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Descrl pt : Rot at abl e Seal EI enent for Machi ne
CEI’]I caf 7F| el d This invention rel ates ?é‘ra ro’?‘gry

rrachl ne havi ng a wor ki ng nmedi um flowpath and a rotatable seal elenent

whi ch extends circunferentially about an axis of rotation. Mre

particularly, this invention relates to seal 10 elements fornmed of a

plurality of stacked rings. It haspoarti ul ar application to gas

turbi ne engi nes to bl ock the Ieakag IW(%W} ng medi um gases at the

boundary of the working medi um fl owpat h. _ Background of Invention 15

One exanple of a rotary machl ne i s a gas tUI’bI ne engi ne. The gas

t ur bi ne engi ne has ag, ?{ ggj) m,rg# W g{ Mﬁrough the
. engine. A stator asse y extends circu erentla y a e rotor

assermbly. A flowpath for working medi um-gases .extends through the
engi nes through the rotor assenbly and the stator assenbly and is 20

boundgd byehaiieal Field bot h assenbli es.

? _This invention relates to a rotary machine having a working medium

flowpath and a rotatable seal element which extends circumferentially

" about an axis of rotation. More particularly, this invention relates to seal

10 elements formed of a plurality of stacked rings. It has particular

‘application to gas turbine engines to block the leakage of working medium
gases at the boundary of the working medium flowpath.

. Background of Invention
15 " One example of a rotary machine is a gas turbine engine. The gas
-turbine engine has a rotor assembly which extends axially through the
‘engine. A stator assembly extends circumferentially about the rotor
- assembly. A flowpath for wo;kihg medium gases extends through the
engines through the rotor assembly and the stator assembly and is
20 ° bounded by elements of both assemblies. |
The rotor assembly typically includes a rotor disk and a plurality of
. rotor blades extending radially outwardly across the working medium
flowpath. The stator assembly includes an outer case and ai'rays of stator
vanes, or struts, which extend radially |
25 inwarﬂly across the working medium flowpath. A seal assémbly is provided
between the rotor disk of the fotor assembly and the strut of the stator
assembly to provide a boundary to the working medium flowpath.



The rotor assenbly typically includes a rotor disk and a plurality of

rotor bl /665 nding radially outwardly across the working nedi um .

f | owpat h.w‘ﬁe s{;ﬁ'tor assenbly includes.an outer case and & SHP474¢ at or
vanes, or struts, which extend radially¥ 25 inwardly across the working
medi um fl owpath. A seal assenbly is provided . between the rotor disk
of the rotor assenbly and the strut of the stator assenbly to provide
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adj acent rﬂaﬁﬁ%m afrp g?nfb’lﬂ- owd! dig&lntaﬁf&ﬁ | ‘H‘gﬁ a
circunferential®y extendi ngeSS'ealge'a adéﬁﬁ c‘h'?a_'es’_ I nwar fé #‘Eg{ sea
land is atiq@hffl tX63.NeThe adetll assemBEs fieludesnd éivcaniferdHeaIpy ldxtbhidin
~continuous. A rotatable seal elenent extends circunferentially about
the a8 s afeal dafid whiéhefacesoinwarilyncTheesedlhtand is atthched! o thel stakerent
+ includes a circunferentially continuous support menber and a plurality
of seal elassemblynandhis dirminferdntially continudius.10A rfotatableeseaipplerhent
menber . _ . The rotatable seal elenents are formed of a plurality of
stacked riexjends circumiergniiadlycabeut the @xis, of motatien -Aftnftm@emacﬁnnei he
The out ernost rin is referred to as, the fin ring and the supportin
rings as F;@@@Qgtgpgsq:wg ¢lement  includes a circumfcrentlall)g continuous Igllf.)lpport J

member and a plurality of.séal elements which extend radially outwardly '

10  from the support member. . .

The rotatable seal elements are formed of a plurality of stacked rings
having sloped transition shoulders between the rings. The outermost ring
is referred to as the fin ring and the suppdrt’ing. rings as pedestal rings.
The rings become thinner in a direction perpendicular - to the |

15  circumferential _.directio__n as the seal element extends outwardly. This
reducés stresses in the seal element by reducing the mass of the seal
element. Each rotatable seal element is circumferentially continuous. Asa

- result, the rings are subjected to large hoop stresses as the seal element is
rotated about the axis of rotation Ag.

20 ‘Under operative conditions, the rotatable seal element may rub
against the seal land, abrading the sea_l element and ger_lerating heat at the
region of contact. foe ther-mal_ahd mechanical stresses that result coupled
with the very large hoop stresses that resuit from the high rotational
speéds of the rotor assembly may cause a crack to form after the structure

25 has been subjected to cyclic stresses. The cyclic stresses result from

. mechanical and th_erxnai stresses associated thh accelerating the engine
from Seal Level Take Off conditions (high rotational speeds, very hot

temperatures) and decelerating the engine after cruise to idle descent and



*The rings becone thinner in a direction perpendicular to the 15
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of th&hendicop stessesaprovideva cerdaii lendrgyawtiioh aisd available to

expl osive rate of speed once it extends fromthe upstreamside to the

downst r eacasisecthe crack $oagrow.cfthe enengy isspropostional e the @ppliest hoopof

t he hoop stresses acting on the fract

pr opagat e$traffar dfof. each material, theredsa sritical dactaroasseciated with reyalia
which 1s ?Xfai'g{xg%ﬁicamois_referred to as the Critical Stress Intensity Factor (Ki). Kijc

10

15

20

yre pojnt of the crack as the crack 5

gy

represents the stress intensity at the crack tip at which the crack growth

becomes unstable and rupture of the structure occurs in a short number of
cycles. K is expressed in units of pounds per square inch and inches to
the one-half power (psi in1/2).

Another important factor is K instantaneous (Ki). Ki is the actual
stress intensity factor for a crack. It is related to stress, geometry factors,
and crack size. Once Ki exceed K, the critical stress intensity factor has
been exceeded and crack growth becomes unstable and rapid. The ci'ack
may grow so rapidly as to propagate itself through the underlying support

member, causing fracture of the support member coupled with

' disintegration of the support member and damage to rotating compdnents

downstream. As a result, once a crack starts to form in a rotating knife

- edge, the knife edge has only a given life and must be replaced. If the
. crack is missed during regular inspection intervals, the crack may

25

‘propagate into the underlying support structure with concomitant harmful
. effects. | | |

Accordingly, scientists and engineers working under the direction of -

Applicant’s Assignee have sought to design seal elements which provide for

increased life once a crack begins in the seal element and to provide a



cause the crack to grow. The energy is proporti.onal to the applied hoop
stress. Rpgo material, thereis a crutlcal factor ass

cyclic § P7gue which is referred to'as the Criti cal gﬂ.@@%(glm-’énmty
Fact or (K[err]) Klerr] 10 represents the stress intensity at the crack

tip at which the crack growth beconmes unstabl e and rupture of the
structure occurs in a short nunber of cycles. Klerr] is expressed in
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beconmes unstabl e and rapid. The crack may grow so tapidly as to

pr opagat e fofmeltion: 6f thebrddle under| yi ng support : menber, .causi ng
fracture of the support nenmber coupled with 20 di sintegration of the
suppor8 nenber and damage to rotating conmponents - downstream As a
result, once a crack starts to formin a rotating knife edge, the

kni fe edgdDisslosmte of Inveationfe and nust be repl aced. If the crack is
m ssed during reqular inspection intervals, the crack. pr opagat e
into the under IThigginvemtion lgtwaaatdamdtxw@dn@mhantemm tmt for a

ef fects. Accor,di n scienti sts,and s wor.ki ng, under_t he
di rect i on &yen crack%,, £§\é genciy, facter, ﬁl‘{l’b gctyHhe ¥alueobKent s

whi ch f d LJ K
ol cront ariStRntnsous) may deEEsSe 3@?%8)?&3&“ wii'afid cdinpefsafe for

