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L
PLUGE N '{ S BACKGROUND The present invention rel ates gener
equi prream&@wmm\ s utilized in conjunction with subt erraneaqmmﬂ\\\“ﬂwm
in an enbodr) . described herein, nore particularly provides a
netal seal. head plugs which utilize netal to netal seals are waps”
known in the art. The netal to netal skals are typically secured in
vel | heads MEDAINTOMEBTAY SFA LFORIUSE N WELIY PIFGGING n seal
bores of the well heads. Typically, the seals are only effective in sealing
agai nst pressure differential s ARPLECATIONSIi rection, for exanple, from
bel ow t he wel | head. However, there are many circunstances in which it would
be desirable for a metal to net aBALISGRQ able to seal against pressure
differentials applied alternately from above and bel ow the wel | head. For
exanpl e, it Thy pbesei¢shvertidmoreetes genermllyrtossuipmens and methods etilizdabire t he
wel | head, in which case the well head plug should be capabl e of containing

the pregsijufction With ilstefradieay avdllkeand;lih headnbédintantrdegcribéd®heret,embBay
other circunstances in which a bidirectional netal to netal seal would be

desira ﬁticﬁwfﬁfoﬁaé’géﬁ{étﬂ“co%e yeggnt nmetal to nmetal seals is that they
are unable to satisfactorily regulate contact pressures between the seals
and the bores against which they seal. In a typical nmetal to netal seal, an
i ncrease in Weabeadeldgs fndvienitiize apetial Hdmatmﬁ;s&aﬂmawmll laiomacin the aginds to
expand the seal and increase the contact pressure at a rate which quickly
| eads tThyinsdtd] tgnodftal dealsarl typidligrsebored inaieihealds ubhes sweioringyddvtcazpde
nore rigid to limt the rate of contact pressure increase, but -2 this

sol ut i opithaheaeal Bélhg Rhablledtn sealchoras of eiriivellnaddeTysealRf, tBX 6&0s apnal |y
tight machining tol erances, etc. Yet another problemoccurs with netal to

et al Zﬁlﬂgz?fﬁés&%migr aﬁi?%éﬁ%%%ﬁélisﬁ%sﬁiﬁodﬁ%rer&&@ aﬁgﬁ@&lirﬁgfngstﬂ%&io"ﬁt, fbﬁ:St

two |l e ea et ween t he seal nd t ore, and t

ot her l&%‘fn tﬂoﬁpgﬁw\ﬁﬁq\,&p&aﬁeal and the groove. SUMVARY In carrying out
€50 € presen

t he princi invention, in accordance with an enbodi ment
thereof, a plug is provided which utilizes a netal to netal seal for well
pl uggi ng appHosavennherd\aso aiatyecremhitadsesainewhichoit wald deddesimabtenforas pect
of the invention, a plugging systemis provided which includes a netal seal

ci r cuntf gleedlttoahétal sedltta Mel dbe to Henl gainet pr@é&b@iﬂ@iérﬂiaﬂ@ék?ﬁlfedt dierfgely The

pi ston biases the seal in the direction of a pressure differential applied

across #Bg above and below the wellhead. For example, it may be desired to perform a
pressure test in a riser above the wellhead, in which case the wellhead plug should be
capable of containing the pressure in the riser above the wellhead. Of course, there

are many other circumstances in which a bidirectional metal to metal seal would be

desirable.

Another limitation of current metal to metal seals is that they are unable to
satisfactorily regulate contact pressures between the seals and the bores against
which they seal. In a typical metal to metal seal, an increase in pressure differential
applied from one axial direction tends to expand the seal and increase the contact
pressure at a rate which quickly leads to yielding of the seal and/or bore material.

The seal may be made more rigid to limit the rate of contact pressure increase, but



pi ston. When the pressure differential is applied in one axial direction,
tensilé axial stress is applied to the seal by the piston. This tensile
stress may act to radially inwardly bias the seal. The pressure
differential may also act to radially outwardly bias the seal due to
circunferential tensile stress. The stresses in the seal may be adjusted by
appropriately configuring the plug str2eture, so that a desired contact
pressure is achi eved when a particular pressure differential is applied in
the axilis golugiohi @usey\beler! robisres suich adi detjairémy tled usesobreptidnally &ight
opposite axial direction, conpressive axial stress is applied to the seal
by the phekiing tdlefarfc@E¥igssi ve stress nmay act to radially outwardly bias
the seal. The %ressure differential may al so act to -3 radially inwardly
bias the seal due to circunferential conpressive stress. The stresses in
the seal mayYé¢leanethesprableym speursprithimetal tomietgliseals) wittieh preiingdalledinr e,

so that a desired contact pressure is achieved when a particul ar pressure
di f f er egrooaks.i Suelppl seall presehteatolppstsintceleakipathsli Ometleadapathnisdrativeen thepect
of the invention, radially inwardly and outwardly biasing of the seal may
be regudeal aAd¢he bbre,aed the othér 1Rals hath i Metedh e deParid tith grloeve.exanpl e, an
increased rigidity of the piston wll better Iimt the inwardly and
outwardly biasing of the seal. In still another aspect of the invention,
the plug may include a substanti alSYMMARY spherical structure having
opposite open and closed ends, with the seal being positioned between the
ends. The opBncamyingdontt hepprineiples of the present mresntion, if acénrdanceivitiran and
the cl osed end prevents pressure transm ssion therethrough. The seal is

di sposeeimbodiment theréef; anpluglis providéd midels upitiveés amerh] tdmesdlrseal forewdldt ween
the ends. These and ot her features, advantages, benefits and objects of the
pr esent plug¥Riy dplicatiohs b acsstatal RAEtBBHS hfe AIBS pedvi@edli nary skill in the art
upon careful consideration of the detail ed description of representative
enbodi rents of the inventjon hereinbel ow and the acconpanying draw ngs.

BRI EF DESCRI hreupaspect jaf thriwentonra glugging systemnis paevided iwgbﬂnﬁu‘é‘ﬁj@]gi ng
system enbodyi ng principles of the present invention; FIG 2 is a partially
cr oss- sietdloeal civgumferentially contagting asiarke and apiston s@ached to-theriea. Thes a
pl ot of contact pressure vs. differential pressure for the netal to netal
seal ofpistda biseflthe séal fn she dixestior aifi 20 padssurediffdrentidli appliedehaloss eheret al
seal enbodyi ng

piston.

When the pressure differential is applied in one axial direction, tensile axial
stress is applied to the seal by the piston. This tensile stress may act to radially
inwardly bias the seal. The pressure differential may also act to radially outwardly
bias the seal due to circumferential tensile stress. The stresses in the seal may be
adjusted by appropriately configuring the plug structure, so that a desired contact
pressure is achieved when a particular pressure differential is applied in the axial

direction.

When the pressure differential is applied in an opposite axial direction,
compressive axial stress is applied to the seal by the piston. This compressive stress

may act to radially outwardly bias the seal. The pressure differential may also act to



principles of the present invention, a differential pressure from bel ow
being applied to the seal; FIG 5 is a plot of contact pressure vs.
differential pressure for the netal to netal seal of FIG q.; FIG 6 is a
cross-sectional view of the first netal to netal seal, a pressure
differential from above being applied to the seal; FIG ~ is a plot of
contact pressure vs. differential pres3ore for the netal to netal seal of
FIG 6; FIG 8 is a cross-sectional view of a second netal to netal seal
enbodyiradigllyi mowatdy biast the pealsdue tonviecummberentalGeompressives stress.s ethé onal
view of a third nmetal to netal seal enbodying principles of the present

i nvent i prassadth thésedl mapba aﬂjuﬁted)br @@?ﬁ'?ﬂiaﬂ@l}eéﬁiﬂ_lglrh% thdl ;ﬁl%gmnidtme,
pressure for the netal to nmetal seal o G g. DETAILED DESCRI PTI ON

Repr esefyf @fq Wedasitdd é_!ﬁfté&tﬁ?séd;re Fi Gehievéd whet® pARRAIA pi‘égéd}‘éldliﬂ’éfe@mam

whi ch enbodi es principles of the present invention. Inthe follow ng

descri '%l%?ﬁlelg lﬁleﬁ?ai@r’%@bga g%cgf er apparatus and net hods descri bed

her ei n, iona uc above", "below', "upper", "lower",
etc., are used only for convenience in referring to the acconpanying

drawi ngs. Aditi anothelr lagpedttofithe fivdntiom) dadiatlp inwhidly andeowtwhedlybimdiagof t he
present invention described herein may be utilized in various -5

ori ent ahieQa] nidlyhe Asgulatelidigimite@ B theistoArporeidhalf.the Plig. CEbr eRdrfiple, and
in various configurations, wthout departing fromthe principles of the

! o! 1 gura ot ed. AT head
2 havihh Carh S Oy SO et QoA AR eRr dinft Pl mival T Dbl o0

plug i 4. sl | in a bore i6 extending vertically through the well head
i 2. HO\?\%\%}%P’ngftﬁ%LB Eitjlg iq. could also be used in other types of bores, such

as a horizontal bore i8 intersecting the vertical bore 16, a bore in the

wel | bel ow thestilldnother dsheceof the invention, the plug may include a substantially
hollow spherical structure having opposite open and closed ends, with the seal being
positioned between the ends. The open end admits pressure into the interior of the
structure, and the closed end prevents pressure transmission therethrough. The seal

is disposed on a circumferentially continuous portion of the structure between the

ends.

