tested arce shown
in figuros 3, Configurations 3(b), 3(c), and 3(d) showed some promise initially but
later proved to be unrcliable, Figure 4 illustrates typieal oxamples of scal failure
modes revealed during this phase of tests, The Toflon extrusion ring was partially
successful in filling the voids created by the shrinking methyl- phenyl RTV silicone
rubber [4] oxtrusion compression ring ol seal design 3(a). The primary problem with
Toflon was its wcontrollable distortion as shown in figure A(a), As ligures 1) and
(e) illustrate, decompression breathing blisters (analogous to the biological condition
known as the "the bends') causoed by gas ubsorption within the clastomer was a com-
mon failure mode for both BUNA-N and silicone rubber O-rvings,  Gascous helium
dilfuses into the compressed O-ring clastomer and causes the Dlisteving when it cun-
not escape upon rapid depressurization,  Figure d(e) shows {ypical numerous small
fracture blisters just below the surface as well as larger fractures that cut through

the entire eross section of the O-ving,  The '"hends! were not observed for material
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sumplos that wore subjoctodeanly {0 high pressire hut did ocenr when the same mate-
rials wore usod as an ©- ving in o segdapphcatian,

A primary eause-for soal loakage and vesultant fajluve af liguid-nityopen temper-

aturos is (hermal shrinkage,  Silicone rubber, for oxample, shrinks 10 times fasier ;
than 304 stainless steel,  If the eoclficionts of expansion for 304 stainless steel and

silicone rubber are assumed to romain constunt from voom femperature to lquid-

nitrogon temperature, the caleulatod sh rinkage of the prossure-vessel dianmotor is

0. 273 ¢m less than that of the O- ring's major diameter, 'This reduces the O- ring's

cross scetion by 0,0099 em, As.the temperature is reduced, the O-ring sb rinks,
becomes brittle and inflexible, loses comprogsibility, and is apt to tracture, DPres-

surization or repressurization of the vessel ai ¢ ryogenic temperatures is alfected 1
(1) by the inability of the O-ring to provide sulliciont compression {0 maintain a seal;
(2) by lack ofresilicnee; and (3) by thermal contraction mismatch, which causes a
chatige in the common surface contact, alters the set of the scal, and produces leak-
age paths, Increasing comprossion by using oversize- cross-section and ove r'size~
mean-diameter silicone rubber O=rings did tend to improve seal performance,  In- 1
stallation problems causing O-ring twist, cxcessive squceze, and compressive load-

ings result if too large an oversize O-rin g is used in an attompt to compensate for-the

expected shrinkage, Lubricants, if used, caused extensive O-ring rupture, "i‘
Figures 3(e) and (f) show scoven- and ton- component seal configurations that were

attempts to expand on Bridgman's unsupported-area scaling prinei ple lzl, A move

effective O-ring seal was also used to provide inercased side-wall co mpressive

loreces, The double O- rings workod sulTiciently well to warrant further mveshipation
g A L

despite continuation of O- ring '""bends, ' such as those shown in I gre by
. Phase 3A

Phase 3A required ambient- lemperature propressarization 1o streteh and st the

double-oversizoed- erogs- soction O- rmgs and o precompress and seat the indium BN !
Lrusion scal,  In phase 3A, utotal of 13 six- and seven- part seal contignrations were ;
tested (Figs, H(a) and (b)), Tellon extrusion seal-ring matormal was replaced with 1

AR ]
tndium,  dium's low tensile and compressive steength ol 24, R (o 36, 2 g em™




(110-to-B15 pat), With.a theiltal oxgarisfen cobf-ﬁictm'lt-nourl.y identienl 10 304 stuintoss :
atool and brass,_enahled it to-flow plastieally and proventod the lotmation of any gym
by ait” .. :rial thormal.eendraction, Leakage ratos of leagthan 50, 0 sl em/min -
(th 05 stctn”/min) wore attatnod af 1960-bass (20 000 psf) and 77,3 K, Dopressuriza- |
tion to Below 136 bars (20900 psi).did-inereaso thu-soal—luukup;e significantly, Depros-
surizations {o ambient prossure caused soals to fail from O- ring "hends! (fig, 6 (2)).
A 40 000-std cm“/ min leak (the maximum ftow vdte of the-semprossor) developed and. ... .. v
limited the.pressure attdinablo,