PCTI YRS/ ]t?fé?ﬁxcrease in crack size which increases the rate of crack growth. This

change in geometry factor can be used to reduce the stress per unit area at . -
the crack front by increasing the length of the material through which the
crack extends.
_ This is particularly critical if a horizontal crack exists which extends
15 from one free side of the structure to lanp-t-her free side of the structure.
Such a crack is referred to as _a."through crack". If a horizontal through
crack exists, the crack only has to grow in essentially one direction, across |
a linear front. The same amount of energy causes more crack growth for a
given application of stress because the unit stress per length of crack is
20 higher than if the crack front were longer. | |
This invention is also in part predicated on the realization that by
_ usmg the geometry factor to force the i:rac,k to.-cun}e_ dramatically at
interfaces between the rings of stacked seal elements, the rate of crack
growth can be decreased at this location. Thus, if the crack is curved or
25 has several dimensions, the crack growth can be slowed and the crack can
be forced to expend energy to grow in several different directions rather
than across a single crack front. This gives more area to disperse the

stress energy in the structure and results in slower crack growth. One way



‘means for slowng crack growh at different transitions in seal elenents to
ensure t hgbokggughar i nspections will digscover a crack in tpéTﬁﬁﬁbuﬁ% ment
prior to such a catastrophic failure evbn i f one i nspection m sses e
formation of the crack. 5 - Diclosure of Invention Thi s
invention is in part predicated on the recognition that for a gi ven
crack size, changing the geonetry factor (which effects the value of K
i nst ant anggugakeraadviastagesof tthis phénometiznds 5 Oéd thied jaaepers between 10
the increase in crack size which increases the rate of crack grow h. This
change i n sgacked ringsito dnsare that asethd oracidextends itselfperpendicalar ¢ en at
the crack front by increasing the length of the material through which the
crack ext sutface such that thecradls hasrta behdrback on itself ¢reating the dongér
crack exists which extends 15 fromone free side of the structure to
anot her f raracki frongs tIneaddition,the juncturgubetween dhe istacked ningstthexs a
"through crack”. If a horizontal through : crack exi sts, the crack only
has t® gr dwovides & eonyenjent, dngpeetiens location for determiningowhether therne
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can 10 egehdifgdlafies me rshtepaify é:ﬁeﬁdih’g in & 9irst direbtiore Wy from a
di rections rather han across a single crack front. This gi ves nor e

area to disyrface ofiche mneﬁhngswnheﬂm/sunfdcbeexﬁenﬁngrlat@Myr awalyt fron
sl ower crack growth. One way

the plane and angled such that the surface does not extend inwardly

toward the plane at the upstream and downstream sides of the seal
element. | |

15 | In accordance with the present invention, the inner ring is a pedestal

| and the outer ring is a fin which are disposed symmetrically about a
circumferentially extending plane that passes through the locations of the
leading edge of the crack front as the crack front passes through the seal
element.

20 A primary feature of the present invention is a seal element which is
circumferentially conﬁnuous. The seal element includes a support member
and a plurality of stacked rings. Each ring is narrower than the rings
between it and the support member. In one embodiment, the element
consists of an outer ring and an inner ring. The inner ring has a surface

25 which extends lateraily with respect to the outer ring and is inclined such
that it does not extend away from the outer ring toward the support
member. In one embodiment, the outer ring has two sides which converge

outwardly at a predetermined angle. Another feature is a fillet radius
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to take of this phenonena is to use the ‘junctur

st acked 3?ﬁg§&@%?lnsure that as the craBk extends itself S@?ﬁ@ﬁ%ﬁ@ﬁyar to a
surface such that the crack-has to bend back on itself creating the |onger

crack front. In addition, the juncture between the stacked rings then 5
provi des a conveni ent inspection |ocation for detern1n|ng whet her the

o (‘;f;;‘;gl‘gi@é Stf ﬁga@‘a& one side of the°Gatd! g anto Q.h%séﬁi-fabﬁ"&“ﬂx@“

ary nac

¢i reunt erg Eab Sotﬂfher i%iﬁ’éx‘ P 'é%fa% to theaéldb”Gthé 'xﬁaeﬁ
an outer r 1g dIS 0Sse out a circu erentla y 10 extendi ng plane
outer ri ngnﬂ%t %&'ﬁq‘:ﬁﬁbﬁlﬁdlﬁﬁd toward the cutey rin@Bras perpenditaldr & thée
i nner ring, the surface extending laterally away from t he pl ane
and angl edcireatnfef@ntially extending plaere aboutxisich thering is disposedvendonée
pl ane at the upstream and downstream si des of the seal el enment. 15

I n acc§rdaparticuldr ehbodinsent;, thev eatiooof thecheightr of ithg outer ringstoatthe
and the outer ring is a fin which are disposed symmetrically about a

ci r cunf er ethicknegsoftthedouterpting attehlacations adjacens the inmer riagiis dess thanne
| eadi ng edge of the crack front as the crack fron sses_ t hrough the seal
el enent. 20r equal to oneanéhoperhalf, Thefilleh radius iw?vvpmetm eutqrsnags@a

el udes at6 dRBET mﬁéﬁgé’s”f Ak iy Gyl f Prestfird ehe diRess of Th auterng
's narr O tin t han tﬂ-? t%ortmn of the surface of the inner ring is greater than or ‘
10  equal to one-half the fillet radius. _ _
' A primary advaritage of the present invention is the cyclic fatigue life
of a seal elément which results from the geometry of the interface between
| adjacent rings that causes cracks that form to have to ‘grow in more than
one lateral direction at the interface between the rings. Another advantage
15 of the present_inventibn is the predictability of the minimum cyclic life of
~ the seal assembly which is provided by the retardant effect of the interfaces
between the stacked rings on the propagation of -crack growth. This
enables inspection at spaced intervél-s in the cyclic life of the structure
while still ensuring that cracks do not propagate to the support element if

20 one inspection should not discover the crack.

Brief Description of Drawing
' Figure 1 is a side-elevation view of an axial flow gas turbine engine
partly broken away to show a portion of the turbine section of the engine.
25 Figure 2 is an enlarged side elevation view of the portion of the gas
| turbine engine shown in Figure 1 and illustrating m cross-section, a

plurality of circumferentially continuous, rotatable seal elements.



‘between it and the support nenber. In one enbodi ment, the el enent

consi sts“qgﬁdhéy.lter ring and an_inner ring.  The inner :ﬁ%gﬁg&‘surface
|

.25 which extends laterally with respe@ to the outer ri I'nclined
such that it does not extend away fromthe outer ring toward the
support menber. I n one enbodi nent, the outer ring has two sides which
conver ge outwardly at a predeterm ned angle. Another feature is a

fillet radius gy A\ 0 . . e
bCT! Usos, 1044 Figure 3 ¥ ie0iehdtion view of one embodiment of & Seal element,

the surfagg Sent inventisil. "I ng. The surface of the inner ring extends
to the sigem(;%p?ﬁe I nner ring and is either inclined toward the outer

ring or is per pppdrecd i at sidebelevationcviet of eire dltethhte @mbodinmént oftBe
about which the ring is disposed. In one 5 particul ar enbodi nent, the
ratio of iseal slenyénit showheinoFigurer3.ng to the t hi ckness of the outer
ring at-a location adjacent the inner ring is |less than or equal to
one aid one- halFigumh® is Al siderelévationeviewe of tane alterpate iembodiment oftthe
inner ring is less than or equal to one-third the thickness of the outer

ring and tSes8l elemenbshown ix face of the inner ring is greater than
or 10 equal tg one-half the fillet radius. pri mary advant age

of the present Rigues 16018 ia rater cqisk (,hﬂ‘élflggl?e plurality Oﬁmm nt

O oy bR Y1, o et fece betueen [ adjacent
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of " 10~ depth of crack growth versus cyclic life of one embodiment of the present
invention as used in an aircraft gas turbine engine. '

Figure 8 is a graphical rep'résentation of the relationship between the
predicted cyclic - fatigue life for a seal element and the geometrical
configuration between an outer ring and an inner ring. ' -

15 Figure 9 is a schematic representation of the conﬁgﬁrations of a

crack front as the crack front passes through a seal element.