These and other features, advantages, benefits and objects of the present
invention will become apparent to one of ordinary skill in the art upon careful
consideration of the detailed description of representative embodiments of the

invention hereinbelow and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic view of a plugging system embodying principles of the
present invention;

FIG. 2 is a partially cross-sectional view of a prior art metal to metal seal;



To install the plug i4, the plug is lowered into the bore 16 until it rests
on a relatively small no-go shoulder 20 (not visible in FIG 1, see FIG

8). The plug 14 is then set in the wellhead 12 using a running tool (not
shown) of the type well known to those skilled in the art. Preferably, the
plug i4 seals against the bore i6 utilizing a netal to netal seal, thereby
bl ocking fluid flow through the bore afdd resisting pressure differentials
across the plug. Various enbodi ments of plugs having netal to netal seals
are descri beBI(Ges dsva plot of zohtazt prossuee vey differentidli predsure fonehemegl by
system 10 or other plugging systens enbodyi ng principles of the present

i nvent i gtalealof @A@Y to FIGS. 2 & 3, a prior art plugging system?22 is
illustrated, so that advantages of the present invention over prior art

pl uggi ng sys R S i Iéﬁgﬁ?j | ug
g4 havi ng anpggﬁﬁg%yﬁg 8%%/?%cgicﬁlqugﬁﬁgcﬁggd?rgygﬂ%@,;tf)e@g%ﬁe%éa&? sea . The
seal 26 . - : - i f s AN

whi ch- cRIBURYE SEHHE BRI RnalR Y ohfretfal BidkaiTod ol b Eunplind
28, or thﬁwse . may be cylindrical as shown on the right-hand side of FIG
2, 1In Wi $€3ke a Iip or nose g2 formed on the seal nay contact the seal
bore. -6 The plug 34 is lowered into a bQre 36.,until the, seal 26 engages
the Seal borEIG5 Senplot Ofcontat RsgsaIredsi Siftarantial Dicssuredorthe mefah @i t her
the major dianeter 30 or the lip 32, the seal 26 nust be radially

conpr espetialseaketh@lG.i43 order for the seal to conpletely enter the seal

bore. This conpression of the seal 26 radially inward produces an initial
contact presBLEe6histavessstdeetional viendof ltke fiosterm28al tonnidtal $dal; a predsake this
initial contact pressure is shown as point 38. Contact pressure is

r epr esegifReletialtfiemVeidve balingapslicdntolthe sal9t , and differential pressure is
represented by the horizontal axis. Differential pressure frombelowis

i ndi cated by e L I i e i i

di fferenti al F?od?ezgﬁra eﬁlj‘a ?tg%cgggdvcz l%rgssfuﬁgidgé?feffd& Eblg/ﬁ%lﬁ%féﬁééﬂiezohttg? nzitiag@go t he
right o beal.,.axis. Thus, with no differential pressure across the
seal ZG{IXeltﬁge%{ﬁﬁFaﬁdont act pressure 38 exists due only to installation of
the seal in are 28. Sone initial contact,pressure is desirable.to
revent | eakile: fiasia Friss3genond ieRef § Seitid, PRl e fogehl Sl eitpdyine
However, |it, 'Ilége readi |y appreciated by those skilled in the art that

t he iniPF&FlegEﬁﬁf £ PIPEIR ARG t he system 22 is highly dependent upon
the radial interference between the seal 26 and the bore 28. For this
reason (and BiGeBsisda srosseactivarbwiew tafea thigdametal itor metalnseal iembodying i ons
such as these is typically in the range of .001- .002 in., wth tol erances
of onl ypeiboiples afabePpresenthevengigpgandt t ed. This requires the use of highly
accurate and expensi ve nachining techniques, such as precision grinding, to
achi eve t he FHGuio éslagilorofeantacioprasberesesaldifféreatid]l prassuzBfor\themetaptessur e
differential frombelowis applied to the seal 26, it is biased radially
out war dnetalises]l 6fOFES, gnd, urging either the major diameter 30 or the |ip 32
agai nst the bore 28. This outward biasing is indicated by arrows gq.o in

FIG 2. As the pressure di f ¥ PRILED DESCREPTHONICr €ases, the contact

pressure between the seal and the bore 28 also increases. The increase in

contact pres I : SUE i ial: fr . seal
26 i o i ndi caroResy iyl DRBAGELPTIET 1ifh AARAT B Bing SN WHIE
that the contact .pressurg rapidly i.ncreases.as,t differentigl pr ure

fr om bermoRire: RBEBIEVRT Hhe Biseht BVGHENC 18 3k Bubving dBRiisinlof 3¢
increased differential pressure may be . d siéabL in some gases (such as,
when t heystemt 1o andoathest aphazalisr anggnethodst esgribed therein, IEeeHOnaly lTMS t he
increased differential pressure), a too rapid increase in contact pressure
can causkclpesbpbete’, Fbelowanppper”; flaweardgetcr cre disetleorlytfos|copveriene® in at i ng
for a particular application (indicated at point g.q. on the horizontal

axi s of réfef@ingjo theudatonmmying dravwiags. Addismadlygitemt@be tuindearstogd that the
strength of the seal or bore 28 (indicated by horizontal line q.6 on FIG
3), theembaldimbntrsNtlie bfesefitthdintiohodestribedriaitinamayles atiliged iwvatiougo so
woul d cause pernmanent danage to the seal or bore. Another problemwth the
seal 26 is that it effectively seals against differential pressure in only
one direction (frombelow). As shown on the right-hand side of the plot in
FIG 3, the contact pressure quickly drops when differential pressure is
applied from above, thereby enabling the seal 26 to |leak. This is due to
the fact that the seal 26 is biased radially i nward when a pressure
differential is applied fromabove, rapidly reducing the contact pressure
bet ween the seal and the bore 28. Attenpts may be nmade to renedy these

o o ~ o o o o o ~



Turning nowto FIGS. (.-~, a plugging system 50 enbodying principles of the
present invention is representatively illustrated. In FIG 4, the system 50
is illustrated with a pressure differential applied frombelow a seal 52.
FIG 5 depicts a plot of differential pressure vs. contact pressure for the
system 50 with the pressure differential being applied frombelow (as in
FIG 4). In FIG 6, the system50 is i%Tustrated with the pressure
differential applied fromabove the seal 52. FIG ~ depicts a plot of

di f f er cH¥iGTHAtigN% ssnhe ag snckiped ainvepieds horizontal, tvReica)s etom B vint Hatiews
pressure differential being applied fromabove (as in FIG 6). -9 The
syst emd®afigntitictes withow depagingifrepothedprinciplesiof therpeesent irsdehyionont i nuous
portion 54 of a substantially hoIIOM/structure 56 attached to an anchoring
devi ce 58. hO||OM/Str ct.ur ite s 60, 62 Th

upper end 6&1?9353'0‘5% 10538 ﬂ%tﬁt‘-‘g’r Eﬂ? stah aﬁfé%ﬂd 5 pgmgwp}l]é%{aqe nt o
the interior of the structure 54. The Iomer end 62 is closed off by a

pi st on U8 i iaptadled\thgreiny lasthis embodiment stherplugdads insiallad irteeberigal6 52 i s
received in a seal bore 66. The anchoring device 58 secures the upper end
60 of texéendingctentiealhothiovghFheayelllnead t2.s Hewwevernthe plug g eoutd alse lror e

66, thereby maintaining the seal 52 within the bore. The anchoring device
58 may usedadi ether ttypes of borezsxanph @s 4 herizymal weké 18niaversectinghtseveatichl ed in
the art which includes outwardly extendable lugs or keys for engagenent
with a hyrefib] £bokdim theReellBélow e Wrelllfealinesetcski Il ed in the art which

i ncl udes one or nore slips or other grlpplng menbers for gripping the bore
66, etc. An interference fit exists between the seal 52 and the bore 66
with no presbuinstall the pbug 14 thecplygsis daweradainto he bose af untiliit sests ontact
pressure exi sts between the seal and the bore. Exanples of such initial

cont actrefativelusmall aicego stipukler @cenqsoiisible 181G a, se@ FI@. 8).GI'h8 plug thiugh
point 68 is depicted as indicating a higher contact pressure than point -o,
whi ch itheregpet it ik agllhead eatusivgy a rivhgingrtoob (rictashowmssfuthe typawefldinmwm2, it
is to be understood that these are nerely representative exanpl es of

i ni ti altobBtasktilled asehd &%, and the initial contact pressure between the
seal 52 and the bore 66 may be any val ue. For exanple, a typical
application with commpn materials used for nmetal to metal sealing may
require thatPrefrrabbhthe plys ebeapleagringiddn hore 18 adilizing ametehio me sedl, 10 66
be maintained at |east 20,000 psi greater than the differential pressure
across theeebyehlocking flwid fhows ¢hrongh dhethare i sesisting miesarre difipreniiahs of
the points 68, ~o, ~2 would be at |east 20,000 psi at zero differential

pr essuraerogs tlee mshxg'. miaribds emdodimkents of @mg havting gmetalnhiobmietal, semds are

i ndi cated on the horizontal axis by point ~4 in FIG 5, plots ~6, ~8, 80

(each ragseabedbelsv,eoid aech dthesdimay \be uttlizefl 6n ehé phiggmggmm foosr gther of
the specific exanples) woul d |nd|cate contact pressures at |east 20, o0Oo

psi gr Stk tgts%tehtseerﬁ‘sas ﬁﬂ%‘éf&?di?l‘é@@fﬁhé ﬁ&ea@tm%nﬁbﬁssur e. O course, the
exanple p 6, ~8, 80 also preterably remain bel ow a maxi mnum desired
contact pressure indicated by horizontal dashed line 82 in FIG 5. For
exanpl e, if Twmipg sow ta F¥EG A &B, equirndrtitesginglsysemre ipdhestesednseri al s
is 120,000 psi, the maxi mum desired contact pressure 82 may be 80% of the
yi el d sthaéraglvantages 3, theopresent imvemtiom everhprionairt pluggihg systemshorayt be bor e
i s danmaged by the contact pressure. Thus, the exanple plots ~6, ~8, 80
remai n deadvuhlersicord. "Uhe épstenesl> tdlhdes a phugssy hevidg a eohoeing dbvideszpnt i al
pressure to the maxinumrequired differential pressure ~q.. Referring

speci 1 aaddnediew hivtdl (6 m%taltéésl 78! e dedll %'Iﬁ’é'y be eoﬁerstﬁ@ted rtrs%haw&leoﬁ or

the plug system 50 may be regulated to produce any of the exanple plots h6
AT B I LS i

hori zont al, axi s t he ertic in FlG

i 1 1 or crsaieaft 4 Soad Bore S, 6 the el By URACBEAS s of toR el lidside
upward. This is d e to th fact that t he sure.on the interior .of the
Str uct LIEFISS 2 in Mich paserd HMET BPeR e fermasd phheseal Mmapr caracibe seal Raer o
bel ow t he seal 52. -11 Since the piston 6q is attached to the | ower end
62 of the portion 54, the lower end is al so biased upward, and a
conpressive axial stress is thereby induced in the portion 54. The | ower
end 62 may actually displace upward relative to the upper end 60 due to the
pressure differential 84 acting on the piston 6g.. The portion 54 has an
outwardly convex shape, simlar to a bellows, and so when an axi al
conpressive stress is induced in the portion it is biased outward. This
outmard b|a5|ng |s |nd|cated by arrows 86 |n FIG. 4 It wi || be readlly

N 1 N o o S " .



