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(57) ABSTRACT 

An annular finger seal is adapted to be interposed between 
a high pressure upstream region and a lower pressure 
downstream region to p v i d e  noIlcontact sealing along a 
rotatable member. The finger seal comprises axially juxta- 
posed downstream and upstream finger elements, each hav- 
ing integrally spaced fingers. The downstream fingers each 
have a lift pad, whereas the upstream fingers lack a pad. 
Each pad extends in a downstream direction. Each upstream 
finger is spaced from the rotating member a greater distance 
than each pad. Upon suflicient rotational speed of the 
rotating member, each pad is operative to lift and ride on a 
thin film of fluid intermediate the rotating member and the 
Pad. 
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NONCONTACTING FINGER SEAL 

ORIGIN OF THE INVENTION 

The invention described herein was made by employees 
of the United States Government and may be manufactured 
and used by or for the Government of the United States of 
America for governmental purposes without the payment of 
any royalties thereon or therefor. 

TECHNICAL FIELD 

This invention relates in general to a sealing apparatus. 
More particularly, this invention relates to a finger seal 
apparatus which is adapted to be interposed between rela- 
tively high and low pressure cavities to provide sealing 
along a rotating member. 

BACKGROUND OF THE INVENTION 

Gas turbine engines can employ sealing devices in various 
capacities where it is necessary to restrict the flow of fluid 
or gases from one portion of the engine to another. A 
common use is for separating the primary engine flowpath 
from the secondary flowpath. The primary engine flowpath 
directs the flow of gases to the compressor and turbine 
stages, from which the engine derives thrust or power. The 
secondary flowpath comprises a series of conduits for deliv- 
ering compressed air throughout the engine for performing 
a variety of functions. Compressed air can be used, for 
example, to cool individual components, provide a bleed air 
source, buffer the lubricated bearing cavities, control the 
ventilation among engine cavities and structures, and affect 
the thrust balance of the engine. Loss of compressed air from 
the secondary flowpath through leakage can have a substan- 
tial adverse effect on the performance of these functions. In 
a turbine engine at least one sealing device is typically 
required for each turbine and compressor stage of the 
engine. 

Another common use for sealing devices in turbine 
engines is for separating the secondary flowpath from engine 
cavities containing fluids such as lubricating oil. In pressur- 
ized aircraft, bleed air taken from the secondary flowpath 
supplies the aircraft environmental control system. Even 
small amounts of oil in the bleed air can render it unsuitable 
for this purpose. Further, oil leakage can lead to coking of 
the seal, and ultimately reduced seal life. To prevent this, 
buffered sealing devices typically are incorporated adjacent 
lubricated bearings and engine oil sumps. 

Labyrinth seals are noncontacting seals and are com- 
monly used in gas turbine engines to seal leakage flows 
along a shaft. In labyrinth seals the clearance is fixed and 
must be large enough to accommodate centrifugal and 
thermal growth of the shaft, thermal changes in the sur- 
rounding structure, and dynamic motion of the shaft to avoid 
contact between the seal and the rotor. Radial excursions can 
be substantial, particularly in propulsion gas turbine engines 
used in aircraft. Brush seals and finger seals are two types of 
compliant contacting seals that can reduce seal leakage over 
typical labyrinth seals. 

Brush seals are typically comprised of a ring-shaped pack 
of small diameter wire bristles set at an angle to the radial 
direction and sandwiched between a front and back washer. 
Because the bristles are set at an angle, they can act like 
cantilevered beams and bend out of the way during shaft 
perturbations. 

Finger seals are typically comprised of a plurality of 
flexible fingers fixed at one end, and the opposite ends 
sealingly engaging a surface that is rotatable relative thereto. 
The fingers of a finger seal can be an integral part of the seal, 

2 
usually formed by machining a series of curved slots in a 
forged ring or a lcngth of sheet stock. The slots can be of 
consistent length and extend from a common edge of the 
material. A complete finger seal can be made up of two or 

5 more layers of fingers relatively positioned adjacent each 
other. 

Aproblem with finger seals is that at high shaft speeds, the 
rubbing contact between the fingers and the rotating surface 
can cause excessive heating of the components, which in 
turn lowers the durability and ultimately limits the life of the 
seal. The problem is further aggravated when the seal is used 
in high temperature applications. Accordingly, the desired 
sealing is undermined leading to engine inefficiencies. As a 
result, various techniques have been employed to increase 
the speeds and temperatures at which finger seals may be 

l5 effectively used. A technique commonly employed for 
increasing durability is to provide a hardened and very 
smooth coating on the contacting surface of the rotating 
component. 