Best Mode for Carrying Out the Invention
Figure 1 is a side elevation view of an axial flow rotary machine 10.
20 The rotary machine includes a compression section 12 a combustion
section 14 and a turbine section 16. A flowpath for working medium gases
18 extends axially through the sections of the engine. A stator assembly
22-extends axially through the engine outwardly of the flowpath to bound
the flowpath for working medium gases. A rotor assembly 24 is'disposed
25 inwardly of the flowpath for working medium gases.
Figure 2 is an enlarged view of a portion of the turbine section 16
shown in Figure 1. The stator assembly 22 includes an outer case 26 and

a plurality of stator vanes 28 which extend radially inwardly across the



the seal assenbly which is provided by the retardant effect of the
interfac%']%m‘zﬁ bet ween the stacked rijnhgs on the propagation of crack
I'S

gr owt h. enabl es i nspection @t spaced interval ?CFWSWEMZ@/CI iC
life of the structure while still ensuring that cracks do not
propagate to the support elenent if 20 one inspection should not discover
t he crack. Brief Description of Draw ng : Figure 1 is a
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si de- el evepntinuousy of one enbodi nent of a seal el enent - of the present
I nventi on. Figure 4 is a side-elevation view of an alternate
enboddrent of The rotor assemblyeldninciides a rokondisk32%and a pluraliguiof 5
is a side-elevation view of an alternate enbodi nent of the seal

el ement shotor bladésy3de The rotor bladesiextendcradiallyr outwartdlyk abrossh¢he
plurality of circunferentiall ext endi ng seal elenents.

working medium flowpath 18 into proximity with the outer case. The rotor
blades have a pluralitj of seal knife edges 36 at the tip of each rotor blade.
The knife edges each extehd circumferentially for a short distance at the tip ‘
10 of the rotor blade. The adjacent knife edges form a circumferentially
extending seal which is not circumferentially continuous and not subjected
to hoop stresses.
| The rotor assembly 24 also includes a rotatable seal element 38. Thé
seal element has an axially extending support member 42 extending
15 circumferentially about the axis Ap. The support member has a surface 44.
The seal element has a plurality. of stacked rings as represented by the
rings 46, 48 and 50 which extend outwardly from the surface of the
support member. The support member has a thickness Tg as measured in
a direction perpendicular to the surface of the support member adjacent
20 the riilgs. |
The rotor assembly includes a second seal element 52. The second
seal element has a first support mémber 54 which extends axially from the
rotor disk 32 and a second support member 56 joined to the first support
member. As with the seal element 38, the seal element has a plurality of
25 stacked rings which are circumferentially continuous. The seal elements
38 and 52 are in contrast to the seal elements 36 which are not

circumferentially continuous.



"Figure 7 is a graphical representation of the relationship between 10
dept h of wid sidgaéy’ OWM h versus cyclic |i f%oOf one enbodi nentpafmgggﬁoﬁgesent
[~ g

_invention as used in an aircraft gas tuitbi ne engine. ure 8 is
“a graphical representation of the relationship between the predi ct ed
cyclic fatigue life for a seal elenent and the geonetrical
configuration between an outer ring and an inner ring. 15 Figure 9

s a schemat | td ' i nt
as the crack Trguress SaRleangd vidy TTH pption ofthedottable scpl yieshe
Carrying $8tshdwen!ify Fignife2, The rotatabledsésl élemfent Hadetiee ahpee Ntavked/ of
an axial flow rotary nmachine 10. 20 The rotary nmachine includes a

conpr essi FingsB, 48 ahd S0¢ FHe!firsvring extendsadireumidrentinily abolt thesedsi on
16. A flowpath for  working nedi um gases 18 extends axially through
the sectiAps Thetfirsteripgnexteads: entwardlyefrohy the surfagee44 eofdthevsupport
through the engine outwardly of the flowpath to bound the fl owpath

f or V\grki member uddyains a Afirst odivectionb| Piry iandii dposlisposed i mahout yaof
the.fl owpath for working nedium gases. . Figure 2 is an enl arged
vi ew of aciseumigrentially extending-plane PhnThe circumfeseatiallyextengding plange

stator assenply 22 includes an outer case 26 and a plurality of
st at or vaﬁbgg%e 43 @ Planc.of ymMeHt y across the WO

96/06267  Tne first ring has a first side 62 which extends 'cliCunfetentiaify and

a second Side 64 which extends circumferentially and parallel to the first

10 side. The first-and: second sides are equally distant from the plane of

symmetry. The first ririg also has a first surface 66 facing in the first

d_iréction. The first- surfaée is spaced from the surface 44 of the support

member by a height Hi as measured in the first direction. The first ring

~has a thickness T} between the first side and the second side as measured

15 perpendicular to the cxrcumferenual direction. The thickness T is the
extent of the first surface. o )

* The first and second sides 62,64 of the first ring are each joined to

the surface 44 of the support member. by a fillet radius Rj. The fillet

~ radius Rj is less than or equal to one third of the thickness (R1 < 1/3 Ty}

20 of I;he first ring. The surface of the support member extends laterally for a

distance D; from the first side 62 of the first ring and laterally for a

distance Do from the second side 64 of the first ring. The distance D; and

the distance Do are each equal to or greater than one-half the fillet radius

Rj (D1, D2 2 1/2'R;). The surface of the support member does not extend

25 . opposite to the first direction over this distance D and Dz. In the

‘embodiment shown, it is perpendicular to the direction Dj. In other

embodiments, the surface might be inclined in the first direction. The



wor ki ng nedi um fl owpath. The stator vanes are connected by a plurality of
ci rcunf ewﬁ% ?I ¢ extending seal |and 30 which are spaced radial |
y o

out war dl e rotor assenbly. The segkjland is circunf SISHo8/14474 .
cont i nuous. The rotor assenmbly 24 includes a rotor disk 32 and a
plurality of rotor bl ades 34. The rotor bl ades extend radially
outwardly across the wor ki ng medi um flowpath 18 into proximty with

t he outer hi?s ﬁrs seal knif edges
36 at the |p o eac Qtsg{p(;)orglln%]n%%?sl‘ 315% %ﬂéﬁy%%ctﬁ%& g’f'ﬁf
circunfer ! stance at the tip 10 of the rotor bl ade.
The adj acggﬁzkﬂhé¥ ges rn?ggm rcunferentially ext endi ng seal which

;frgg;egl rcunf'phergé@H@/rﬁglor asserﬁ%ﬁj%mges a erlﬁt I&?@%I‘)f A§a|

el ement 38nd Toetwardly fe6in the Taist dma@é\ 660t the ﬁﬁsteﬁmngsum SedgP e’

42 extending 15 ci rcumc erentially about the axis Alerr The support

menbed haring exténds iv.the firsfhdirecdonebndetasias first! sidd i68 ettenidisged
rings as represented by the rings 46, 48 and 50 which extend outwardly

from the eircamferentialiy and a ssgoomd sideriz2 . extending pcircumdetentidily @nd

t hi ckness T[err] as neasured in a direction perpendicular to the
surface oparalleldopthe first side. a‘d}@smnémnsr@ rh&@& thlckness To bétweemt or
assenbl y b{ld des %seco d,seal arren 52. The sec seal el enent
has a fir rthe, SEEPRA Side RS meAsH fpmqn@cular tor gher

frenber - AR &%Eggééﬁ%e&éne”ﬁi‘ﬁééw%?» U35 haB & Sheond Suti 4 facingr 25
36 a8 's riﬂ‘?’é e s dift g pitEnchCthaded oS surfale B e height
circunt er gt 4@lnhda SOUd 'Y first direction. The second surface 74 of the second

ring has a length.equal to the thickness To at a location adjacenf the

second surface. -
‘The first and second sides 68,72 of the second ring are each joined to
15 the first surface of the first ring by a fillet radius Rg. The fillet radius Ry is
less than or equal to one third of the thickness Ty of the second ring at a
location adjacent to the fillet radius Ry (Ro < 1/3 Tg). The first surface 66
of the first ring 46 extends laterally for a distance S from the first side 62
of the first ring 46 and laterally for a distance Sy from the second side 64
20 of _the'ﬁrst ring. Each of these distances S; and Sj is equal to or greater.
than one-half the fillet radius Ry (S1, S2 =2 1/2 Rp). The fi_x"st surface over
the distance S; and the distance ‘S does not extend opposite the first
direction awajr from the second ring.
In alternate embodiments, the second ring might be the ring which
25 engages the support member. ‘In such an embodiment, the second ring
would be the inner ring and the third ring would be the outer ring. The
inner ring would have the same relationships to the surface of tﬁe support

member as it has to the surface of the first ring. An example of such an
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Figure 3y | arged view of a portion of the rotatable nt
VR opbes REDRsEE