-12 As depicted in FIG 4, the piston 64 is substantially thicker than the
portion 54 and so, if the piston and portion 54 are nmade of the sane
material, the piston is substantially nore rigid than the portion. However,
this is not necessarily the case. The piston 64 could be nore rigid than
the portion 54 wi thout being thicker than the portion 54. The piston 64
could also be less rigid than the portéen 54 if desired. Furthernore, the
pi ston 64 could be made of a different material than the portion 54. For
exanpl e, i n @heplhig gylielowereld ined adsoreigo omyil tive skal cbahigageotiensebderd he
inward biasing 1ndicated by arrows 88, to thereby limt or reduce the

cont acto@r Gusdd thelRRIBSE 5885 §§ﬁlle5?n aiendier thfibeithér fﬂﬁhajiﬁfscﬁam‘éf& 0
rigidity of the piston 64 could be reduced so that the | ower end 62 could

?Ei'riéée fiL b L RRF ARG té‘%dl%irefs%ﬂ BlesBed poiel BRI GRIA TN Zl?d
5

be. madet® L%é‘mnﬁqtdly?mﬁ%g thie el borey *l'aftynip%%%ién RIBE. se%léé"ra@aﬂthﬁr%a? ade

!ess ri 0(cgrlgetc ncreasetheegzpect QIEFQ?E 8%5 ssure of the

i nwar d gﬁ' cﬁ%%@“&‘lﬁ EoriasbPIGSsHresRetgen the 3678 apedag PEe fferential bel ow

t he seal the section bel ow the seal could be made | onger, or it could

oki 1T ed !ﬁsf bl e {F1E Pl B cobachreestfic IEMOU SPRRRTIE Conbits DO °
R LR AR
A RS et Db R

13_ of theorizapiake anﬁ%ﬁrﬁ@tﬁ%@f tgﬁé(e ? axis, er%éfftﬁrenﬁ%%sésqrﬁé@m 8DbP¥er ease

with increased differential pressure from bel ow, as indicated by the
exanpl elspingicaged iby thechorizonspl anisatecthegrighteof e wertical axis: hEhusit withano

bi asing 86. The contact pressure can be nade to remain substantially

const andifferemtialrpresare derbssithe saali 28, the exdtal eorftacinpiesdure/38cexista diveatndyl by
the exanple plot ~8 in FIG 5, by balancing the influences of the inward 88
and out wweihdta3ativnasfithg sedl ihftke pord 28N 54. This is a significant advance
over prior sealing methods in which contact pressure necessarily increases
wth increased diffecrential pressure aprgé t he seﬁ in the aligg

di rection. CINP&ABItAloptackpresshreisdesgablego ngvent leakagepag) t pahe 42
of FIG g. Note that, with the system 50 provided by the present invention,
any desvewdloy ppessure difierentialy. o Jioweveysit will fher randilyl appresietade bieope
obt ai ned, including negative slope and no slope. It may be desirable in
some apgilleditinothe ag Huatethe netlafcmﬂayt pregsureiz8 of themsystem @2eisshighly but
to maintain the contact pressure below a yield stress of the seal materi al
at a redepéndeny uipoghthdiridial fnieifarenee debween thelweabys nadtbobered8.cBosthis a
seal to be obtained by regulating how the contact pressure changes due to

i ncr easgfseh f(haAestheRd dcRSSd Belowhi Bhe aédhals y&teer@erste ROSith@AYéhd Sich as
flexibility of design. Turning now'to FIGS & ~, the system50 is

depi Ct eghauh ?é“t@l&ﬂ n4he Jgggé BF B Aloo3hal 'lgﬁgt ft%l@i‘”ﬂrﬁzgé’\’)?onwmﬁnﬁr@ééﬁé €

differentia cate arrows go in by t rizonta

axis tos t g e IR, 1 i 60 of
the struct u?lég gétrg %éden ﬁi Le p elsggtjrtg‘efl?%mogb}él leﬂ}lssara’&?rau’:I dég%? gelgér}?eer the
interior of.the tructure initial.contact pres bet n t he se

and t heMB5RINBE %chweat sith of° LHRSISI et o oo theg geigyity s
g8, loo,, 102 The _manner in mhlch the contact pressure is
regulat@Hn¢Q$°@ﬁPf@¥%ﬁ? %@aﬂde§§%?§ from above 90 is described bel ow. The
pi ston 64 is biased downwardly by the differential pressure 90. This

rvar ol y bi atiih hBTEEERe MR, })*&%%?’%‘S’ri%%‘éﬁ’?ie??ﬁb%% SE%%%%“E#SB Bjoged! <"
52, ¢ norasiy Birsend & RRdoes S8, Mok nBhbTRRAEREL R ATh I 1D 8 1y

actual ly displace downwardly relative to the upper end 60 due to the
pressure differential 90 acting on the piston 64. However, the differential
pressure go also acts on the portion 54, at |east below the seal 52, which
tends to outwardly bias the seal as indicated by arrows Q4 in FIG 6. This
outward biasing io4 acts to increase the contact pressure between the seal
52 and the bore 66. The outward biasing 104 is due to tensile
circunferential stress (also known as tensile hoop stress) in the portion
64 Not e t hat the sectlon of the portlon 54 above t he seal 52 IS deplcted

o 1 o~ ~ o o o o oy T 1




15 pressure due to the pressure differential. However, if the piston 64
has a relatively lowrigidity the axial tensile stress applied to the
portion 54 may be reduced, thereby increasing the contact pressure. As with
t he exanpl es di scussed above for pressure differential applied from bel ow
illustrated in FIGS. 4 & 5, the contact pressure between the seal 52 and
the bore 66 may be regul ated by mani pu¥ating the shapes and materials of
whi ch the piston 64 and portion 54 are nade. For exanple, the contact

pr essuragainst the borele8t dldeonbeamel biasinginirdiexted betiadrf@renoiinFIGr essithe as

i ndi cated by the exanple plot 92 in FIG ~, by enhancing the influence of

t he | nwgredsipieatiffeserftitd ftdinbelawh in@Baddsetife dotdact presdifte BetwiantHedseall Bd
contact” pressure can be made to increase with increased differenti al

Pressurge e 081585 e the exanple plot 96 in FIG ~, by enhancing the

i nfl uence of the outwar Iasing io4. The contact pressure can be nade to
remai n substantially constant with increased differential pressure, as

i ndi cat ed byTh«angieaselimiodtact prédsGre duelty inateused pyessuee idifferentiahfromut war d
bi asing of the portion 54. Again, a significant advantage afforded by the

i nvent i s¢lowsthielsehl £66s baditaredl brtbheslopediiiye he in &JGL gt de nsy bdrpdadilyeeen
exanpl e, the contact pressure remains high enough to seal at a maxi num
requi r eghaprRe ConladtabrieBsurel APidIptiBerda¥ed as Mhe idderential préRurd fioindlbedors in
FIG ~), but remains bel ow a deSired nmaxi mum contact pressure (indicated by
hor i zonf?]%{,eag@hed lineiioin FIG ~). The slope of the contact pressure
vs. difterential pressure for a particular application can be nade positive
(as in exanple plot 96), negative (as in exanple plot 92), or even zero (as
i n exanpl e pWiileédshme ineresiseDumecantadthrressare dubkdd increased diffeesrstiialepressurbe
regulated in the system50, it is not necessary for very tight tol erances
to be uknalibeedesirabidé &paomiel caBed {suchenss adlenSthednitid) @oatfed préssurendnplmt t he
portion 54 may be nade relatively flexible, so that relatively large

i nter f e gfieRnk it %eﬁ’l%%)ﬂ;?ﬂ theeineRaked diffétdnBar ﬁl(‘)&@uf@)/a kgo & FiANHHRARE In

w t hout damaege to eit An interference of 06 in. could be used, with a

tol er anggy gkt %regg&rei d&g.l %agugé Bﬁ?‘lﬁlgﬁs? FolR&ariMeé lif ¥ ré%féﬁ‘&ff@reﬁl‘?ﬂl’ (}ﬁ'g%]gl@g f

pressure varies w th pressure-thius en es nore ec

manuf ac e of nl j 8. -Raf err it Ly n Fl

anot her Itagﬁ}gofg’ir ﬁ&#ﬁgﬁﬂg %%ﬁé%ﬁrb (‘Jé‘?é‘faé‘?# %&ggﬁéggﬁﬁﬁ 5%&2%%%1 %f‘}essocéo}:f[%ﬁ' he
present jnvepfion is representatively iJlustrated. Int system li 4, _an