20 DISCLOSURE OF INVENTION 

Thus, there exists a need for a finger seal capable of 
extended use in high speed and temperature environments, 
such as those involving gas turbine engines. 

It is an object of an exemplary form of the present 
invention to provide a finger seal apparatus capable of 
extended use in high speed and high temperature environ- 
ments. 

It is a further object of an exemplary form of the present 
invention to provide a finger seal capable of extended use in 

It is a further object of an exemplary form of the present 
invention to provide a finger seal that can be interposed 
between relatively high and low pressure cavities. 

It is a further object of an exemplary form of the present 
invention to provide a finger seal that can be interposed 
between relatively high and low pressure cavities to provide 
sealing along a rotating member. 

It is a further object of an exemplary form of the present 
invention to provide a finger seal that can provide sealing 

40 between a rotatable member and a housing circumscribing 
the rotatable member. 

It is a further object of an exemplary form of the present 
invention to provide a finger seal that can provide sealing 
between a rotatable turbine shaft and a housing circumscrib- 

It is a further object of an exemplary form of the present 
invention to provide a finger seal that can be interposed 
between an upstream region of relatively high fluid pressure 
and a downstream region of relatively lower fluid pressure 
to inhibit fluid flow therebetween. 

It is a further object of an exemplary form of the present 
invention to provide an annular sealing apparatus capable of 
being placed for disposition between a body defining a bore 
and a rotating member, such as a seal rotor mounted on a 

55 rotating shaft or the shaft itself, rotatably received in the 
bore to inhibit fluid leakage therebetween. 

It is a further object of an exemplary form of the present 
invention to provide an improved noncontacting finger seal 
that includes lift pads attached to downstream fingers, 

60 upstream fingers that do not contact the rotor, and pressure 
balance features. 

Further objects of exemplary forms of the present inven- 
tion will be made apparent in the following Best Mode for 
Carrying Out Invention and the appended claims. 

The foregoing objects are accomplished in exemplary 
forms of the present invention by a finger seal apparatus. The 
apparatus can comprise axially juxtaposed first and second 

25 . 

30 gas turbine engines. 
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45 ing the rotatable turbine shaft. 
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3 
comblike members or finger elements. Each finger element 
can have a plurality of uniformly spaced and integral fingers. 
The fingers can circumscribe a rotating member. Each finger 
can have substantially the same width and the same spiral 
curvature, md be separated from an adjacent finger by a 
uniform gap. First and second finger elements can be adja- 
cently positioned so that the fingers of each block the gaps 
in the other. 

At the innermost end of each finger of the first finger 
element is a lift pad operative to provide sealing to the 

can be substantialy larger than its respective Snger and 
shajmi to enhance hydrodynamic lifting so as to enable at 
least a portion of the lift pad to lift away from the rotating 
member and run on a thin film of fluid upon suilicient 
rotational speed of the rotating member. 
In an exemplary form of the invention an annular finger 

seal apparattls can be interposed between an upstream region 
of relatively high fluid pressure and a downstream region of 
relatively lower fluid pressure to provide noncontact sealing 
along a rotatable member. In the exemplary form only the 
fingers of the iirst finger element have a lift pad. The first 
finger element is positioned downstream of the second finger 
element. Each lift pad extends from its respective finger in 
a downstream directon. The innermost diameter of the 
fingers of the second (or upstream) finger element is larger 
than the innemnost diameter of the lift pads. The irmenwst 
diameter of the fingers of the second finger element is also 
smaller than the outermost diameter of the lift pads. In 
positioning of the finger seal apparatus, each lift pad can be 
arranged adjacent to the rotating member while each finger 
of the second finger element is spmd fnrm the rotatable 
member. At least aportionof each lift pad is operarive to lift 
away from the rotating member upon at least one of s&i- 
cient r o ~ o n a l  speed of the rotating member or hydmstatic 
pressure loading adjacent the lift pad- In an exemplary form 
of the invention, u p  sufficient rotational speed of the 
rotating member, each lift pad can ride on a thin film of fluid 
intermediate the rotating member and the lift pad. 