.38 shown I'gure 2. The rotatable sea$ el ement has the thr

rings 46, 48 and 50. The first ring extends circunferentially about the
axi s Ar. The first ring extends outwardly fromthe surface 44 of the
support 5 menber 42 in a first direction Dir[err] and is disposed
about a | egen 'BJ”lmy t [ eqdgh e H{&UTE er entd

ext endi ng epff‘ hﬁg‘m 5% %hl S en%%d%n{}gle@egqpl Ane 0 g%@t igy Wﬂo@hﬁl
The first gd ' | %h%iﬁﬁ'eé’ﬁﬁg?%é:é & [ H‘ﬁﬁﬁ

a second s#fggagm?#g%v% S g?rcum‘ erentiarly ang parg*?gFe?% t er!?bl?st

10 side.inThgnirer6! and second sides are equally distant fromthe plane

of symetTy. The first ring also has a first surface 66 facing in the
first - direThecthird henglsotq:aanaecarcﬁnﬂemn! @bdutethierdxigcAd dand
t he support menber by a height H 1l as neasured in the first direction.

‘The fi§st outwardly frons thet secondsurfdee 74 bfitheeseddnsd fring 148 iinethe dirsbe
second side as neasured 15 perpendicular to the circunferential _

di r ect i on. diFectionhi cRhethirt ring 50chas a firstxsidat 76 fextending circumfezentially
The first and second sides 62,64 of the first ring are _each joined to

the surfacandsacsecons side 78 extending,girsumicrentially; (They first,and seeend
1195 o e M SR8 ! B TGS A,
7]t ) R tpewen o ) M o a8 o ol o
(E;Ir N9. 10N, he'REEE AL hak £ Mirg surfald 82 WhiAH ficddirf tife BREE df¥éHorl. OThE
third surface is spaced from the second surface by a height H3 as
- measured in the first direction. Third ring has a thickness 'l‘3' between the

first side and the second side as measured pefpendic_ular‘ to the
circumferential direction and adjacent the second surface. The ratio of the
15 - height H3 to the thickness T3 is less than or equal to one and one-half
(H3/T3 < 1.5). This dimension is commonly used in the art for reasons of

heat transfer during a rub. The first and second sides 76,78 of the third
ring are each joined to the second surface of the second ring by a fillet
radius R3. The fillet radius R3 is less than or equal to one-third of the
20 thickness T3 of the third ring as measured at a location adjacent the
| second surface. The second surface 74 of the second ring extends laterally
for a distance Py from the ﬁrst side 68 of the second ring and laterally for a
distance Py from the second side 72 of the second ring. Each of these
distances is equal to or greater than one-half of the fillet radius R3. -The
25 - second surface over the distance P} and P does not exfend opposite from

the first direction and thus does not extend away from the third ring.



Rlerr] (Derr], Dlerr] >1/2 Rerr]). The surface of the support nenber
does not <& déﬁf 125 opposite to the first direction over this distance
err

Derr] In the embodi ment shown, it is pREHEMEIMMar to
t he di rect ion Dlerr]. In other enPle nents, .the surface mght be
inclined in the first direction. The V\D 96/ 06267

PCT/ US95/ 10474 t hi ckness of the support nenber T[err] i s greater

%ﬂi‘”sﬁ%ﬁﬁ“?‘! A ?%38#%? Sibodimenth B AR GwRB the Hotisd Ling h' réfq?féuz‘ir% 31 and
L 5
Fing ext oiIE ROGHRL qirdag ?'fT ﬁ@é@éﬁ %Eéf"?’aﬁ@i@ggﬁl@%@ BB fhe

ci rcunf er%‘ﬁ“’?. Pﬂ?eﬁr ighde 72 extending circunferentially and

parallel to rst SI e second ring 48 has a t hi ckness T2 between

the first side ﬁgdré hg x&eﬁﬁnmt%rﬂat@?xﬁsaaﬂﬁeﬂt PRSP R diHe! s ¢ L+ ifgﬁtagl ng

circunferenti al rection. The second ring has a second sur

10 i 15 t hahiowrstindPigete 31 and ektérsds HACadhbriebntdte ditections $if @thg 4
surtace

hei ght H2 as nmeasured in the first direction. The secon
of the secircimferential mlahesPh lisralied sl the dxis ofhretativis A2 dh éther
| ocati on adj acent the second surface. The first and

second si despectsy thefembhediment shown) inrRiguze 4 jsisimilartolthe ensbddiftent

- surface of .the first ring by a fillet radius Rerr]. The fillet radius R2

i s ishown in Figure d having the relationships iof Hyiand Tgsan(celationships ,

Second 11 e eehc height, ﬂagamggq,aggaf Blleccrpditises and faf sirtaces on the
10  surfaces of the rings. ' . '- '

Figure 5 is an alternate embodiment 38" of the rotatable seal element

38’ shown in Figure 4. The circumferentially extending plane Ply about

which the seal element is disposed is inclined and angled to the axis of

rotation Ar. In other respects, it is similar to the embodiment shown in

15 Figure 3 and Figure 4 except that the outermost surface of the outer ring

~ has extendihg from the outermost surface a tip 84, the tip having a surface

- 86 parallel to the circumferentially extending seal land 30 on the stator

assembly. |

Figure 6 is a side elevation view of an alternate embodiment 92 of

20 the rotor assembly 24 with pdrtions of the assembly broken away for

clarity. ‘As can be seen the support member ‘94a, 94b might either be

conical or cylindrical. In either event the thickne_ss Tg of the support

member is measured perpendiéular to the surface of the support member

at a location adjacent the seal segment. The number of rings on each seal

25  segment may be two, three or four as shown by the different embodiments

38, 38a, 38b of the seal segments shown inﬁgureﬁ; As shown in Figure

6, the surface 95a is inclined away from the first direction (which decreases

the effect of the geometry factor on slowing growth) and the surface 95b is



“of the first ring 46 extends laterally for a distance S[err] fromthe first
side 62 woogsme2¢3f the first ring 46 and laterally for a dwuﬁg.from
I'stances

,the second side 64 20 of the first r{i/y. Each of these g[err]
and S[err] is equal to or greater than one-half the fillet radius
Rlerr] (S[err], S[err] > 1/2 Rerr]). The first surface over t he

di stance S[err] and the distance S[err] does not extend opposite the first
directi ongﬁm r Ok rid}% ion ich in ﬁcﬁer t ogf N S
t he second ri n%am&;g%ﬁeﬁﬁe rltng clncoh ZQthcgngagfebé t etggpgg:é??rrgfnber. I'n

such an.e@egpdéfquaabbg second ring - woul d be the inner ring and the
third ring woul d be the outer ring. The i nner ring would have the

same rel ati onsigigaré o7t he & Ugtaptiical repeesetitation showinmErihe refationslep t 0
the surface of the first ring. An exarrpbfg of such an WO 96/ 06267

