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Description
' Rotatable Seal Element for # .otar~ dachine

Technical Field

? _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

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 In'ventioxi

" 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

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 |
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.
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One example of such a con#t_ruc_:tion is shown in U.S. Patent No.
- 5,152,666 issued to Stripinis and Walsh entitIed Stator Assembly for a
Rotary Machine. The seal assembly is shown adjacent reference numerals
148 and 152. The seal assembly includes a circumferentially extending
seal land which faces inwardly. The seal land is attached to the stator
assembly and ié circuihferentially continuous. A rotatable seal element
extends circumférent__xf_a'lly _a.bout ;hé axis of rotation A; of the machine. The
rotatable seal element includes a circumferentially continuous support
member and a plurality of seal elements which extend radially outwardly
from the support member _

The rotatable seal elements are formed of a plurahty 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 |
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.

‘Under operative conditions, the rotatable seal element may rub
against the seal land, abrading the sea_l element and ger_lerating heat at the
reg_i_or_l 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

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

~ mechanical and thermal 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
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shut-off of the engine. The crack gi'ows radially inwardly and at an

explosive rate of speed once it extends from the upstream side to the

.~ downstream side of the seal element. This is in part due to the action of

the hoop stresses acting on the fracture point of the crack as the crack
propagates inwardly.

The hoop stresses provide a certain energy which is available to
cause the crack to grow. The energy is proportional to the applied hoop
stress. For each material, there is a critical factor associated with cyclic
fatigue which is referred to as the Critical Stress Intensity Factor (Ki). Kjc
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

‘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
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means for slowing crack growth at different transitions in seal elements to
ensure that regular inspections will discover a crack in the seal element
prior to such a catastrophic failure even if one inspection misses the
formation of the crack. |

Disclosure of Invention

This invention is in part predicated on the recognition that for a
given crack size, changing the geometry factor (which effects the value of K
instantaneous) may decrease the rate of crack growth and compensate for

the increase 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
from one free side of the structure to .anp-ther 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
higher than if the crack front were longer. |

This invention is also in part predicated on the realization that by

~ using the geometry factor to force the i:rac,k to curve 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
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
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to take advantage of this phenomena is to use the juncture between
stacked rings to insure that as the crack extends itself perpendicular to a
surface such that the crack has to bend back on itself creating the longer
crack front. In addition, the juncture between the stacked rings then
provides a convenient inspection location for determining whether the
structure must be replaced. | |

According to the present invention, a rotatable seal element for a
rotary machine extends circumferentially about an axis of rotation and has
an inner ring and an outer ring disposed about a circumferentially
extending plane, the outer ring extending in a first direction away from a
'surface of the inner ring, with the surface extending laterally away"from
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. | |

| 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.

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
which extends laterally 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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which extends from one side of the outer ring and to the surface of the
inner ring. The surface of the inner ring extends to the side of the inner
ring and is either inclined toward the outer ring or is perpendicular to the
circumferentially extending plane about which the ring is disposed. In one
particular embodiment, the ratio of the height of the outer ring to the
thickness of the outer ring at a location adjacent the inner ring is less than
or equal to one and one-half. The fillet radius between the outer ring and
the inner ring is less than or equal to one-third the thickness of the outer
ring and the flat portion of the surface of the inner ring is greater than or

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
of the present invention 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 intervals in the cyclic life of the structure
while still ensuring that cracks do not propagate to the support element if

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.
Figure 2 is an enlarged side elevation view of the portion of the gas
turbine engine shown in Figure 1 and illustrating in cross-section, a

plurality of circumferentially continuous, rotatable seal elements.
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Figure 3 is a side-elevation view of one embodiment of a seal element

of the present invention.

Figure 4 is a side-elevation view of an alternate embodiment of the

seal element shown in Figure 3.

Figure 5 is a side-elevation view of an alternate embodiment of the

seal element shown in Figure 3.

Figure 6 is a rotor disk havmg a plurality of cucumferentxally

- extending seal elements.
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- Figure 7 is a graphical representation of the relationship between
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 representation 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. -

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.
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
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
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working medium ﬂowpafh; ‘The stator vanes are connected by a plurality of
circumferentially extending seal land 30 which are spaced radially
outwardly of the rotor assembly. The seal land is circumferentially

. continuous.