P chor | ALWHB] ¢ reodriacs breaha Argaten i a vt gtiensty ot Thedsl GROSHS 28+ v o
120, thereby securing it r?_l ative to_a bqre 122. Another end i24 of the

st ruct udedirated dycheaentab linecgan Jilbs )y dhe sgak 20seamnett b used rafuthat A
seal 126 is formed on a portion i28 of the structure i 20 between the

opposi t diffenertidngessure, forite doswl would dayse peanarentdanpage te the spalgrhore3o and
is an interference fit therein. Thus, an initial contact pressure between

t he seal 126 . hast ' . s ed

bor e, The  scAROHSS HrEbfa vifFHid Sl pAT L ELER, Salf MpiRSAIRendll |
made of _netal,. as.is the remai pder ,of the hollow stpiucture i 20..dn ct,
e hol PHRS St il oriexgroctits) AFEh s, °af Shoeh it BT ehChedd sids buhbe:
whi ch hals a substantially spherical sha ,é%_he seal Id;% bei n9 di sposed on
an out ePlo§uiny K@ @ thecontael, Pressurg ey HRPP itibers PHerendial ipresige wéen
the ends ii8, i24. This integral formation of the structure 120 provides
for econeplieshfromnaboes thexebsrenablingthe seal 26 topleabs This isdie tq thestaghthsas
understood that the structure may be ot herw se configured, w thout

depart i the Seadn2é lie bpasedciadialy orfw4idewheuenpressurédifferensinl ihaepplied iffomhas a
somewhat greater thickness than the portion i28. This provides additional
rigiditybdéve, tisidbneedliding el contangraisese betweditthegealand tiarbdre 281e pi ston
64 of the system 50 descri bed above. The end i 24 does, however, have a
spherical shape and, thus, does not provide the_ degree of resistance to
defl ecti on oAtiemPtsomayobe made o inemadysthese cproblas rvith (the s;?@ft?lfbn Eox of
the system 50. Contact pressure between the seal i26 and the bore 130 may
be reguexaneple, the wallnideknsssrof Hhe seal 26amay decnade thigker/to restuce dherateiain of
contact pressure between the seal 52 and bore 66. Specifically, the | ower
pi ston end @24 may be nade nore or less rigid, or may be ot herw se shaped,
the portion 128 may be nade nore or less rigid, or may be ot herw se shaped,
the portion 128 may be | engthened or shortened above or bel ow the seal i 26,
etc. Note that an optional additional seal 132 is carried on the structure
120 proxi mate the upper end i18. The seal 132 is sealed within the bore i22
and acts to isolate the section of the portion 28 above the seal 126 from
pressure applied fromabove. Thus, the seal 132 presents another neans by

o a o S . N LY Y o



-18 spherical circunferentially continuous portion i 36 between an open
upper end 138 and a cl osed | ower end 140. However, the |lower end 140 is
substantially planar, instead of being spherical in shape. The end i 40 has
a relatively high rigidity as conpared to the portion (B6 and acts as a

pi ston, inducing axially conpressive and tensile stresses in the portion
i36 in response to differential pressuBes applied from bel ow and above,
respectively. In addition to the shape of the | ower piston end i40, various
ot her awhihithe@bntdre pressuet iticreastd witly ndressedpresqurt differentiabifehgbelstvudi es
performed by the present inventors to produce desirable contact pressures
bet weenpafsieghatei? RAVERY, eRist RRURS il A thifeABd Rt CorltActpréRutd1ggseal
is to beinstalléd. The result of these manipulations may be seen in Fl G

i o, whigch. ' . i.QQi

| mvent | S RE 86 e 4 ShichE 1Rl 4b oF (BE s08 H GEbSie A RCETiThm
designed the structure.i34 accordi nq to, anal yses perforned far,. articular
app! | CaERUY leBhiptm VR ERIEET RSPl gonHAcpessstte it (g rrerpsed e et | ' an
exanple of the benefits prqvided by the. invention. f course, other

appl i caPlieéﬂéreanguéﬁ'ﬁémQ!@sF thigker wally aneﬁﬁ mﬁmtﬁj@ﬁamkﬂgth@ &8l 2R
principles of the present invention. In particular, nore than one design
may be effectiveatisealing agaipstranycsigrificappdificaential prasgyae fiosupbevedesi gn may be
used in nmultiple applications, and different designs nmay be used in

o, & mai ot G Rnapape HtesldoRRoR YRk PRIoRER 1 Ry ORERRRE Rlptate ™

(indicated b oint i44 on the horizontal axis), and.a jraxi num.pressure

G 11 or cResiTe, BEWRS A eRhabtee JmaaSo0ha, Bteh i e Bed Bghg P Breson « he
hor i zogé&ﬁraxi,s) %\Aﬁ gesi red. A maximumdesired 19 contact pressure of
108, 00 entigly;applied asroshthegealothe sontact pressureresmais belew: aw uppsr
addition, a contact pressure of 20,000 psi greater than the pressure

di f f er edhesizgd limit remains abever e desitednlpvesntimdt. Hervexamplee the alppend
bore. Thus, at zero differential pressure, a mninuminitial contact

pr essurdesifelinfibangsibei 8 yieldi sta¢regthbyf i séali @obore Maerialo(orAhcdepeablexi mum
differential pressure from above i46 (15,6000 psi), a contact pressure of

35, 000 fracticlithated), byndahstlone? lindlt irfag bevd abitadi fpreysané irddedpd assstag from
bel ow 44 (22,500 psi), a contact pressure of 42,500 psi is indicated by

poi nt  1hindihgap gi%i!ﬂiﬂr%ﬁ@iﬁb?di?ﬁ?émdlWi@ﬁh@%ﬁﬁf@@| @inga@NIThef sdafhéRct
pressures indicated in FIG io0o by the shaded region 156. "The i nventors then

mani pul i j i e ‘1 t

or osour BB ntcltP B8 BfeBlofE B i il Mk Dok sheenfes B AOAOBERE e
maxi mum nd_ Iy sired levels. At zero differential pressure, an
initial ec%@%@&@%ﬁ@??@%‘ of approximately 8,000 psi is indicated by point
i58. At the maxinmumdifferential pressure from above 146, a contact

pressure of Fpniiaginet ed FIGS, 490 applugiing sydtantgederbodyingtprifdipledtof tthe
maxi mum di fferential pressure frombelow i44, a contact pressure of

appr oxi prisehty iflPefoPSis trepresiitaiveay Mustated. | 62.FI8, thousd sysfenptsd G4 of
contact pressure vs. différential pressure between the
illustrated with a pressure differential applied from below a seal 52. FIG. 5 depicts a
plot of differential pressure vs. contact pressure for the system 50 with the pressure
differential being applied from below (as in FIG. 4). In FIG. 6, the system 50 is
illustrated with the pressure differential applied from above the seal 52. FIG. 7

depicts a plot of differential pressure vs. contact pressure for the system 50 with the

pressure differential being applied from above (as in FIG. 6).



points 158 and i60 is shown as being linear in FIG io, it will be readily
appreciated that in actual practice the plot i64 may be ot her than
substantially linear. Simlarly, although a plot i66 of contact pressure
vs. differential pressure between the points 158 and 162 is shown as being
linear in FIG 10, it will be readily appreciated that in -20 actual
practice the plot 166 may be other tha-substantially |inear. For exanple,
these plots 164, i66 nay have a curvature, nay be nade up of nultiple line
segnent s, et The Eystemgo tdwuddsithe sedds52 disposddoon b@irchadernsiatlyeoatinuous
approximately -2.4. That is, the ratio of contact pressure decrease to
di ff er epbitiin 4 ©F ﬁ%hbsﬂaﬁlﬁihﬁﬁsﬁllf)m@&ﬁlf@%6 atlapRed10 ambatNordng devicé 58The
plot i66 has a slope of approximately -0.9. That is, the ratio of contact
pressur®,i J L alk i e I i

MPhé BPHS@%Srdc?ufé‘ éﬁé{%@tg%ﬁaﬁ?ﬂﬂ@ 6o} %3. e Jd{ﬁ%%!ﬂﬁ a0s e sQ

approximately 0.9 to 1. u eén described the pluggi ng syste

ii4 I t 5 Q 4 A . t b
of feot i PP SYEF SPUHE e el SR dn 2B e BB G e OB The L e

d tion. t h h f th t t.ul 56, 120, i34 h been
Socr liacli, B SR 3 8L i VR opments Pistis Sparosio co
that other seal materials could be used. In fact, any portion of the

st r uct uthezetbgoughyo, i 34 may be nmade of any material, w thout departing from
the principles of the invention. O course, a person skilled in the art

woul d, upon g,¢ Q%g#! 1%1'%?%\/%? 'fr?h SRR WiretdeS ’ﬁ?@}iﬁ%}ﬂﬁ‘;{%&&}ih@ B8%Ec1tuﬁs the

representative e € I'nvention, readi pprécrate that many
nodi fications di-t4 ons, .substitutions,. deketjons, and other..chan may
be. mmaetbBEHEL 86 Op e Racig Bttt o€ RBainal 4Bkl ERen BaBi ek SRS R ea by
the principles of the present inyention For_exanmpl e, althou t he

st r uct ufEsesmaipigining g Sealar BHiPIR e BatRe TEC BRVIRIIGHAFYSE ggﬁgﬁw 8ot d
instead nerely have vaoids therein for admtti ng@i{)ressure into the interiors
of the &Ry tieyfesexampley thenlypg, welhknewndgshese shitled in thejagcwhishiipgludes t o be
clearly understood as being -21 given by way of illustration and exanple
only, toetvwaidhy extandable dugs of kaylsdopergagementwdth a pnofile; the typaiwabkswiel y by
t he appended clains and their equivalents. WHAT IS CLAIMED | S: -22 1. A

pl uggi n shsedecrkillednfur ithe eyt whicht aichsdsl oné raxuaeeslipsabt yothentgripping a
bore having a | ongitudinal axis; and a piston attached to the seal, the

pi st on Rieasthdrs fé@ipsial the barélsé gkl on of a

An interference fit exists between the seal 52 and the bore 66 with no pressure
differential across the seal, and so an initial contact pressure exists between the seal
and the bore. Examples of such initial contact pressures are indicated as points 68,
70, 72 in FIG. 5. Although point 68 is depicted as indicating a higher contact
pressure than point 70, which is depicted as indicating a higher contact pressure
than point 72, it is to be understood that these are merely representative examples of
initial contact pressures, and the initial contact pressure between the seal 52 and the

bore 66 may be any value.

For example, a typical application with common materials used for metal to

metal sealing may require that the contact pressure between the seal 52 and the bore



pressure differential across the piston relative to the bore. 2. The

pl uggi'ng system according to Caimi, wherein an increase in the pressure
differential acting on the piston acts to reduce a contact pressure between
the seal and the bore. 3. The plugging systemaccording to Caim2, wherein
the contact pressure reduction relative to pressure differential increase
is at aratio of less than 3 t0 1. 4.-19he pluggi ng system according to
Claim 1, wherein an increase in the pressure differential acting on the

pi st on G&be maintainedas keast o psigresten thabiadifferenteal prassuaadctdss thor e.