PCT/ US95/ tietwéen the deptinbpd crack versasaycliedifecol the seainelentent basedone 6.
Anot her enbodi nent nmay have nore than three rings, as shown by the

el enel@ 3@ctual testingimar rotational rig. Curveiieillustrates agonfiguratiotshaving
circunferentially about the axis Alerr] and 5 outwardly fromthe second
surface 74loped isidesoonthe side afthe edge: Curve B illustrates the present

ring 50 hgs a first _gide 76 extending .cjrcunferentially and second
side 78 oiR¥eRHAY which has s %ms/w%ﬁt axe pot Away from; the; first

converde. | dickdiaR A8 bt 5. e h, b KEUE R ol B kiR B
(7lerr]- et bhine depth of groove is nearly twice that of a configuration having a
10 taper that has a large radius (16,000 cycles versus approximately 8,000
- cycles). _ ' |
Figure 8 is a non-dimensional graphical comparison of cyclic life
- versus the configuration of the surface at the interface between the outer
and the inner rings for one construction used in a gas turbine enginé. For
15 sloped sides at the transition between rings; there is a small increase in
cyclic life as the slightly sloped sides are changed to greatly sloped sides
(taper, large fillet R, small fillet R). Introducing a small flat {flat < 1/2 fillet
R} increases the cych life. As the flat approaches a figure equal to or
greater than one-half of the fillet radius R, the cyclic life increases
20  dramatically. | -
-~ Figure 9 is a graphical representation of the propagation of a crack in |
the radial direction as the crack grows through a knife edge seal. Each line
- represents the advancing crack front as it moves through the structure. As
shown, the leading edge of the crack front moves along the circumferential
25 plane of symmetry Pl.
During operation of the gas turbine engine, the rotor assembly
rotates at speeds of many thousands of revolutions per minute. Hoop

stresses are generated in the circumferentially continuous seal segment.



10 The third ring has a third surface 82 which faces in the first

di r.ectiorw }%6267 third surface is spaced fromthe second surface by a
hei ght H3 g nmeasured in the first direction. Third rrﬁguﬁ?ﬂ;mé"‘

t hi ckness T[err] between the firsg4side and the second side as
measur ed perpendicular to the circunferential direction and adj acent
the second surface. The ratio of the 15 hei ght H3 to the thickness T3 is

| ess th -dlihst TRELT by K ) st T
i monsi on 4% @8 Reel leBRRCAR B diing, the ScBl Tald, e byBbing richbrd
duri fHeatt apfd ' - - :
cach J of ni el ek aAl aAngoRierth e Bntl riCeiimicar {iReishs g, the g ©

radi us R estrésseSie Aidraek willi everithally] fortn |ias theheshlosegnient. t Thenerddl r d
of the 20 thickness T3 of the third ring as neasured at a | ocation

adj acent tdpreads thmrgmtthewﬁmmosfhﬁngesonﬁd:omlﬁmny-- cilled théefifiedfgdor i NY
extends l|aterally for a distance P[err|] fromthe first side 68 of the
secondsri nfimpndAtathe diiine the erack readhes athee Hastiream t(fiest) esided 76 dmd’2
of the second ring. Each of these di stances is equal to or greater

t han one- hdownstreame (second) side @8 of3thawingsthe crack propagates very, very

di stance Plerr] and Pl[err] does nof{ extend opposite from L, _the first
directi on GW¢ yrus’l‘tm)sga%m%wca&whme ttie eRterripg ghird ring 50) teo
96/ 06267 PCT/ US95/ 10474

In an al t dhintertacswith the innerring (sgeondbring 48k 1 ne in Fijgure ﬁ
h d frg ' t | | L t .
i rection of tnohk; it sl S diWays® Betferdigulal 18, the ufe sublake(side
embodj ge ”_t7§,87'8)%h§£}? it GAterSEEME"As’E result of the flat second surface 74, the
crack front assumes a marked elliptical or circular shape at the interface

between the two rings. This causes the crack to grow in several
dimensions dissipating the strain energy over the greater length of the

crack that is available to cause the crack to grow. Thus, the geometry

15  factor decreases the rate of crack growth and increases the cyclic life of the

structure. As the crack moves downwardly into the second (inner) ring 48

(see FIG. 7, curve B) the crack front ultimately reaches the upstream and

downstream sides of the inner ring. At this point, the crack assumes a
shallow elliptical shape (shortening the length of the crack) and begins to

20. move more rapidly down toward the support member. If there is an

additional or (third ring) ring, crack growth proceeds in the same fashion.

~ Asthe crack reaches the support member, the crack again intersects

flat areas adjacent the innermost ring, causing the crack again to assume

an elliptical shape. The crack front moves radially downwardly with a

25 circular shape because it is intersecting the flat surfaces and is
- perpendicular to the flat surfaces. The depth of the crack front is equal to
approximately ong-half the thickness T of the innermost ring because the

crack front is circular. As a result, the support member has a thickness



*5 shown in Figure 3 and extends in a horizontal direction such that the
circunfe&&ptig%gplane Pllerr] is parallel to the axis of rotation Ar. In

ot her cts, the enbodi nent Shﬁ in Figure 4 is FCHYSI10434 ¢ e
enbodi nment shown in Firgure 3 havi gt he rel ati onships of H3 and T3 and
rel ati onshi ps bet ween hei ght, thickmess, and fillet radiuses and fl at
surfaces on the 10 surfaces of the rlngs Figure 5 is an

Figare 4. e”‘““'% naitaiﬂé (e Gnien cpip s SE7 Bng,and PreggiRBY o
"otat o R} fo 4" BSRREy thebBid SRSAACET, o ohe sbRECINE, SHrin. insumaun
outer ri gl cefaﬁkaig%{ b&ﬁ&’ﬁéﬂﬁ?@ﬁ?‘i heShppHF sSSP epUlobfii st rabor |

naving 2 SHE'ifor: medibel Udidfle 4 thigh croLR'E! it dtdopgii °ndng seal

| and 30 on igure 6 1s a side

L5V 1, gt e g v g e

),

roken away for ty As can
the suppofih s e6nfiga: 1]rb.igiil'ie itefficeBcbetweencthd ﬁ@:hany gadjacefit Hifés I'n
ei ther event the thlckness [err] of the support nber i's nmeasured

per pendi c datrsesotteherack frovt td ashummmulﬁﬁmmsmnal profilel oTheei crack
adj acent the seal segnment. The nunber of rings on each. seal 25 segnent
may be twiront mesbdissipateaenergyin all theseidirections,cdecrtasing the ratesst
38a, 38b of the seal segments shown in Figure 6. As shown in Figure 6,
the surfacehiphathe arackifnent graws: r This provides an; easyt inspection: Eriteiacakes

the effect of the geonetry factor on sl ow ro nd the surface 95b is
wo 96vdeoging mterfgces andyprovcl;ttles a marg(i)n o (‘:]s:a%:tywtnh g.n ains e d mavm

presence of a crack in a seal element. If the crack front has not progressed
through the first interface, for example, between the outermost ring and
the middle ring, a predictable life exists for the structure. Upon the crack
front reaching the next interface between the second ring and the first nng,
15 another predictable life exists for the knife edge. It is unlikely that the
crack will not be discovered by these two 'inspections; Discovery of the
crack results, and the rotor assembly may be removed and the repair
effected without the risk of catastrophic failure. This enables inspections
at spaced intervals in the cyclic life of the structure while still insuring
20 certainty that cracks will not propagate to ultimate failure.