BRIEF DESCRIPTION OF DRAWINGS 

iG&ug iiicuiii 111 o uuiiwu-ig UUUUGI. Wi iiil p i  

FIG. 1 shows an apparahIS including a finger seal and an 

FIG. 2 shows arranged fingers portions. 
FIG. 3 shows hydrostatic a d  hydrodynamic pressure 

FIG. 4 shows an upstream sectional view of a finger 

FIG. 5 shows a sectional view of an upstream spacer. 
FIG. 6 shows a sectional view of a downstream spacer. 
FIG. 7 shows a view taken along line A-A of FIG. 1. 
FIG. 8 shows a rotor with a herringbone groove pattern. 
FIG. 9 shows a rotor with a double herringbone groove 

FIG. 10 shows a rutor with a panem of various combi- 

FIG. 11 shows a rotor with a buckets groove panern. 
FIG. l2 shows a finger element portion having a con- 

FIG. l3 shows a finger element portion having a con- 

FIG. 14 shows a finger element portion having a combi- 

FIG. 15 shows a iinger element pornon having an axial 

FIG. 16 shows the lift pad of FIG. 15 taken along its inner 

adjacent rotatable member. 

forces acting on a finger seal. 

element. 

P-. 

nations of groove widths and lengths. 

verging flow axial tapered lift pad. 

verging flow circumferentdly tapered lift pad. 

nation of an axial and circumferentially tapered lift pad 

Rayleigh-step lift pad. 

diameter geometry. 

4 
FIG. 17 shows the pressure loads on the lift pad of FIG. 

15. 
FIG. 18 shows a finger element portion having a circum- 

ferential Rayleigh-step lift pad. 
FIG. 19 shows the lift pad of FIG. 18 taken along its inner 

diameter geometry. 
FIG. 20 shows the pressure loads on the outer diametex of 

the lift pad of FIG. 18 and on the inner diameter near the 
leading edge of the lift pad. 

dam of FIG. 19. 

with a circumferential step. 

5 

lo FIG 21 chnurc thp v s s n r p  !+s Lhe pnrh~t y.1 

FIG. 22 shows a finger element portion having a lift pad 

FIG. 23 shows a view of the finger element portion taken 

FIG. 24 shows a view of the finger element portion taken 

FIG. 25 shows a finger element portion with an orifice- 
2o compensated hydrostatic lift pad having an angled orifice 

FIG. 26 shows a view of the lift pad taken along A-A of 

FIG. 27 shows a finger element portion with an orifice- 
25 compensated hydrostatic lift pad having an orifice with a 

FIG. 28 shows a view of the lift pad taken along A-A of 

FIG. 29 shows a finger element portion with an orifice- 

FIG. 30 shows a view of the lift pad taken along A-A of 
FIG. 29. 

FIG. 31 shows a partial view of adjacent upstream fingers 
and downstream finger element portions depicting supply 

FIG. 32 shows a finger element portion having a fillet 

FIG. 33 shows a finger element portion having a lift pad 

FIG. 34 shows a downstream side view of the finger 

FIG. 35 shows a finger element portion having a lift pad 

FIG. 36 shows a downstream side view of the finger 

FIG. 37 shows a finger element portion having a lift pad 

FIG. 38 shows a dovmtream side view of the finger 

FIG. 39 shows a downstream side view of a finger 

i 5  along A-A of FIG. 22. 

along B-B of FIG. 22. 

and a lift pad pocket. 

FIG. 25. 

substantially straight portion, and a lift pad pocket. 

FIG. 27. 

u) co- hydrostatic lift pad without a pocket. 

35 holes for hydrostatic lift pads. 

between the finger and the lift pad 

having a tapered outer diameter. 

element portion of FIG. 33. 

with a substantially straight rib thereon. 

45 element portion of FIG. S. 

with a tapered rib thereon. 

element portion of FIG. 37. 

element portion having a lift pad with multiple ribs. 
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BEST MODE FOR CARRYING OUT 
INVENTION 

Refening now to the drawings and particularly to FIG. 1, 
there is shown therein a sectional view of an embodiment of 
a finger seal apparatus of the present invention. FIG. 1 shows 
a noncontacting finger seal apparatus (which hereinaftex 
may alternatively be referred to as “seal” or “finger seal” or 
“seal a p p a r a h ~ ~ ” )  10 adjacent a rotatable member 12 and 
intermediate an upstream zone or region 14 of relatively 
high fluid pressure (PH) and a downstream zone or region 16 
of relatively lower fluid pressure (P,). The finger seal appa- 
ratus 10 can include axially juxtaposed annular comb-like 

65 members or finger elements 22,24. Each finger element can 
have a plurality of uniformly spaced and integral comb-like 
teeth or fingers. A finger element may comprise a whole ring 