The rotor assembly 24 includes a rotor disk 32 and a plurality of
rotor blades 34. The rotor blades extend radially outwardly across the
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
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
circumferentially about the axis Ay. 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
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
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.
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.- Figure 3 is an enlarged view of a portion of the rotatable seal element
38 shown in Figure 2. The rotatable seal element has the three stacked -
rings 46, 48 and 50. The first ring extends ciréumfe’rentially about the axis
Ar. The first ring extends outwardly from the surface 44 of the support
member _42- in a first direction Dir; and is disposed about a
circumferentially extending plane PL. The circumferentially extending plane
in this embodiment is a plane of symmetry..

- The first ring has a first side 62 which extends circumferentially and
a second Side 64 which extends circumferentially and parallel to the first
‘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
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}

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

. opposite to the first direction over this distance D; and Dg. In the

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

embodiments, the surface might be inclined in the first direction. The
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thickness of the support member Tg is greater than or equal to one-half the

thickness T} of the first ring. -

The second ring 48 extends circumferentially about the axis of A;

. and outwardly from the first surface 66 of the first ring 46. The second

ring extends in the first direction and has a first side 68 extending
circumferentially and a second side 72 extending circumferentially and
parallel to the first side. The second ring 48 has a thickness Ty between
the first side and the second side as measured perpendicular to the
circumferential direction. The second ring has a second surface 74 facing
in the first direction which is spaced from the first surface 66 by a height
Ho as measured in the first direction. The second surface 74 of the second
ring has a length equal to. the thickness T at a location adjacenf the
second surface. - ', _ _ :

‘The first and second sides 68,72 of the second ring are each joined to
the first surface of the first ring by a ﬁllet radius Rp. 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
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

- engages the support member. In such an embodiment, the second ring

would be the inner ring and the third ring would be the outer-.rin'g. The
inner ring would have the same relationships to the surface of the support

member as it has to the surface of the first ring. An example of such an
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embodiment is ‘shown as. seal element 38a in Figure 6. Another
embodiment may have more than three rings, as shown by the element 38b
in Figure 6.

The third ring 50 extends circumferentially about the axis A, and
outwardly from the second surface 74 of the second ring 48 in the first
direction. The third ring 50 has a first side 76 extending circumferentially
and a second side 78 extending circumferentially. The first and secon_d
sides converge in the outward direction or in the first direction and have an
angle between the sides that lies in a range of seven to ten degrees (7°-10°).
The third ring has a third surface 82 which faces in the first direction. The
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
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

-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
second surface over the distance P; and Py does not exfend opposite from

the first direction and thus does not extend away from the third ring.
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In an alternate embodiments as shown by the dotted line in Figure 3,
the second surface 74a might extend toward the third ring and in the
direction of the first direction. |

Figure 4 is an alternate embodiment -38' of the seal element 38
shown in Figure 3 and extends in a horizontal direction such that the
circumferential plane Plj is parallel to the axis of rotation Ar. In other
respects, the embodiment shown in Figure 4 is similar to the embodiment
shown in Figure 3 having the relationships of H3 and T3 and relationships
between height, -thicknéss, ‘and fillet radiuses and flat surfaces on the
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
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
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
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
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inclined toward the first direction (which increases the effect of the

- geometry factor).

Figure 7 is a graphical representation showing the relationship

~ between the depth of a crack versus cyclic life of the seal element based on
- actual testing in a rotational rig. Curve A illustrates a configuration having

sloped sides on the side of the knife edge. Curve B illustrates the present
invention which has surfaces which are not inclined away from the first
direction. As shown in curve B, the cyclic life of the present invention for
the same depth of groove is nearly twice that of a configuration having a
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
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
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
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