Although the invention has been shown and described with respect
to detailed embodiments thereof, it should be understood by those in the
art’ the various changes in form and detail thereof may be made without
departing from the spirit and the scope of the claimed invention. |



inclined toward the first direction (which increases the effect of the

geonetry_factar). Figure 7 is a graphical representatlon show ng
the rel aM ?4% between the depth of a crack versus PGJES¥IMM4 e of
the seal element based on 5 actual i{&ting in a rotational rig. Curve A
Il lustrates a configuration having sl oped sides on the side of the:
knife edge. Curve B illustrates the present I nvention which has
surfaces ¥ﬁg re not inclined away fromthe first direction. As
shown in ‘t he cyclic life of the present invention for t he

sanme depth of groove is nearly twice that of a configuration having a 10
taper that has a |arge radius. (16,000 cycles versus apprOX| matel y 8,000

cycl es) son of
cyclic I1| fe L. ve‘r.d;tég&? e’ coﬁ%&ggt%% he sur ace iaﬂp e I Nterface
bet weenat he  giflciimf gdﬁlﬁ‘} Ope i bf 96taltitn AR O EARThALRING &I N 3

gas turbi ne engi ne sides at the transition betvveen rings,

there i 3 a sgkéthehf® wmgﬁﬂgs dis oemlabbdtldemmmeﬁhan lexteridifiged sides

are changed to greatly sToped SI (taper, large fillet R small
fillet B). Ipllmdpwhﬁﬂ;mommhseslat (flat < 1/2 fillet . . R)-increases
the cyclic life. As the flat approaches a figure equal to or greater
than on& half of the fian mnemdngmndhrgmycunﬁereﬁmaﬂylabemeheMS
dramatical | y. gure 9 is_a_graphical_representation of the
pr opagabi on” & and mmvardly from thnseabelement in acfivst disegtioncthecinngrows
through_a knife edge seal. Each |ine represents the advanci ng crack
front ad it mbamg)ugh the structure. As shown, the |eading edge (
of the grack front noves_,al.on C|rcurr.f el ent ial,, pl ane of symetry
Pl . 8 Dur i ng SfiEstAAs rF’&? CURHERI gi ne, the rotor
assembl g op 0SS a&eé&&gfdeoéx@%g %mmmﬁvak&tsba&sdpef

from the first side, -
11 | a first surface facmg in the first direction which has a
12 height Hj as measured in the first direction, and a thickness Tj
13 between the first side and the second side as measured perpendicular
14 | to the circumferential direction; ,
15 an outer ring extending circumfcrent_i_aﬁy about the axis
16 Apand outwardly in the first direction from the first surface of the

17 inner ring, the outer ring having

18 a first side extending circumferentially,
19 a second side extending circumferentially,
20 . a second surface facing in the first direction which is

21 spaced from the first surface by a height Ho as measured in the first
22 direction, and a thickness To between the first side and the second

23 side as measured perpendicular to the circumferential direction;

24 wherein the first and second sides of the outer ring are each

25 joined to the first surface of the inner ring by a fillet radius Ro and the
26 first surface of the inner ring extends laterally for a distance S3 from

* ¢ L M 5 =




‘stresses are generated in the circunferentially continuous seal segnent.

WO 96/ 06 P 5 474
_As the s?gﬁgg'g‘&%nt' rubs against the s | and, the rubbi %éﬁﬁg%éﬁi‘%’ﬁ

I
generates heat and adds thermal and né{%énical stresses to the hoop
stresses. A crack will eventually formin the seal 'segment. The crack
spreads through the outernost ring 50 (comonly called the finring or 5

downst Pam ( SRS} SERF e BT B afia IBRRI0 Tor o Misladef sPbRy WG,
e 1 EB { ac orPth e oF (e ihfieh ripl BT oVEF (R et S 'aid S B P 0 ©

front igg al Wit GREAATSHITII td thé fiesf afectivhi dway (Femoidoutetrifg) Whi ch

it intersects. As a result_of_the flat_se'cond ace 74, t_he crack
front FEunmes a naghkerein/theidometryrofthecinterfacé hietween!the firstairidice

between the two rings. This causes the crack to grow.in several .

di mensidhs disecond rings tffects the rateof propagation of @ radial crackthrogh he
crack that is available to cause the crack to grow. Thus, the geonetry 15
fact or 3Rcredhesrings. rate of crack growth and increases the cyclic life of
t he structure. As the crack noves downwardly into the second (inner)
ring 48 (see FIG 7, curve B) the crack front ultinmately reaches the

upstream and ownstre sideg of the inper_ring., At _thj s point, the
crack as urresz-a ¢ 5%@5{3 ﬁﬂi émt_ %ftﬂﬂm(%m&sm ﬁﬁeldiﬁ b of the
crack) pd SRS 8é Bach Wi st HARkeH thalf Yhe AU he' e MRS RIS
1 3. The rotatable seal element of claim 1 wherein the fillet radius R,
2 is less than or equal to one-third of the thickness T, of the outer ring.

4. - The rotatable seal element of claim 2 wherein the fillet radius Ry
2 is less than or equal to one-third of the thickness T, of the outer ring,

5. A rotatable seal element for a rotary machine which extends
circumferentially about an axis of rotation A, of the machine, the seal
element having rings disposed about a circumferentially extending
plane, which comprises: '

| a support member extending circumferentially about the |
axis Ar, the support member having a surface;

an inner ring extending circﬁmferentially about the axis
~ Apand ou_tw‘érdly from the surface of the support member in a first

O 0 N N hA W N e

direction, the inner ring having

[
Q

a first side extending circumferentially,

[y
—

- a second side extending circumferentially and spaced
from the first side,

b
N

R Tl



additional or (third ring) ring, crack gromh proceeds in the sane fashion.
As the c CE reaches the support nenber, the crack again intersects

flat areXQ %4 gent the innernost ring,-causing the crackPag®sSM107assune
an el liptical shape. The crack front nbVes radially downwardly with a 25
circul ar shape because it is intersecting the flat surfaces and is

perpendi cular to the flat surfaces. The depth of the crack front is equal

%gcausé"s? ﬁgr O o Sitfcsh SurtAdk racing 1A e frse dlirgcion RISCHS srachlnper
hey 3 65 the suppgif mEsitiEHy 5 height i an measurrdJa the 8t | e

. . . , , . n

L "Onal8 Pl ebfiethon, dhd a thiAthidls T 0wl Bhé firkt ine dig e HiEHy T ot

upper rfacegj SURd DEF &‘@ 3 th i :avoi ding. a
throug%acrac%qﬁa%#?dl rgc?lel?n. chlar to thérﬁgcg%éea?g%?gggﬁbf- t he

inner ggd outer ring (andouted rifglesténding circunifeferttialiy abott 'theipds) at

the interfaces between the radially adjacent rings causes the crack
front 118 assApmamd owtwardlynimthe finst direttion. frotethe ficst surfacé iofithenust

di ssipate energy in all these directions, decreasing the rate at whi ch
the crd®k frimmenring; th€houtepring baving easy i nspection criteria at 10

ring interfaces and provides a margin of safety if an inspection m sses the

- presen@® of a crack i nadies§gideextending erentially,ont has not

pr ogr essed through the first interface, for_exanple, between the
outern%jt ri ng and a secong side.cxtending cipcuanferentially; 1c exi st s for the‘

. h k . R e : . :
struct goe. Upon the CraCdecond surface facing in the first direction which is

23 spaced from the first surface by a height Hy as measured in the first
24 direction, and a thickness T, between the first side and the second

25 side as measured perpendicular to the circumferential direction;

26 wherein the first and second sides of the inner ring are each

27 . joined to the surface of the support member by a fillet radius Ri,

28 'wherein the surface of the support member extends laterally for a

29 distance D from the fillet radius at the first side of the inner ring and
30 laterally for a distance Dy from the fillet radius at the second side of
31  theinner ring; _

32 wherein the first and second sides of the outer ring are each

33  joined to the first surface of the inner ring by a fillet radius Ro and the
34 first surface of the inner ring extends laterally for a distance Sy from
35 . the first side of the inner ring and laterany for a distance Sy from the
36 second side of the inner ring, and over the distance S1 and Sy does
37 not extend opposite to the first direction away from the outer ring;

38 wherein the geometry of the interface between the first and

39 second rings affects the rate of propagation of a radial crack through
40 the rings.

* c L M S *



"front reaching the next interface between the second ri ng and the first

rlng 1 r predictable life existsfor the knife '
cunli kel ;5/w[q1 ?)(a%{,e crack will not di scovered by th?ggﬁg%}w‘hi

|nspect|ons Di scovery of the crac§ results, and the rotor assenbly
may. be renmoved and the repair effected W|thout the risk of
catastrophic failure. This enables inspections ~ ~at spaced intervals in
the cyclic life of the structure while still insuri ng 20 certainty that
cracks will not propagateto ultimate failure. S Al t hough the

i nventi @n hag bee chihe SPRh iged
enbodi rrgnts tshereg‘f It shou %&ggléu!ﬁggsgood by thgg%ml tqut afStaﬁE:SSIzirt- t he

various2changes 82 é:%reacnléqﬂal £0 br igreare thamy ohe-Haf cheifillet wadius Ro.
departing fromthe spirit and the scope of the claimed invention.