Indium is a commonly used matorial for eryogenic vacuwum sdals, Chua, et ul,
(9] uscd-iﬂdi.um..succcssfully for a small (28, 8- mi~o,d,, 12, 7-nium-i, d.) high-

pressure ceryogenie soal, The primary disadvantagoe of using indiunt in o design
similar to 5(a) for.u larger pressure. vessel-may be its cost, Tosts dosceribed in this +
phase prove that indium ssal rings eould be-repoatedly roused, but with 2 deubl ng o ,
tripling tndeakage rvate, Tin and-lead-were found to he unsuitable substitutes for
indiuny; they de-net extrude sufficiehtly to previdohe supplementary sealing nceded...
to achieve a high-pressure cryogenic seal. The seuls shows in figures 5(a) and (b)
sucoessfully allowed humerous pressure cycles from 204 bars to 1360 bars with
various depressurization rates and with no deteetable loakages at liquid-helium tem- _
perature, A seal with no leakage is not realistic and stuggests a blockage due to . "‘i' {
frozen helium, The cquations of state of helium by Spain and others 1 6-8) indicate
that solid helium would be created fnside the pressure vossel at these conditions,
Further testing in phase 3B circumventoed the-frozen helium condition by raising tho
pressure-vessel temperature slightly, %
Phase 3B

Phase 3B concentrated on developing a seal capable of functioning at tempoeratures
between 77,83 K and 4, 2 K prior to prossurization, Wih scals 5(n) and 5(h), pressures
of only about 50 bars (735 psi) could be achieved due to the limited capacity of the
high-pressure compressor, An cight-part seal having a single O- ring (fig, 5¢c)) per-
formed considerably better, hut the results wore not repeatuble, Scals (D) and H(e)

used no O-rings bt required four Lo five timoes the quantity of indium nsed with seals




fi(n) and B(l—They-worb only able to nchiovo-508-to 136D bBars, with u corvespond-
Ing seakeakago of 40 008 utd cm'q/min. Theso sedls, besides heing cottly, rognired

Lupgo.-amounts of gland-nut closuretorque in order to gorarate-sulliciont compressive

- aaemtind

foree to adeguately extrude the indium, These-high valuos of compressive foree may ‘
‘ bo difficult te attadn for vossels in the 156- em-1,dy clags, Also no sustuining come to
pressive foree oxists to alford continual.extrusion to eompensude for prossire- vessel /
. oxpansion upon prossurization, us in the case of the double Oe ring supplementary
soul,
To-be most offcetive, a scal must not suffer from the ' bends' during rapid de-

comprossion, Desigh 5(f), an clastomor-indium combination was unsuceessful, The

1
-
successful 5(g) soal used two Kel-1' O-rings, which have low gas absorplion charuc-
teristics, combined-with a 304 stainless stecl convex-wodge-shaped anvil backup ring,
A 69-kg-m (500-£t-1b) torque was applicd to the gland nut, resulting in a plug-to-body
gap of 1,27 mm, This efficient scal compressed the indium more, causing it (v ox- 1
trude further past the cohvex wedge, thereby increasing the total indium scal surlace :
in contact with the pressure vesscel, This séal is shown in figure 6(b). 1‘
Pressurization to 1430 bars (21 000 psi) at 77,3 K revealed an average 7, 374-
std cms/min scal leakage over a 16-hour prossure decay period, Scal leakage did
incrcase to 283 s.. - mS/ min after four depressurization cycles to less than 3 bars,
A leakage of 38 400 std 01113/ niin oceurred on the fifth pressurization cycle at 1326
bars,
The last serics of liquid helium, high-pressure-scal tests was performed with

a redundant prossurization feed tube to minimize the effeet of solid hoiium o r con-

taminant blockuges, The factors that have the greatest offeet on the sealing ability
of confipuration 5(g) when the vessel is submerged in Haquid helium have not heen
established, However, o series of pressure cyeles related to the liquid-helinm level
did indicate that frozen helium or contaminants can cont ribute to the seal effeetive-

ness,  Gascous-helium samples were taken to determine the extent of comtamination,