55 
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with a plurality of fingers. Further example and discussion rotating rotatable membcr during a sealing operation. Thus, 
of various components of a finger seal may be found in U.S. a finger seal apparatus of the present invention can provide 
Pat. Nos. 5,755,445 and 6,196,550, the disclosures of which noncontacting scaling to a rotatable member. As discussed in 
are incorporated herein by reference. more detail hereinafter, a lift pad may have a circumferential 

FIG. 1 shows a downstream finger 20 of the downstream 5 slot or groove 42 adjacent its inner diameter D, to providc 
finger elemcnt 22 and an upstream finger 30 of the upstream uniform Pressure boundary conditions and balance hydro- 
finger element 24. Also shown arc an aft cover plate 26, a static loads. Because a lift pad can create a self-acting lifting 
forward cover plate 28, and aft spacer 32, a forward spacer Surface, a Small initial (resting) sealing clearance or inter- 
34, a sealing dam 36, a pressure balance cavity 38, and a lift ference (e.g., contact) between the seal and the rotatable 
pad 40. The lift pad may have a circumferential slot or member can be used. 
groove 42. The rotatable member 12 may have grooves 44. In an exemplary form of the invention only the fingers 20 
The arrow W represents the rotation of a rotatable member of the downstream finger element 22 have a lift pad. 
about an axis. D, is the diameter of the rotatable member 12. Furthermore, each lift pad 40 extends from its respective 
D, is the inner diameter of the seal 10 (and the lift pad 40). finger 20 in a downstream direction. The absence of lift pads 
D, is the inner diameter of the upstream finger 30. Do is the on fingers 30 (lift pad-less fingers) on the upstream high 
outer diameter of the lift pad 40. As shown, an exemplary l5 pressure side can provide a seal in which less axial space is 
relationship among the diameters can be D,<D,<D@,. required. Thus, an exemplary seal of the present invention is 

A finger can have a stick portion (“stick”) and a finger pad capable of use in limited-space sealing environments. 
portion (“finger pad”). The finger pad and stick may be Furthermore, the absence of upstream lift pads removes the 
integral or one-piece. The finger pad can be a wider part of hydrostatic closing forces that could cause the upstream lift 
the finger which is adjacent to the inner diameter of the 20 pads to contact the rotating member, thereby eliminating a 
finger. The finger of a finger element can be an integral part source of seal wear and extending seal life. 
of the finger element, and may be formed by cutting or The inner diameter of the upstream (or lift pad-less) 
machining a series of curved slots in a forged ring or a length fingers 30 can be larger than the diameter of the rotatable 
of sheet stock. Each finger of a finger element may have member 12 (e.g., rotor or shaft or blade) to prevent finger- 
substantially the same width and the same spiral curvature, 25 to-rotor contact during operation. With a pressure drop 
such as a logarithmic spiral curvature. Each finger of a finger across the seal, the upstream fingers 30 will have a small net 
element may also be separated from an adjacent finger by a closing force acting radially upon them that would tend to 
uniform gap (or space or slot or inter finger gap). First and close the gap between the seal and the rotor. Finger 
second finger elements can be positioned relative to each (upstream and downstream) stiffness opposes this closing 
other so that the fingers of each finger element block the 3o force. Based on the particular sealing application, the finger 
inter finger gaps in the other finger element. FIG. 2 shows stiffness and rotor gap parameters can be predetermined to 
portions of fingers 46, 48 indexed so that the gap or space yield the lowest possible leakage without seal-to-rotor con- 
between the fingers of one finger element are covered by the tact. 
fingers of the adjacent finger element. Each of the down- In an exemplary form of the invention, as shown in FIG. 
stream fingers 46 are shown with a lift pad 52, whereas the 1, the upstream finger innermost diameter D, can be larger 
upstream finger 48 is shown without a lift pad. 35 than the downstream lift pad innermost diameter D,. This 

A finger element can have lift pads at an innermost end rotor-spaced arrangement of the upstream finger 30 can 
thereof to provide sealing (e.g., primary sealing) to a rotating virtually eliminate seal-to-rotor contact (during rotor 
member or rotor in a noncontacting manner. That is, sealing operation) and thus seal wear. Also shown in FIG. 1, the 
without direct contact. Returning to FIG. 1, the downstream upstream finger innermost diameter D, can be smaller than 
finger 20 has a stick portion 50. The upstream finger 30 also 40 the downstream lift pad outermost diameter D,. This 
has a stick portion 60. As previously discussed, a finger may arrangement of the upstream fingers 30 can achieve blocking 
have a finger pad at an end thereof. For a finger with a lift of most of the leakage flow through the gaps between the 
pad, the finger pad can be located intermediate the stick downstream fingers 20. Therefore, having each upstream 
portion and the lift pad. In an exemplary form of the finger element without a lift pad, but with its innermost 
invention a lift pad 40 can be attached to a finger, extending 45 diameter intermediate the innermost and outermost diam- 
from the finger at an end thereof. For example, a lift pad may eters of a downstream lift pad, can assist in achieving low 
be brazed to a finger. Of course, other arrangements involv- flow leakage without excessive wear. 
ing a one-piece or integral finger and lift pad may also be In positioning of the finger seal apparatus 10 adjacent to 
used. A lift pad can have a curvature concentric to the a rotatable member 12, each lift pad 40 can be more closely 
rotatable member curvature. Thus, the fingers can circum- 50 arranged adjacent to the rotatable member than each 
scribe a rotating member. upstream finger element 24. Each lift pad 40 can lift away 