96/ 06267 PCT/ US95/ 10474

W Cdaim 1 1. A rotatable seal elenent for a rotary machi ne which
extends 2 i r c(Mfecratatablel seallelement of claim S wheneinothefillet radiusiRohi ne,
the seal 3 el enent havi ng .rings di sposed about a circunferentially
extendi % 4 is lessithan oriegualdepmesthirdsof the thickness To of:the euter ringg
extending circunferentially about the axis 6 Ar and outwardly fromthe
seal elenent in a first direction, the inner 7 ring having

1 8. Therotatable seal element of claim 6 wherein the fillet radius Ro
2  isless than or equal to one-third of the thickness To of the outer ring.

9.  The rotatable seal element of claim 5 wherein the laterally
extending distances D1 and D2 are each equal to or greater than one-
half the fillet radms Ri and the surface of the support member over

H W N -

the distance Dy and Do does not extend away from the ﬁrst ring.

10.  The rotatable seal element of claim 5 wherem the support
‘'member has a tl'uckness Ts as measured in a dlrectlon perpendicular
to the support member and the thickness of the support member Tg is
greater than one-half the thzckness Ti of the inner ring.

H W -

11. The rotatable seal element of claim 10 wherein the thickness of

2 _' | the support member Tgi is greater than or equal to the thlckness Ti of
3 -the i inner rmg

12. The rotatable seal element of claim 5 wherein the ratio of the
height Ho to the thickness To is less than or equal to one and one-half
3  (Ho/Tox< 1.5).
_——‘——_——/
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8 a first side extending circunferentially, 9
a second ﬁb?&o&é-} ending circunferentially and spaced 10 fromthe f| rst

side, 11 a first surface facing in the fi rRET/H$958847 0

whi ch has a 12 hei ght Hi as rreasure'pl n the first direction, and a

t hi ckness T[err] 13 between the first side and the second si de as
" measur ed per pendi cul ar to the circunferential di rection;

otvardl 3 in ke ré%ﬁ%’ﬁ’ LI Sl o7 COH 5 et Y Snnt 4l Ar " ner
ring, thg out %cddd‘%bd@’of‘ﬁiéguter ring are conve grxggh&@?ggﬁﬂxgétﬁé\?’é a8

C|rcum‘erent|a secon

C|rcum‘e enti that lié q% &k first
di rection Whlg*tll b%lcleve_en g%%gle s1‘roant1t eﬁ??‘rst gg ffacer{)g&gé}g é%io as

measured in the first 22 direction, and a thickness To between the first
side and the second 23 'side as measur_ed perpendi cul ar to the _

. circunf efent i 34, di Thetrotatabld seal element oficiatim 1 tvohefeinthesfirktaadnd si des
of the outer ring are each 25 joined to the first surface of the inner
ring by 2 fil seconddides ebtheduterripg are ¢onvargent oatwartly andilvaxe ani ng
extends |aterally for a distance S[err] from WO 96/ 06267
PCT/ Us958104 7angle between the sides thatiics)in arangeef sevenytaten idegeees |y for
a distance S2 fromthe 28 - second side of the inner ring, and over the
di stance S er r..g and S[err]- does

1 A rotatable seal element fora rotary machme which extends ‘
2 circumferentlall_y about an axis of rotation Ar of the machine, the seal
3 element having _rings disposed about a circumferentially extending
4 plane, whlch compnses _ |
5 a support member extendmg cxrcumferentlally about the
6 axis Ar, the support member having a surface and a thickness Ts as
7 measured in a d1rectron perpendicular to the support member;
8 a ﬁrst rmg extendmg cxrcumferentxally about the axis Ar
9 and outwardly from the support member ina ﬁrst dlrectron, the first
10 ring having |
11 a first sxde extendmg mrcumferentxally,
12 a second side extendmg cu'cumferentxally and parallel to
13 the first sxde, |
14 a ﬁrst surface facmg in the ﬁrst dlrectron which is spaced
i5  ‘from the support member by a height H1 as measured in the first
16 direction, and a thickness T1 between the ﬁrst s1de and the second
17 side as measured perpendicula_r to the circumferential direction;
18 | a seeond ring extending cu'cumferentlally about the axis
19 Ar and outwardly from the first surface in the first direction, the
20

~ second ring having

Cx ¢ L M s *



* 29 not extend opposite to the first direction away fromthe outer ring;

30 rein the geonetry of the interface betwee i and 31
_second rWR&gloggk?ects the rate of propagation of a radial ?é@%gg’ﬁk%gh 32
“the rings. . The rotatable Sgd element of claim1 wherein the

di st ance S[err] 2 and 82 are each equal to or greater than one-half the

fillet radius Rerr]. 3. The rotatable seal elenent of claim1l

wherein the fillet radi r equal to one-third
of the£¥hi ckness T[err$ thf &Hie Eﬁ}eé}dlpg@rcum§ rfnr% The rotatabl e seal
el ene of claim2 wherejn iLllet r han or
equal né% one-third of ?‘I’?&c? scax%?"[‘gﬁ% %ﬁbﬁé&%ﬂ?gﬁy%ﬁmﬁ%&

A rot bIe ﬁg?h§§gg t for a rotary machi ne whi ch extends

circu rent t’ an axis of rotation Alerr] of the rrachl ne, the seal

3 ehgment having 1i goedhaPesAtos tabngAnCHHE HFSCARRLLBh Whith R0 N0 4

pl ane, whi ch conprises a support er extending
ci rcunbgr ent sahbad Hotithe Brst surfacébysa Refhtl H2t e nfddaRel MEIRefir§avi ng a
surf ace; an inner-ring extending circunferentially

about DBe ax dﬁ‘ectibn, ani aahdclenéseTd bhetiveetn theefirstrdideard théseeondor t

menber in a first 9 direction, the inner- ring having 10

a firs27si deside asdne@smettpefpmlht:um to the ¢ircumferential direction;second

side extending circunferentially and spaced 12 fromthe first side,
28 . a third ring extending circumferentially about the axis Ar

29 and outwardly from the second surface in the first direction, the third
30  ring having

31 a first side extending circumferentially,

32 a second side extending circumferentially, the first and

33 second sides converging outwardly and having an angle between the
34  sides that lies in a range of seven to ten degrees;

35 a third surface facing in the first direction which is spaced
36 - from the second surface by a height H3 as measured in the first

37  direction, and a thickness T3 between the first side and the second

38  side as measured perpendicular to the circumferential direction and
39 adjacent the second surface;

40 wherein the first and second sides of the first ring are each

41  joined to the surface of the support member by a fillet radius R1

42 which is less than or equal to one-third of the thickneés T1 of the first
43 'ring, wherein the surface of the support member extends laterally for
44 a distance D from the fillet radius at the first side of the first ring and
45 laterally for a distance Dy from the fillet radius at the second side of
46 the first ring, each of which is equal to or greater than one-half the

47 fillet radius Ry and over the distance D and Do does not extend away

48 from the first ring and wherein the thickness of the support member
-

R O
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13 a first surface facing in the first di ich is
spaced 1 0960 2r‘sgmthe support nenber SZ'Za hei ght H as maggﬁ SP144 he

first 15 direction, and a thicknes between the first side and the
second 16 5| de as rreasured perpendi cular to the circunferenti al
direction; an outer ring extending circunferentially

aboul e ety freatd SRR L 84 6 BECRIAibEP™ (P 117

surface o he outer rin
a firsgeside extending circunferentially, 21 a second side
extending circunferentially, 22 a second surface facing in

the fi g3t directi qhedvifilthesirdt and se@&e&sidmfﬂ?e&é&ﬁd édafﬁea}(ehess

hei ght Herr] as neasured in the first 24 di rection,

T[ er r] 52t wedoiridibtd the first sarface dﬁthemﬂmg%y a ﬁn@lerﬁﬁu@\i;\%uﬁﬁiéh is
perpendi cular to the ci rcunferential direction; erein the

first &3 sedessitbanar equalite omerthind o@tl‘mthneknhsﬁwg of thee secontd

surface of the support nember by a fillet radius R, 28 wherein the
surf ac®bf t land the first suriase Qtymsrﬁ@tmmg extends lateaam for adlistamre=Sp1
fromtla fi IIet radi ys at, the first side of the inner ring and 30

| at er al %y deof the; ficst ring and lateralliforsa sistameesSg dramsi de

faséuégtm“w bl Sice T the Srsraing e of MR el e Gt 0%, O
by @ figg et rtﬂghugng%ﬁf thé ?ﬁet_radms R and over the distance Sy andSp
58 does not extend opposite to the first direction away from the second