5. The pluggi ng system according to Claim4, wherein the contact pressure

I ncr easgal eliathue chée, ithesmitctdbriebaireindidatéd b?emn dfsthet pdnts268 070 73 ess
than 2 t0 1. 6. The pluggi ng systemaccording to Claim1, wherein the

pi ston Qi 8RESe b{RaSESH,dod Fsilat rzéxt%gff#e?ént‘iulr e8¢ 'a;}%éyimﬁlﬁ differehgfaf When

the pressure differential 17s in't Irst direction, erein the piston
bi ases the seal ..in secqnd axial. di rect.io osiite.tQ the.fjr.sto.direction
ohen & e arnd R, & hflietbaERAEhARBRT i Bo ki BTG ong
system accor di 0,Caim6, wherein the pressure, differential acting on
The pi BBk 76 T (sach FpFisehrng cotactmybiis shotlereial BreSour Sy Ofk
pressure between the seal and the bore, and wherein the pressure

di f f er e?ft ihgIsPseiticixamplenevertldiipdicate eontagicprsasiIgs Ak aasbR0LACP Greatalice

the contact pressure between the
than the maximum required differential pressure.

Of course, the example plots 76, 78, 80 also preferably remain below a
maximum desired contact pressure indicated by horizontal dashed line 82 in FIG. 5.
For example, if the yield strength of each of the seal 52 and bore 66 materials is
120,000 psi, the maximum desired contact pressure 82 may be 80% of the yield
strength, or 96,000 psi, to ensure that neither the seal nor the bore is damaged by
the contact pressure. Thus, the example plots 76, 78, 80 remain below the maximum
desired contact pressure 82 from zero differential pressure to the maximum required

differential pressure 74.

Referring specifically now to FIG. 4, the manner in which the contact pressure
for the plug system 50 may be regulated to produce any of the example plots 76, 78,
80 will now be described. When differential pressure is applied to the structure 56
from below (indicated by arrows 84 in FIG. 4, and the horizontal axis to the left of
the vertical axis in FIG. 5), this differential pressure is resisted by the piston 64,
which is biased upward. This is due to the fact that the pressure on the interior of the

structure 56 is less than the pressure on the exterior of the structure below the seal

52.



seal and the bore. 8. The pluggi ng systemaccording to Caim1l, wherein the
seal and piston are integrally formed as a single nenber extending

| aterally across the bore. g. The pluggi ng systemaccording to Claimi,
wherein the seal is disposed on an axially elongated and circunferentially
continuous portion of a hollow structure having first and second opposite
axi al ends, the seal being disposed bdidween the first and second ends. io.
The pluggi ng system according to Claimg, wherein the piston is a cl osed
one of the efihge the pisttre 6plisgthciedsiysthedower end bagftthe ortion g4, thiedowen t he
hol | ow structure includes an opening for admtting pressure from an

ext eri ognd ¥ glsamihdeidenp@irdifaride chalpresyive axial stress is2hefdls iduged Mg tle/st em

according to daim~~ wherein the opening is forned through the hol | ow
structu f §r3lack & ve
wher ei nf)t&htwhh%f E&véqs?‘?é&lc%dr gb?lgac cct){sléIl ofr%ﬁaar? C?Jsl'lalt graglecgﬁ ?gf st de of

e et Sty R A ARG T “rhe. pl uggi ng

system according to C aim~2, whereln the pressure differential acts on the

hol I ow st r ucThé @ogtiby Wh&sh@n&ﬁﬁwaﬁﬂl Xdoahes sH@%@fsmﬂiﬂar g6a belldwes,hald syv
structure on the first axial side of the seal being pressure bal’'anced. The

pl uggi nghey %h%ﬁ%%ﬁde@ﬁvt @u%@isrthaaeedmﬁﬂﬁl ;;brtlbﬁ 19fSQ§i§§€cFoGMefr€r emﬁs al

acts on the hollow structure on the first axial side of the seal -
outward biasing is indicated by arrows 86 in FIG. 4. It will be readily apprec1ated
that such outward biasing will tend to increase the contact pressure between the seal

52 and the bore 66 with increased pressure differential from below, as indicated by

example 80 in FIG. 5.

However, a section of the portion 54 below the seal 52 also experiences the
pressure differential, and is biased inwardly as indicated by arrows 88 in FIG. 4. It
will be readily appreciated that such inward biasing will tend to reduce the contact
pressure between the seal 52 and the bore 66 with increased pressure differential
from below, as indicated by example 76 in FIG. 5. In particular, the inward biasing
88 induces compressive circumferential stress (also known as compressive hoop
stress) in the portion 54 below the seal 52, tending to radially inwardly retract the

seal.

Another factor which influences the change in contact pressure due to a
change in pressure differential is the rigidity of the piston 64. Since the piston 64 is
attached to the lower end 62, the rigidity of the piston may be used to outwardly
support the section of the portion 54 below the seal 52, thereby resisting the inward

biasing indicated by the arrows 88.



15. The pluggi ng system according to Caimg, wherein the first end has an
openi ng forned therethrough which admts pressure into an interior of the
hol | ow structure, and wherein the second end is closed to pressure

transm ssion therethrough. ~6. The pluggi ng systemaccording to Claimib,
wherein the second end is substantially nore rigid than the portion between
the first and second ends. 1~. The pl-uggi ng system according to C ai m ~6,
wherein an increase in the second end rigidity acts to reduce a radially

i nwar d bi asi AgdepictdteinSEl@. 4tke pistéh 64 3¢ edsstantially fléclenthah thepogivpr fip
piston. i8. The plugging systemaccording to Caim 16, wherein the second

end hasyy S§bF@RLpigtdry aﬁﬂegTéthont Bl Glkdessdd BABhd BEmROMbt«hl PEiVBRRON e
first and second ends. i9. The pluggi ng systemaccording to Claimib5,

wher ei L ! 50 ; ; ¢
&rai m o HREREI ol g (A Y bR, RowkaPs fige MR RUBMEMPEGET0 °
to.th differantial, 2i_.The pl.uggjng. t. ' t
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the first end axially conpresses the hol|ow structure portion between the
first dfartbenare, dheipistembdeopldbbeasiadg of adlifferant materinl thagtbgaaztion 54.

For example, in a particular application, it may be desirable to enhance the

., inward biasing indicated by arrows 88, to thereby limit or reduce the contact
pressure between the seal 52 and bore 66. In that case, the rigidity of the piston 64
could be reduced so that the lower end 62 could deflect radially inward under the

influence of the inward biasing 88.

To increase the effect on the contact pressure of the outward biasing 86 of the
portion 54 due to compressive axial stress therein, the portion could be made so that
it has a more outwardly convex shape, or it could be made less rigid, etc. To increase
the effect on the contact pressure of the inward biasing 88 of the portion 54 due to
the pressure differential below the seal 52, the section below the seal could be made

longer, or it could be made less rigid, etc.

Therefore, it will be readily appreciated by one skilled in the art that the
effects of the inward biasing 88 and outward biasing 86 on the contact pressure
between the seal 52 and the bore 66 may be balanced or otherwise manipulated by
changing the shapes and materials of which the piston 64 and portion 54 are made.
The contact pressure can be made to decrease with increased differential pressure

from below, as indicated by the example plot 76 in FIG. 5, by enhancing the influence



_25_ 2g. The plugging system according to C aim 20, wherein displacenent of
the second end away fromthe first end axially elongates the holl ow
structure portion between the first and second ends, thereby biasing the
seal radially inward. 24. The pluggi ng systemaccording to Claimi, wherein
the pressure differential across the piston in a first axial direction

el ongates the seal, and wherein the pngssure differential across the piston
in a second axial direction opposite to the first direction conpresses the

seal . 25 thehénwhrd biagng y88.enThe eonhtictgpiiessiFeatan be whadeeio ivcreasy adth
pressure between the seal and the bore remains substantially constant when

the di rifietda3ad lifftRmep §384iuPe dhdth BeteW] & iddickiRdBP Bk eRfimplEhloplgéai no

syst em accor di ng to a| mi, wherein a contact pressure bet Ween t he seal

and_ { hepore iRl SBR AhIeRbd Y ORDSHARLMIBRL PRRSSUR BTt LEnROL |

i's increas Irrection I’ atl ore erelrn

t he cont ac re renarn Su antia st ant t he..pressure

it or g bp Thede ﬁe Tehn § S@nge@wnaiaré g laerqa#" ricrerol! BEHER £ 1 st
axi al rec relative to the bore. 2~. The pl ug |ng syst according to
daimi rown &W» as doeicated H?Ye#g@reéa avlft 7ib 18ORIC afid Pyh DABERE FeF eases
when t he pressure differential is |ncreased in a flrst axial direction

r el at i viafluenedscofibe dnward Siadatutwand 86 biasing opithe partéon 5ér eases when the
pressure differential is |ncreased in a second axial direction opposite to

the first a irecti. t r ugy

accordi ng t)gt%sa]‘igné f?éli‘/\ﬁg? a{fé%cgn{’gegt BﬁPPOS Slnégﬁg?%gﬁgb he gicngSH%éFt he
bore does not decrease substantl sure differentia

i ncreas%r&srweélwrwﬁxgpaqeaaﬁsr% B e@é?@@r@eeﬁégfmswe@cra%rﬂmbrm the
-26 con {)ressure does not decrease substantially when the ssure
differ |S&a Ing qirRetioNs deompate ecianpIRiRIPtsT6: & Bnolobldss mt e hRefirst
axial direction relative to the bore. 2g. A nethod of plugging a bore, the
met hod 42rPFIGi 8g Note trbpeitbithe systen 5aiprgvideddiy dwe present inventibnhamy t he
bore, the hollow structure having a seal on a circunferentially continuous
por t i ondeiredodepe bftowant pressasietvs. Hifferentdaldpressirednaynbe obtaihéd inthudingir e;
sealingly engaging the seal with the bore, thereby preventing fluid flow

t hr oughnégaeiveeldgie and no slope.

It may be desirable in some applications to have a relatively high initial
contact pressure, but to maintain the contact pressure below a yield stress of the seal
material at a relatively high differential pressure. The system 50 enables such a seal
to be obtained by regulating how the contact pressure changes due to increased

differential pressure. Prior art systems do not have this flexibility of design.