15

20

25

WO 96/06267 |  PCT/US95/10474

As the seal segment rubs against the seal land, the rubbing friction
generates heat and adds thermal and mechanical .stresses to the hoop
stresses. A crack w1ll eventually form in the seal | segment. The crack
spreads through the outermost ring 50 (commonly called the fin ring or
fin). At the time the crack reaches the upétrgam (first) side 76 and
.downstream (second) side 78 of the ring, the crack propagates very, very
quickly. The crack moves quickly through the outer ring (third ring 50) to
the interface with the inner ring (second ring 48).
The crack front is always perpendicular to the free surface (side
| 76,78) which it iniersect_s. As a 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. .érack 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
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
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
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 one-half the thickness T of the innermost ring because the

crack front is circular. As a result, the support member has a thickness
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greater than one-half .‘.the thickness of the inner ring and preferably in_
equal to or greater than the thickness T of the inner ring. This insures
the crack does not extend from the upper surface to the lower surface of
the support member avoiding a through crack in this direction.

The geometry factors of the inner and outer ring (and the third ring
in such configurations) at the interfaces between the radially adjacent rings
causes the crack front’h to assume a multi-dimensional profile. The crack
front must dissipate energy in all these directions, décreasing the rate at
which the crack front grows. This provides an easy inspection criteria at
ring interfaces and provides a margin of safety if an inspection misses the
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,
‘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
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. |
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We Claim:

1. A rotatable seal element for a rotary machine which extends
circumferentially about an axis of rotation Ar of the machine, the éeal
element having rings disposed about a circumferentially extending
plane, which comprises: =~ - _

an inner ring extending circumferentially about the axis
Ar and outwardly from the seal element in a first direction, the inner
ring having . -

a first side extending circumferentially,

a second side extending circumferentially and spaced

fi'or_n the first side, -

a first surface facing in the first direction which has a
height H;j as measured in the first direction, and a thickness Tj
between the first side and 'the second side as measured perpendicular
to the circumferential direction; ,

an outer ring extending circumfcrent_i_aﬁy about the axis

‘Apand outwardly in the first direction from the first surface of the

inner ring, the outer ring having
a first side extending circumferentially,
a second side extending circumferentially,

. a second surface facing in the first direction which is
spaced from the first surface by a height Ho as measured in the first
direction, and a thickness To between the first side and the second
side as measured perpendicular to the circumferential direction;

wherein the first and second sides of the outer ring are each
joined to the first surface of the inner ring by a fillet radius Ro and the

first surface of the inner ring extends laterally for a distance S; from
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the first side of the inner ring and laterally for a distance Sy from the

-second side of thé inner ring, and over the distance S; and Sz' does

not extend opposite to the first direction away from the outer ring;
-wherein the geometry of the interface between the first and

second rings affects the rate of propagation of a radial crack thrdugh
the rings. '

2. The rotatable seal 'ele,ment of claim 1 wherein the distance Sy
and Sp are each equal to or greater than one-half the fillet radius R,

3.  The rotatable seal element of claim 1 wherein the fillet radius R,
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
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 circumferentially about the axis

- Agpand ou_tw‘érdly from the surface of the support member in a first

direction, the inner ring having
a first side extending circumferentially,

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

R Tl
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a first surface facing in the first direction which is spaced
from the support member by a height H; as measured in the first
direction, and a thickness T; between the first side and the second
side as meashred perpendicular to the circumferential direction;

an outer ring extending circumferentially about the axis
Ar and outwardly in the first direction from the first surface of the
inner ring, the outer ring having

a first side extending circumferentially,

a secoh_d side extending circumferentially, =

a second surface facing in the first direction which is
spaced from the first surface by a height Hy as measured in the first
direction, and a thickness T, between the first side and the second
side as measured perpendicular to the circumferential direction;

wherein the first and second sides of the inner ring are each
joined to the surface of the support member by a fillet radius Ri,
'wherein the surface of the support member extends laterally for a
distance D from the fillet radius at the first side of the inner ring and
laterally for a distance Dy from the fillet radius at the second side of
the inner ring; :

wherein the first and second sides of the outer ring are each
joined to the first surface of the inner ring by a fillet radius Ro and the
first surface of the inner ring extends laterally for a distance S from

- the first side of the inner ring and laterally for a distance Sg from the

second side of the inner ring, and over the distance S1 and Sy does

not extend opposite to the first direction away from the outer ring;
wherein the geometry of the interfa_ce between the first and

second rings affects the rate of propagation of a radial crack through

the rings.