59 ring; and, . o _
60 - wherein the ratio of the height H3 to the thickness T) is lesS_
61  than or equal to one and one-half (H3/T3 < 1.5), wherein the first and
62 .second sides of the third ring are each joined to the seéond surface of
63 th_e second ring by a fillet radius R3 which is less than or equal to
. 64 one-third of the thickness T3 of the third ring measured at a location
65  adjacent the second surface and the second surface of the second ring
- 66 extends laterally for a distance P'l_ from the first side of the second
67 ring and laterally for a distance P5 from the second side of the second
68 ring, each of which is equal to or greater than ._one—half the fillet radius
69 R3 and _ovér the distance P; and P does not extehd_ opposite to the
70 first direction away from the third ring. |

AR A



34 first surface of the inner ring extends laterally for a distance
Slerr] frw®oghesy the first side of the inner ring and laterally for a
ring, Bﬁ'H’Uﬂ%’foﬂﬁe

.distance S2 fromthe 36 second side of the inner

~distance S[err] and S[err] does 37 not extend opposite to the first
direction away fromthe outer ring; 38 wherein the geonetry of
the interfa bet,ween the first ame 39 secoppd/4i ngs affects the rate of
propagatio @@a’ra | a kTt 40 the’rings. WD 96/ 06267
-PCT/ US95/ 10474 1 6. |The|rotatablle seal elenment of claim5 wherein
t he di stance S1 2 and $2 are each equall to or grgater than_one-half the
fillet radius Ro. 1 1. The|rotatable seal el enent of cPAim5 wherein
the fillet radius Rp 2 ils lless [than_or |equal gt o one-f i rd of\the

thi ckness To of the|oUteESEERs. =3, The rot at aﬁbﬂe)seal gnent | of
claim6 wheg et—tdee fillet] [radi us|Ro 2 i S 4SS t HMqual ta
one-third of the iicknesg [Tolof fhe oute | ng* | oa N
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1 9.  The rotatable seal elenent- of claim5 wherein the laterally 2
ext endi ngvolpgéaasces D1 and D2 are each equal to or greate:ré#g@%} gne- 3
shalf the fillet radius R and the surface of the support S8 4
the distance D1 and D2 does not extend away fromthe first ring.- 1

10. The rotatabl e seal elengazﬁpf claim5 wherein the support 2 menber
has a thickness Ts as neasur n a direction perpendicular 3 to the

support nenber and the thickness of t supggor t neﬁﬁ%r Ts is 4 gr.eat er
than one-half the thickness Ti of thel [

I ORe[ rin 1 11 The rqtatable
| @Ry Qf the $gpport nember

seal elenent of claim 10 wherein the=t
t he j nner ring. 1
&io of thel|2
ngf and one-half 3

Ts is greater than or equal to the thi&n

12. The r tabl e seal elenent of clai

~height Ho to¥the thickness To is less t

(Ho/ To < 1.5%% WD 96/ 06267

PCT/ US95/ 1 £ 13. The rotatghle
o (14

M

the first aie . oo
N?//
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2 second sides of the outer ring are convergent outwardly and have an 3
angl e betweygn k{)@ sides that lies in a range of seven to ten degsrees 1
A4. The rotatabl e seal elenent of claim1 wherein the firBCTES¥/19474
second sides of the outer ring are convergent outwardly and have an 3
angl e between the sides that lies in a range of seven to ten degrees 1
15. A rotatable seal elenent for = /fﬁtary machi ne whi ch extends 2
circunferentially about an axis of rotat|;2795w¢ t he nachlne t he seal 3
el enent having rings disposed about a cir /, i i

pl ane, which gonp ses: 5 /?

' >
cucum‘ereg}jE bout the 6  38bs A, / : De T Ma¥ 3
surface an |ckness 3B as 7 ¢ /; ,//"}";'// f//‘///// aggt o
| b/ ¢¢’ ) ﬂr
t he support nenber; 8 I ng extendf,
circunferentially g out outmardly fromthe Sug.
nmenber in a first di 1 ng having 11 a

a second side
,3 he first side, 14

A~ Whi"th i s spaced 15 fromthe
the first 16 direction, and
si de as neasured

ext endi ng ci

- and parallel to
a first surf gfe

dgfirst directiop

perpendicular‘to the circunferenti al a second
ring extending circunferentially about the & 19 Ar and outwardly from
the first surface in the first direction, the 20 second ring having
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21 21 a first side extending C|rcunferent|ally 22

sa secondvg(l)glﬁe’o‘sezg?t ending circunferentially and parallel to PCI/USISUPAIAS i 1 st
side, 24 a second surface facing in the first direction
whi ch-is 25 spaced fromthe first surface by a height H2 as neasured in
the first 26  direction, and a théf s T2 between the first side and

t he second 27 side as reasured p p? icular to the circunferenti al
direction; 28 athird ring extending circunferentially
about the axis Ar 29 and outwardly fromthe second surface in the first
direction, the third 30 ring having 31 a first side
extending circunferentially, 32 a second si de extending
circunferentially, the first and 33 second si des convergi ng outwardly
and having an angl e between the 34 sides that lies in a range of seven
to ten degrees; 35 a third surface facing in the fglst

di rection whi +5- spaeed—36—~— f+em-the second surface by a_hej as
measured in the st 37 direction, and a thickness T3 bef e first
si de and the 'second si de as neasured per pendi cul ar to
circunferential directi and 39 adj acent the second surfacz; 40

wherein the first and seco sides of the first ring are each—éﬁ} j oi ned
to the surface of the support nber by a fillet radius RL 4p “v“mhich IS

| ess than or equal to one-third t he thickness Tl of the fyrst 43
ring, wherein the surface of the sup t _nenber_extends | atefal l r

KNIFE EDGE TYPE

fi9.8
KNIFE EDGE
IMPROVEMENT



44 a distance D1 fromthe fillet radius at the first side of the first
ring and woosmsisaterally for a distance D2 fromthe fillet _radius at the
ssecond side of 46 the first ring, each of which is equarcpwsgyuﬂﬁbater

t han one-half the 47 fillet radius RL and over the distance D1 and D2
does not extend away 48 fromthe first ring and wherein the thickness of
t he support nenber WO 96/ 06267

PCT/ US95/ 10474 49 Ts is greatéE/{ﬁin or equal to the thickness T[err]
of the first ring; 50 51 wherein the first and second sides of
the second ring are each 52 joined to the first surfase of the first ring
by a fillet radius R2 which is 53 | ess than or equal| \o one-third of the
t hi ckness T[err] of the second ring 54 and the first| shyrface of the :
first ring extends laterally for a distance S[err] 55 fNom the first;
side of the first ring and laterally for a distance S2 [fro
second side of the first ring, each of which is equal tlo or

S[err] 58 does not extend opposite to the first dirgction Yaway fromithe
second 59 ring; and, 60 wherein the ratio jof the\height H3 to
the thickness T[err] is less 61 than or equal to ong and ong-half

(Herr]/T[err]< 1.5), wherein the first and 62 secorjd sides Qf the third

ring are each joined to the second surface of 63 t hg
fillet radius Rlerr] which is less than or equal to 64
t hi ckness T3 of the third ring nmeasured at a | ocation
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