_—

The gas supplied ahead of the apparatus contained 6 10-ppm total impuritics,  Gascous-

helium samples from the fnside of the pressurized vessel were taken during high-

!




prosrure, liquid-helium tests, Analysis with n madified. analytical mass speetimscopy
unit vovealed exeessive quantitiod of hydrogon (1818 ppm), nitvagen (T2 ppmi, oxvgon
(30 ppmy, noon (3,0 ppm), argon (1, 8 ppmy, and earhon dioxide (1,1 ppoy, tatating
1926, 2 ppm,  ‘Fhe repetitive predsurizations caused furthes=concentration ol the 1m-
purities due to ceyot rapping condensablos at ligquld-helinm tomperature,

Examplos of repetitive pressurizations of conliguration H(g at approsimately
liquid-holium tompe ratiro are shown in figure 7. 'To minimize the elloets of Freesing
helium, tho liquid-hotiunt level was redeced and maintained just befow the prossure
vassel for the scal {tosts shown in figure 7(q), and the Hguid-holium supply was
stopped-te-allow warmup for the tests shown ju ligure 7(b). A scries of papid
pressurization-depressurization cycles between 1500 bars and 3 bars werce performed
at 4,2 K to 145 K, Figure 7(a) shows that scal leakage did tend to inercase with the
number of cycles,

The 660-std cmS/ min rate for cycle 8 increased to 16 700 std em/min for
cycle 12 at liquid-helium temperature. A 12 600-std 01113/'min leak for cycle 14 at
134 K increcascd to 14 800 std cmS/ min for eycle 16, with lailure oc¢ewrring on cycele
17 at 145 K (tig. 7(b)).

Results of the tests described herein are summarized in table 1.

Upon concluding these operational lifu tests, inspection of the internal walls ol
the vesscl revealed an oily substance on the upper portion and a brown clear liquid
on the botlom portion, Infrared spectroscopic analysis identilied the oily substance
as & common pump oil, with some rust particles, Most of the brown liguid evapo-
rated before analysis, with rust particles remaining, Cavelul adjustment of tempor-
aturc above thd 4, 2 K level, in spite of the [rozen helium and the contaminant phe-
nomeny, permitied the successtul development of the seals,

CONC LUSIONS

This investigation of the problems associated with reliably contarming puseous

heliam pressurized to 1630 bars (22 500 psih between 1,2 K and-150 K led 1o the

following conclusions,

4
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l. Commen aoal-dosigng usod In-asduting elevatod-

ave-unsuituble for hlgh- pressure Gryogonie oporition,
+) [+

e lxrusich neul- ring matorials such ag

toemperature pressure vortols

ctlon, tn, and load nre ne good soend
mwtorials fop eryogonic high-pressu re-operation,

e A e paa sl .

T Sovoral hiph-prossury cryogenie soul systems suituble for lurge-prossnre-

vossol applieotions were developod,

~—

two soals required preprossuriz

ation, and one i
soal-functionod ropoatedly

without any propressuvization, These
scal rings, Lrass or 304 stainless-stoel
ber or Kol- 1,

dosigns used ndlum

anvil rings, and two O- rings of silleone ruly- Ty
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(a) NONUNIFORM DISTORTION OF TEFLON {b) DECOMPRESSION BLISTERS (BENDS) -
i EXTRUS [ON RING, COMMON FAILURE OF O-RING ELAS TOMERIC,
20 4
e | _
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(c) COMMON SILICONE RUBBER O-RING DETERIORATION
NUMEROUS BREATHING BIISTERS AND FRAGTURL' .,

Flgure 4, - typical examples of seal failure modes,
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{8) SEAL 5(a) AND TROUBLESOME O-RING "*BENDS"*,

| A:'

() SEAL 5 (g),
Figure 6, ~ Successful high-pressure cryogen ¢ seals,
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