* c L M S *
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6. The rotatable seal element of claim 5 wherein the distance S1

and S2 are each equal to or greater than one-half the fillet radius Ro.

7.  The rotatable seal element of claim 5 wherein the fillet radius Ro
is less than or equal to one-third of the thickness To of the outer ring.

8. The rotatable seal element of claim 6 wherein the fillet radius Ro

is less than or equal to bne-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

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.

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

- the support member Tgi is greater than or equal to the thlckness Ti of

-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
(Ho/To < 1.5).
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13. The rotatable seal element of claim 5 wherein the first and

‘second sides of' the outer ring are convergent outwardly and have an

angle between the sides that lies in a range of seven to ten degrees.

14. - The rotatable seal element of claim 1 ‘wherein the first and
second sides of the outer ring are convergent outwardly and have an

angle between th_e sides that lies in a range of seven to ten degrees

15. A rotatable seal element for a rotary machme which extends
mrcumferentlally about an axis of rotation Ar of the machine, the seal
element havmg rmgs disposed about a cucumferentlally extendmg
plane, whlch compnses

a support member extendmg cxrcumferentlally about the

axis Ar, the support member having a surface and a thickness Ts as

measured in a d1rectxon perpendicular to the support member;

a ﬁrst rmg extendmg cxrcumferentxally about the axis Ar
and outwardly from the support member ina ﬁrst dlrectxon, the first
rmg havmg _

a first s1de extendmg ctrcumferentxally,

a second side extendmg cn'cumferentxally and parallel to
the first side,

a ﬁrst surface facmg in the ﬁrst dlrectxon which is spaced

"from the support member by a height Hl as measured in the first

direction, and a thickness T1 between the ﬁrst s1de and the second
side as measured perpendtcular to the circumferential direction;
a second ring extending cu'cumferentlally about the axis

Ar and outwardly from the first surface in the first direction, the

~ second ring having

Cx ¢ L M s *
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a first:side extending circumferenitidlly,

a second side extending circumferentially and parallel to

a second surface facing in the first direction which is
spaced from the first surface by a height H2 as measured in the first

directiori, and a thickness T2 between"the first side and the second

-side as measured perpendicular to the circumferential direction;

a third ring extending circumferentially about the axis Ar |
and outwardly from the second surface in the first direction, the third
ring haviﬁg

a first side extending circumferentially,

a second side extending circumferentially, the first and

second sides converging outwardly and having an angle between the

- sides that lies in a range of seven to ten degrees;

a third surface facing in the first direction which is spaced

from the second surface by a height H3 as measured in the first

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

~ side as measured perpendicular to the circumferential direction and

adjacent the second surface;

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

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

which is less than or equal to one-third of the thickness T1 of the first

'ring, wherein the surface of the support member extends laterally for

a distance D from the fillet radius at the first side of the first ring and
laterally for a distance Dy from the fillet radius at the second side of
the first ring, each of which is equal to or greater than one-half the
fillet radius R} and over the distance Dj and Dy does not extend away
from the first ring and wherein the thickness of the support member

-
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Tg is greater than or equal to the thickness T1 of the first ring;

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

joined to the first surface of the first ring by a fillet radius Ry which is

less than or equal to one-third of the thickness Ty of the second ring

and the first surface of the first ring extends laterally for a distance Sj
from the first side of _',the first ring and laterally for a distance Sy from
the second side of the ﬁrs_t_ring, each of which is equal td or greater -
than onth,alf the fillet radius Rp and over the distance S; and Sp
does not extend opposite to the first direction away from the second - |
ring; and,

wherein the ratio of the height H3 to the thickness T is less

~ than or equal to one and one-half (H3/T3 < 1.5), wherein the first and

second sides of the third ring are each joined to the second surface of
the second ring by a fillet radius R3 which is less than or equal to
one-third of the thickness T3 of the third ring measured at a location

~adjacent the second surface and the second surface of the second ring

extends laterally for a distance P'l_ from the first side of the second
ring and laterally for a distance P5 from the second side of the second

ring, each of which is equal to or greater than ._one—half the fillet radius

R3 and over the distance P; and P3 does not extend opposite to the
first direction away from the third ring. |
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