Turning now to FIGS. 6 & 7, the system 50 is depicted with a pressure
differential applied from above. This pressure differential is indicated by arrows 9o
in FIG. 6, and by the horizontal axis to the right of the vertical axis in FIG. 7. Since
the upper end 60 of the structure 56 is open, the pressure from above is permitted to
enter the interior of the structure. An initial contact pressure between the seal 52

and the bore 66 is indicated for three example plots 92, 94, 96 by points 98, 100, 102



securing the first structure end relative to the bore; and applying axial
tensile stress to the structure portion between the first and second ends
in response to a pressure differential across the second structure end in a
first axial direction relative to the bore, thereby biasing the seal
radially inward. 30. The nethod according to Claim2g, wherein in the
positioning step, the first opposite-ddd has an opening therein to admt
pressure into an interior of the structure, and the second opposite end is
cl osed inoFHG.eg.sUrle mamser inswhicht ter edviimoti phessiie isTregubmted oidr adiffereditiay t o
Claim 29, wherein the applying step further conprises reduci ng a contact

pr essurgrebQiredeomtdhdOVeRR) isdedcrib&l belo. i N response to an increase in the
pressure differential in the first direction. 32. The nmethod according to

Claim?29, wherein the applying step further conprises, increasing a caontact
pressure betheempistan 64dp Ripsed dewpwaadiynby ébg%ﬁeremlaérprﬁwe&% iThis he
pressure differential in the first direction. -27 33~ The net hod

accor di dgwvnward biasing induneseimaxial tdnsilasbress iy the @ortien anvddch powaxdly e

bet ween the seal and the bore remains substantially constant in response to
an i ncrisiases ithe tdeal pesduer fo dhéfeutonirdy! convdxhehape of ther poitiom. Statedhe

met hod according to Claim29, further conprising the step of applying
conpr esgiféferfily, 8RS akful shesStends ty eRoratd R pheloness) thétebf radhllahtwarpnd

retracting the seal 52. The lower end 62 may actually displace downwardly relative

to the upper end 60 due to the pressure differential 9o acting on the piston 64.

However, the differential pressure 9o also acts on the portion 54, at least
below the seal 52, which tends to outwardly bias the seal as indicated by arrows 104
in FIG. 6. This outward biasing 104 acts to increase the contact pressure between the
seal 52 and the bore 66. The outward biasing 104 is due to tensile circumferential

stress (also known as tensile hoop stress) in the portion 54.

Note that the section of the portion 54 above the seal 52 is depicted in FIG. 6
as also having the pressure applied thereto, as indicated by arrows 106. Thus, in this
embodiment of the system 50, the portion 54 above the seal 52 is pressure balanced
and is not biased inwardly or outwardly by the pressure applied directly thereto. In
other embodiments described below, the portion above the seal may not be pressure

balanced.

The rigidity of the piston 64 also influences the manner in which the contact
pressure changes with increased differential pressure from above. For example, if
the piston 64 has relatively high rigidity, as depicted in FIG. 6, it will resist outward

biasing 104 of the portion 54, thereby limiting or reducing any increase in contact



ends in response to a pressure differential across the second structure end
In a second axial direction relative to the bore, thereby biasing the seal
radially outward. 35~ The nethod according to Cl aim 34, wherein the
conpressive stress applying step further conprises reducing a contact
pressure between the seal and the bore in response to an increase in the
pressure differential in the second dilbection. 36. The nethod according to
Claim 34, wherein the conpressive stress applying step further conprises

i ncr easpregswrecdund &e the pesssurediffarenta. t Howseed, ibithd pibonb6éy dasm redsipmbse to
an increase in the pressure differential in the second direction. The

et hod I@Q@ﬁ? He%x%l%ﬁ‘s%str%@iﬁﬂiéd't@ thB HosaHR 53 T84Y Be $édiRed, Biibdy N
step, a contact pressure between the seal and the bore remains

SUbStaWHc?éa{sYn%ﬂ{éﬁ&ﬁﬁﬁc ggﬁﬁ.gonse to an increase in the pressure

di fferenti e sec rection. 38. The nethod according to O aim 2g,
wherein the applying step further conprises applying circunferenti al

tensil e streds with the examplesudiscyussediabove donpeesstihe differsntianappléabfrdnends
in response to the pressure differential in the first direction, thereby

bi asi ngbélow BlestratedlimFIGSoyt 8&a, the 38ntabh prossue betwesr thengedl 52Chwnd thé8,

further conprising the step of balancing the radially inward and radially
out var dhéyieash HHay bl fe@fildted Hyema8fbulating 48e shapes and materials of which the
piston 64 and portion 54 are made. For example, the contact pressure can be made
to decrease with increased differential pressure, as indicated by the example plot 92
in FIG. 7, by enhancing the influence of the inward biasing due to axial tensile stress
in the portion 54. The contact pressure can be made to increase with increased
differential pressure, as indicated by the example plot 96 in FIG. 7, by enhancing the
influence of the outward biasing 104. The contact pressure can be made to remain

substantially constant with increased differential pressure, as indicated by example

plot 94 in FIG. 7, by balancing the inward and outward biasing of the portion 54.

Again, a significant advantage afforded by the invention is that the contact
pressure may be regulated so that, for example, the contact pressure remains high
enough to seal at a maximum required pressure rating (indicated by point 108 on the
horizontal axis in FIG. 7), but remains below a desired maximum contact pressure
(indicated by horizontal dashed line 110 in FIG. 7). The slope of the contact pressure
vs. differential pressure for a particular application can be made positive (as in

example plot 96), negative (as in example plot 92), or even zero (as in example plot

94).



thereby regulating a contact pressure between the seal and the bore in
response to the pressure differential in the first direction. 40. A nethod
of plugging a bore, the nmethod conprising the steps of: positioning a

hol | ow structure within the bore, the hollow structure having a seal on a
‘circunferentially continuous portion di sposed between opposite first and
second ends of the structure; sealingh§-engaging the seal with the bore,

t hereby preventing fluid flow through the bore; securing the first

structure erpué eb ghé fRtitBat Eenther pressiné map Hel regukxedin eReByRe ¥, i8iy ess
to the structure portion between the first and second ends Iin response to a
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direction relative to ore, thereby blrasing-t y out war d.

41. Th t hod (ding. t |4 4 in Q. t | td QR g t he
st opiBstre BAE%dl GchPiby iy B B5"mall oRBRY A MIB0sg 1Rk
interior,of the structure, and.fhe second,opposite end, i.S clgsed to
pr essurrélattlrvgiYsﬁlaE&q dﬁt?riquBF?lrgJE?gﬁ?etW?‘?nﬁbé’ ﬁﬁslhﬁ (RATRg OPo TeHSR; BR 40,
wherein the applying step, further conprises reducing a cqgntact pressyre
bet weerfcep@ ted ygthowt drspesq to eithefortn lmérf&ﬁeflcﬁcq%eﬁgé ipncqiid %ﬁr% ur e
differential in the first direction, 43~ The nethod according to C aim 40,
wher ei rwithe tapgrapeagf sxading, for BramplerpFhe akilityte eentirolchow contagt presssssur e
bet ween the seal and the bore in response to

varies with differential pressure thus enables more economical manufacture of

plugging systems.

Referring additionally now to FIG. 8, another embodiment of a plugging
system 114 embodying principles of the present invention is representatively
illustrated. In the system 114, an anchoring device 116 is attached to an upper end
118 of a hollow structure 120, thereby securing it relative to a bore 122. Another end

124 of the structure 120 is closed to prevent pressure transmission therethrough.

A seal 126 is formed on a portion 128 of the structure 120 between the
opposite ends 118, 124. The seal 126 is received within a seal bore 130 and is an
interference fit therein. Thus, an initial contact pressure between the seal 126 and

bore 130 results from installation of the seal in the bore.

The seal 126 is formed directly on the portion 128 and is preferably made of
metal, as is the remainder of the hollow structure 120. In fact, the hollow structure
120 is preferably a single integrally formed member which has a substantially
spherical shape, the seal 126 being disposed on an outer surface of the
circumferentially continuous portion 128 between the ends 118, 124. This integral

formation of the structure 120 provides for economical manufacture and other



an increase in the pressure differential in the first direction. 29 44,
The met hod according to Caim40, wherein in the applying step, a contact
pressure between the seal and the bore remains substantially constant in
response to an increase in the pressure differential in the first
direction. 45. The nethod according to Caim40, further conprising the
step of applying tensile stress to thaystructure portion between the first
and second ends in response to a pressure differential across the second

st ruct Usenefibs] But i@ is e bechriderstoodi that the struetuaé inv@y be otherviss eonfidiaedpy
bi asing the seal radially inward. 46. The nmethod according to C ai m 45,

wher i RiiBui dii5irife St the BPRICHIBSoPIRANTAtiGdIEr cOMPTi ses reducing a

contact pressure ween t se and the bore in response to an increase
in the pressure differential in the second direction. The nmethod accordi ng
to O ai m 45, Notecthat the hndtiesdiase samewbatgnehteribicknegs thant therportiannp8es

I ncreasing a contact pressure between the seal and the bore in response to
an i ncreais erovideb additbsisdl mégidity tethaendl12ynpwhich sparated iti a ecinnen siMiar The
met hod according to Claim45, wherein in the tensile stress applying step,

a cont aglthaMASH 64 BEIHESR S5 &adcrided abboe b The ehd@docsRsWavdri Bhve/
constant in response to an increase in the pressure differential 1n the
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the portion 128 as the piston 64 does for the portion 54 of the system 50.

Contact pressure between the seal 126 and the bore 130 may be regulated in a
manner similar to that described above for regulation of contact pressure between
the seal 52 and bore 66. Specifically, the lower piston end 124 may be made more or
less rigid, or may be otherwise shaped, the portion 128 may be made more or less
rigid, or may be otherwise shaped, the portion 128 may be lengthened or shortened

above or below the seal 126, etc.

Note that an optional additional seal 132 is carried on the structure 120
proximate the upper end 118. The seal 132 is sealed within the bore 122 and acts to
isolate the section of the portion 128 above the seal 126 from pressure applied from
above. Thus, the seal 132 presents another means by which the change in contact

pressure due to differential pressure may be regulated.

Referring additionally now to FIG. 9, another structure 134 which may be used
in well plugging applications is representatively illustrated. The structure 134 may be
used in place of the structure 120 of the system 114 shown in FIG. 8, or it may be
used in place of the structure 56 of the system 50 shown in FIG. 4. The structure 134

is similar in many respects to the structure 120, in that it includes a substantially



conprises applying circunferential conpressive stress to the structure
portion between the first and second ends in response to the pressure
differential in the first direction, thereby biasing the seal radially

i nward. 50. The nmethod according to Claim49, further conprising the step
of balancing the radially inward and radially outward biasing applied to
t he seal, 30 _ thereby regul ati ngi8-contact pressure between the seal
and the bore in response to the pressure differential in the first

di rect is?ﬁeri@él- cif"ctﬁhﬂﬂeﬁﬁéll}u%_6niiﬁu@t1§396ﬂidr91:§8 BeBAder! Jaﬁ"@ip@fl_ er enldu _
t her et hfough, the plug conprising: a structure having a"voidtherein, first

and segﬁq{ada aggﬁg)&i&@ere%(asl dand a circunferentially extendi ng portion
ng the oy

outwardl'y overlyi ‘d between the first and second ends; and a seal
di sposed on the structure portion between the first and second ends for

seal i ngly erigegevey, tiheldwsreendvis & subsrartiallyeplahbl instead of beirdghepletricalt ur e
portion between the first and second ends biases the seal radially inward

when a iﬁrs%%?e.r aTHé diP i hasla telatdrily heth figidigsad BEmphtddtdtife portidnf 1465t
axial direction relative to the bore, and wherein axial conpressive stress

in the S HGEUs dd, $RabEhpeg il nprestive BdseRN sieades b B8epoitih seal
?%ﬁfen ?lﬁlﬂ g% | }? I t?l ed

radi al |y outwar e pressur erential 1s app
136 in response to differential pressures applied from below and above, respectively.

In addition to the shape of the lower piston end 140, various other aspects of
the structure 134 have been manipulated in design studies performed by the present
inventors to produce desirable contact pressures between a seal 142 formed on the
portion 136 and a bore in which the seal is to be installed. The result of these
manipulations may be seen in FIG. 10, which demonstrates how effectively the

principles of the present invention may be applied to regulate contact pressures.

The inventors designed the structure 134 according to analyses performed for
a particular application, and the results depicted in FIG. 10 are given here as only an
example of the benefits provided by the invention. Of course, other applications and
other designs may be used, without departing from the principles of the present
invention. In particular, more than one design may be acceptable for a particular
application, a particular design may be used in multiple applications, and different

designs may be used in different applications.

For the particular application represented in FIG. 10, a maximum differential
pressure rating from below of 22,500 psi (indicated by point 144 on the horizontal
axis), and a maximum pressure differential rating from above of 15,000 psi

(indicated by point 146 on the horizontal axis) was desired. A maximum desired



across the structure in a second axial direction opposite to the first
direction. 52. The plug according to Claim5~, wherein circunferenti al
tensile stress in the structure portion between the first and second ends
bi ases the seal radially outward when the pressure differential is applied
across the structure in the first direction. 53. The plug according to

Cl aim51, wherein circunferential comppessive stress in the structure
portion between the first and second ends biases the seal radially inward

when t henpa@s paseusl fofeieB)boal Risis (indidated! BC dasised Morizbhtidt litie 148) thas
second direction. _31_ 54~ The plug according to Caim51, wherein the
struct y&ifags an opening in the first end permtting pressure transm ssion
bet ween an exterior of the structure and the void. 55. The plug according
to Claimb54, wherein the second end isolates the void from pressure

comuni cat i dm wdditiarmhea esardacio presfsurdof s2o,000upe] greater dhan héhep peessure
differential is resisted by the second end. 56. The plug according to Claim

5 i, whdifferentidl evasrdsiredaodnkiisy salinglcontact betweasmtheadalf arahboree Thaisgat 0 an
exterior of the structure, thereby causing circunferential tensile stress

in the &b UGTfeEEHRA brRBuReSt Y8R Thikdin finitsd] @&ﬁaé@?ﬂéﬁ%uﬁé‘%? S6.@00 psi 1P the
seal radially outward, when the pressure differential is applied across the
¢ ¢ . . o . . - _ ! {m 5i
wner of rioficated BF pobiodiel FIG . PAL U eyl i SRS o abb e
structuyr i r i i nf.enent i (of0) i tress
' the 45 LB A08 Bl ot shOGE REeRAR o herbpO IR EAE by IRORE S8 A B e
seal radiaJI]X ia.\%gréd, %{nen t he resg e differential,is appljed across the
st r uct JPEXIUE, diftezential BREssRreiTpE: PEIOW 144 (23:/00,P]Y % ERBIAGE REESSBIEPhi m
5~, wherein the structure is, substantially hollow 59. The plug according

to O ai4®500 Pehisriadicatedtby ppidtlade i s substantially spherical. 60. The plug
according to Claimb51, wherein the structure portion between the first and

second ends —hgseit ?n&lﬂ%\,\ﬁhﬁt 845 BlisNed QPﬁgﬁcgb?%ég‘é‘éabge & coﬂ_ﬂﬂif HriSures

according to a ereln the sea cture portron between

the T1rahi B F€F26916 %glsth%rs%ahga %50%315%. ST e B R thF 'ﬁ?&ﬁ{ipulated the

design of the structure 134 until the resulting contact pressures in the specified range

of differential pressures fell between the maximum and minimum desired levels.

At zero differential pressure, an initial contact pressure of approximately
78,000 psi is indicated by point 158. At the maximum differential pressure from
above 146, a contact pressure of approximately 36,600 psi is indicated by point 160.
At the maximum differential pressure from below 144, a contact pressure of

approximately 98,700 psi is indicated by point 162.

Although a plot 164 of contact pressure vs. differential pressure between the
points 158 and 160 is shown as being linear in FIG. 10, it will be readily appreciated
that in actual practice the plot 164 may be other than substantially linear. Similarly,
although a plot 166 of contact pressure vs. differential pressure between the points

158 and 162 is shown as being linear in FIG. 10, it will be readily appreciated that in



_32_ 62. The plug according to Caimb5i, wherein the seal is a netal seal.
63. The plug according to Caimb5i, wherein the second end is a piston

whi ch di splaces relative to the first end in response to the pressure
differential. 6gq.. The plug according to Caim63, wherein the piston
radially supports the structure portion between the first and second ends.
65. The plug according to Claim64, wWR8€rein rigidity of the piston acts to
limt radially outward extension of the seal when the pressure differential
i s appldctuhlapraotise tthe ot w66 unay ibe dther thas tsublstaatinllpiinedé. Fdreexdruple,
according to Claim6g., wherein rigidity of the piston acts to limt

radi al ltheseno 164 2661 mayohaveh @ @@watui@ennhjﬂebeorrﬁmn_? @'ffﬁlalt?léilaxhe i's
applied across the structure in the second direction. .Ah@ Ah9. AU

. Ah. A{ gggrr%%s A% AU AU9. Ah&. AU9. Ah9. AA&?. Ah&e. Ay{. Ah9?. A{ & . A{ &?. Ah. A&4. A
h& Ay9, . RUSL. Ay{e. A{Y . AU. AhE . AUE . A{l .Ayh.AlE]( Q

For the structure 134, the plot 164 has a slope of approximately —2.4. That is,
the ratio of contact pressure decrease to differential pressure increase from above is
approximately 2.4 to 1. The plot 166 has a slope of approximately —0.9. That is, the
ratio of contact pressure increase to differential pressure increase from below is

approximately 0.9 to 1.

Thus has been described the plugging systems 50, 114 and plug structures 56,
120, 134 which enable contact pressures to be effectively regulated as desired, and
which are economical in manufacture and operation. Although each of the structures
56, 120, 134 has been described as having a metal seal thereon, it will be readily
appreciated that other seal materials could be used. In fact, any portion of the
structures 56, 120, 134 may be made of any material, without departing from the

principles of the invention.

Of course, a person skilled in the art would, upon a careful consideration of
the above description of representative embodiments of the invention, readily
appreciate that many modifications, additions, substitutions, deletions, and other
changes may be made to these specific embodiments, and such changes are
contemplated by the principles of the present invention. For example, although the
structures 56, 120, 134 are described above as being hollow, they could instead
merely have voids therein for admitting pressure into the interiors of the structures.

Accordingly, the foregoing detailed description is to be clearly understood as being
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a metal seal circumferentially contacting a bore having a longitudinal axis;
and
a piston attached to the seal, the piston biasing the seal in a direction of a
pressure differential across the piston relative to the bore.
2. The plugging system according to Claim 1, wherein an increase in the
pressure differential acting on the piston acts to reduce a contact pressure between
the seal and the bore.
3. The plugging system according to Claim 2, wherein the contact
pressure reduction relative to pressure differential increase is at a ratio of less than 3
to 1.
4. The plugging system according to Claim 1, wherein an increase in the
pressure differential acting on the piston acts to increase a contact pressure between
the seal and the bore.
5. The plugging system according to Claim 4, wherein the contact
pressure increase relative to pressure differential increase is at a ratio of less than 2
to1.
6. The plugging system according to Claim 1, wherein the piston biases
the seal in a first axial direction relative to the bore when the pressure differential is
in the first direction, and wherein the piston biases the seal in a second axial
direction opposite to the first direction when the pressure differential is in the second
direction.

7. The plugging system according to Claim 6, wherein the pressure

differential acting on the piston in the first direction acts to increase a contact
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on the piston in the second direction acts to reduce the contact pressure between the
seal and the bore.

8. The plugging system according to Claim 1, wherein the seal and piston
are integrally formed as a single member extending laterally across the bore.

0. The plugging system according to Claim 1, wherein the seal is disposed
on an axially elongated and circumferentially continuous portion of a hollow
structure having first and second opposite axial ends, the seal being disposed
between the first and second ends.

10.  The plugging system according to Claim 9, wherein the piston is a
closed one of the ends.

11.  The plugging system according to Claim 9, wherein the hollow
structure includes an opening for admitting pressure from an exterior into an
interior of the hollow structure.

12.  The plugging system according to Claim 11, wherein the opening is
formed through the hollow structure on a first axial side of the seal relative to the
bore, and wherein the hollow structure is closed on an opposite second axial side of
the seal relative to the bore, so that the pressure differential acts on the hollow
structure on the second axial side of the seal.

13.  The plugging system according to Claim 12, wherein the pressure
differential acts on the hollow structure only on the second axial side of the seal, the
hollow structure on the first axial side of the seal being pressure balanced.

14. The plugging system according to Claim 12, wherein the pressure

differential acts on the hollow structure on the first axial side of the seal.
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10" opening formed therethrough which admits pressure into an interior of the hollow
structure, and wherein the second end is closed to pressure transmission
therethrough.

16.  The plugging system according to Claim 15, wherein the second end is
substantially more rigid than the portion between the first and second ends.

17.  The plugging system according to Claim 16, wherein an increase in the
second end rigidity acts to reduce a radially inward biasing of the seal due to the
pressure differential across the piston.

18.  The plugging system according to Claim 16, wherein the second end has
a substantially greater thickness than the portion between the first and second ends.

19.  The plugging system according to Claim 15, wherein the second end is
the piston.

20. The plugging system according to Claim 9, wherein the second end
displaces relative to the first end in response to the pressure differential.

21.  The plugging system according to Claim 20, wherein displacement of
the second end relative to the first end alters a contact pressure between the seal and
the bore.

22, The plugging system according to Claim 20, wherein displacement of
the second end toward the first end axially compresses the hollow structure portion

between the first and second ends, thereby biasing the seal radially outward.
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between the first and second ends, thereby biasing the seal radially inward.

24. The plugging system according to Claim 1, wherein the pressure
differential across the piston in a first axial direction elongates the seal, and wherein
the pressure differential across the piston in a second axial direction opposite to the
first direction compresses the seal.

25. The plugging system according to Claim 1, wherein a contact pressure
between the seal and the bore remains substantially constant when the direction of
the pressure differential is reversed.

26. The plugging system according to Claim 1, wherein a contact pressure
between the seal and the bore remains substantially constant when the pressure
differential is increased in a first axial direction relative to the bore, and wherein the
contact pressure remains substantially constant when the pressure differential is
increased in a second axial direction opposite to the first axial direction relative to
the bore.

27.  The plugging system according to Claim 1, wherein a contact pressure
between the seal and the bore increases when the pressure differential is increased in
a first axial direction relative to the bore, and wherein the contact pressure increases
when the pressure differential is increased in a second axial direction opposite to the
first axial direction relative to the bore.

28.  The plugging system according to Claim 1, wherein a contact pressure
between the seal and the bore does not decrease substantially when the pressure

differential is increased in a first axial direction relative to the bore, and wherein the
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contact pressure does not decrease substantially when the pressure differential is
increased in a second axial direction opposite to the first axial direction relative to
the bore.

29. A method of plugging a bore, the method comprising the steps of:

positioning a hollow structure within the bore, the hollow structure having a
seal on a circumferentially continuous portion disposed between opposite first and
second ends of the structure;

sealingly engaging the seal with the bore, thereby preventing fluid flow
through the bore;

securing the first structure end relative to the bore; and

applying axial tensile stress to the structure portion between the first and
second ends in response to a pressure differential across the second structure end in
a first axial direction relative to the bore, thereby biasing the seal radially inward.

30. The method according to Claim 29, wherein in the positioning step, the
first opposite end has an opening therein to admit pressure into an interior of the
structure, and the second opposite end is closed to pressure transmission
therethroughl.

31.  The method according to Claim 29, wherein the applying step further
comprises reducing a contact pressure between the seal and the bore in response to
an increase in the pressure differential in the first direction.

32. The method according to Claim 29, wherein the applying step further
comprises increasing a contact pressure between the seal and the bore in response to

an increase in the pressure differential in the first direction.
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contact pressure between the seal and the bore remains substantially constant in
response to an increase in the pressure differential in the first direction.

34. The method according to Claim 29, further comprising the step of
applying compressive stress to the structure portion between the first and second
ends in response to a pressure differential across the second structure end in a
second axial direction relative to the bore, thereby biasing the seal radially outward.

35. The method according to Claim 34, wherein the compressive stress
applying step further comprises reducing a contact pressure between the seal and the
bore in response to an increase in the pressure differential in the second direction.

36. The method according to Claim 34, wherein the compressive stress
applying step further comprises increasing a contact pressure between the seal and
the bore in response to an increase in the pressure differential in the second
direction.

37.  The method according to Claim 34, wherein in the compressive stress
applying step, a contact pressure between the seal and the bore remains substantially
constant in response to an increase in the pressure differential in the second
direction.

38. The method according to Claim 29, wherein the applying step further
comprises applying circumferential tensile stress to the structure portion between
the first and second ends in response to the pressure differential in the first direction,
thereby biasing the seal radially outward.

39. The method according to Claim 38, further comprising the step of

balancing the radially inward and radially outward biasing applied to the seal,
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the pressure differential in the first direction.

40. A method of plugging a bore, the method comprising the steps of:

positioning a hollow structure within the bore, the hollow structure having a
seal on a circumferentially continuous portion disposed between opposite first and
second ends of the structure;

sealingly engaging the seal with the bore, thereby preventing fluid flow
through the bore;

securing the first structure end relative to the bore; and

applying axial compressive stress to the structure portion between the first
and second ends in response to a pressure differential across the second structure
end in a first axial direction relative to the bore, thereby biasing the seal radially
outward.

41.  The method according to Claim 40, wherein in the positioning step, the
first opposite end has an opening therein to admit pressure into an interior of the
structure, and the second opposite end is closed to pressure transmission
therethrough.

42. The method according to Claim 40, wherein the applying step further
comprises reducing a contact pressure between the seal and the bore in response to
an increase in the pressure differential in the first direction.

43. The method according to Claim 40, wherein the applying step further

comprises increasing a contact pressure between the seal and the bore in response to

an increase in the pressure differential in the first direction.



LI110% & ()- 3S#10% & ()-yz 10% & ()- y10% & ()-f YdEuV79y2z 10% & () -

010% & ()--SH10% & ()- y+z 10% & ()-)10% & ()-' S#10% & () - 7xyz{bC9

f#10% & ()-y 10% & ()- Y10% & ()- 10t 10t 10t 610% & ()- F4f #10% & () -

dLdEbC9y 10% & ()-"10% & ()-f#10% & ()- f#10% & ()-yf 10% & ()-910% & () -

> {dEbCOy#10% & ()- ! f#10% & ()-Ff #10% & ()- y, 10% & () -

"10% & ()-f#10% & ()- 0zaBbCOy#10% &20)~ - 10% & ()-+10% & ()-)f#10% & () -

'y#10% & () -!y% 10%CC& () - p01238xmbCF@ 0% & ()- 10" 10" 10 8y#10% & ()- s6

10% & () - Y44dL0% Bhé methpfi#d@utding)to Claim 40, wherein in the applying step, a
contact pressure between the seal and the bore remains substantially constant in
response to an increase in the pressure differential in the first direction.

45. The method according to Claim 40, further comprising the step of
applying tensile stress to the structure portion between the first and second ends in
response to a pressure differential across the second structure end in a second axial
direction relative to the bore, thereby biasing the seal radially inward.

46. The method according to Claim 45, wherein the tensile stress applying
step further comprises reducing a contact pressure between the seal and the bore in
response to an increase in the pressure differential in the second direction.

47. The method according to Claim 45, wherein the tensile stress applying
step further comprises increasing a contact pressure between the seal and the bore in
response to an increase in the pressure differential in the second direction.

48. The method according to Claim 45, wherein in the tensile stress
applying step, a contact pressure between the seal and the bore remains substantially
constant in response to an increase in the pressure differential in the second
direction.

49. The method according to Claim 40, wherein the applying step further
comprises applying circumferential compressive stress to the structure portion
between the first and second ends in response to the pressure differential in the first
direction, thereby biasing the seal radially inward.

50. The method according to Claim 49, further comprising the step of

balancing the radially inward and radially outward biasing applied to the seal,
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thereby regulating a contact pressure between the seal and the bore in response to
the pressure differential in the first direction.

51. A plug for use in a bore to prevent flow of well fluids therethrough, the
plug comprising:

a structure having a void therein, first and second opposite ends, and a
circumferentially extending portion outwardly overlying the void between the first
and second ends; and

a seal disposed on the structure portion between the first and second ends for
sealingly engaging the bore,

wherein axial tensile stress in the structure portion between the first and
second ends biases the seal radially inward when a pressure differential is applied
across the structure in a first axial direction relative to the bore, and

wherein axial compressive stress in the structure portion between the first and
second ends biases the seal radially outward when the pressure differential is applied
across the structure in a second axial direction opposite to the first direction.

52.  The plug according to Claim 51, wherein circumferential tensile stress
in the structure portion between the first and second ends biases the seal radially
outward when the pressure differential is applied across the structure in the first
direction.

53. The plug according to Claim 51, wherein circumferential compressive
stress in the structure portion between the first and second ends biases the seal

radially inward when the pressure differential is applied across the structure in the

second direction.
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54. The plug according to Claim 51, wherein the structure has an opening
in the first end permitting pressure transmission between an exterior of the structure
and the void.

55. The plug according to Claim 54, wherein the second end isolates the
void from pressure communication with the exterior of the structure, whereby the
pressure differential is resisted by the second end.

56.  The plug according to Claim 51, wherein the pressure differential is also
applied from the void to an exterior of the structure, thereby causing circumferential
tensile stress in the structure portion between the first and second ends and biasing
the seal radially outward, when the pressure differential is applied across the
structure in the first axial direction. |

57.  The plug according to Claim 51, wherein the pressure differential is also
applied from an exterior of the structure to the void, thereby causing circumferential
compressive stress in the structure portion between the first and second ends and
biasing the seal radially inward, when the pressure differential is applied across the
structure in the second axial direction.

58.  The plug according to Claim 51, wherein the structure is substantially
hollow.

59. The plug according to Claim 51, wherein the structure is substantially
spherical.

60. The plug according to Claim 51, wherein the structure portion between
the first and second ends has the seal integrally formed therewith.

61. The plug according to Claim 51, wherein the seal and the structure

portion between the first and second ends are formed as a single metal member.
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which displaces relative to the first end in response to the pressure differential.

64. The plug according to Claim 63, wherein the piston radially supports
the structure portion between the first and second ends.

65. The plug according to Claim 64, wherein rigidity of the piston acts to
limit radially outward extension of the seal when the pressure differential is applied
across the structure in the first direction.

66. The plug according to Claim 64, wherein rigidity of the piston acts to
limit radially inward retraction of the seal when the pressure differential is applied

across the structure in the second direction.