A seal can be arranged relative to a resting rotatable from the rotating member 12 due to sufficient rotational 
member so that there is a (noncontacting) initial clearance speed of the rotating member and/or due to pressure loading 
between the lift pads and the rotatable member or there may adjacent the lift pad. That is, at least a portion of each lift pad 
be some initial interference to obtain the desired clearance at is operative to lift away from the rotating member upon at 
operating conditions. For example, during a sealing assem- 55 least one of hydrodynamic force caused by sufficient rota- 
bly a seal may be arranged adjacent to a rotor with a small tional speed of the rotating member or hydrostatic force 
initial clearance therebetween so that as the rotor grows caused by hydrostatic pressure loading adjacent the lift pad. 
(e.g., due to thermal and/or centrifugal growth) the rotor For example, in a particular application, upon sufficient 
may come close to the seal at which time the seal can begin rotational speed of a rotating member, a lift pad can ride (or 
to “fly” or lift away from the rotor, as discussed in more 60 float) on a thin film of fluid intermediate the rotating member 
detail hereinafter. and the lift pad. 

Each lift pad can be substantially larger than its respective Because the upstream fingers 30 do not fully extend to 
finger and shaped to enhance hydrodynamic lifting so as to contact the rotatable member, there can be small “pinhole” 
enable at least a portion of the lift pad to lift away from the openings or gaps between adjacent downstream fingers 20 
rotating member and run on a thin film of fluid upon 65 through which small amounts of air can flow or leak. A 
sufficient rotational speed of the rotating member. There can pinhole opening can be a part of a gap between adjacent 
be a (noncontacting) clearance between a lift pad and a downstream fingers 20 which is not blocked by an upstream 
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finger 30. The closer the inner diameter D, of the upstream 
finger 30 is sized to the rotaiable member diameter D,, the 
smallcr the pinhole leakage. 

In applications where significant shaft transients are 
expected and long seal life is desired, a seal can be used 
which has relatively slightly larger pinholes. For example, 
an application may have a finger seal apparatus with fifty- 
two pinhole locations, a pinhole gap width of 0.031 inch, a 
discharge c&kht for the Pinholes set to 1 .o, a SUPPlY 
pressure Of 30 Psi4 and a suPPIY t e r n m e  Of 700 In 
wch cnnditinns: with a mnhole gap height of 0.010 inch. the 10 

shafi transients are expeaed and low leakage is required, a 
seal can be used which has relatively smaller pinholes. For 
p x z q ! e ,  s h g  ciihtnntintly the: same abvc conditions3 hu+ FIG- 5 shows an UPS- spa~er, such as the upstream 
with a pinhole gap height changed to 0.005 inch, &e leakage l5 spacer 34 of FIG. 1. The u p s t r m  spacer 34 includes a ring 
flow hu@ the pinhole ] d o n s  would be a p p r o ~ m a ~ ~ y  64 Which has a series of slots 66 cut through and m d  its 
0.0083 lbds .  inner diameter 68. These slots 66 can align with the 

Using a discharge coefficient set to 0.6, which may be PreSSW-feed holes 58 in the ups- and downstream 
more typical for an orifice, the leakage through the pinhole finger ~3~mem u922 so that the high pressure at the inner 
locations in the above examples would be appro-1~ 20 diameter of the upstream spacer 34 can be communicated to 
0.0100 lbmls and 0.0050 l bds ,  respectively. Of course, the pressure-feed holes. 
pinhole leakage can be reduced by decreasing the pinhole FIG. 6 shows a downstream spacer, such as the down- 
gap height and width as the application allows. stream spacer 32 of FIG. 1. The downstream spacer 32, like 

Pinhole leakage can add to the basic overall seal leakage. the upstream spacer 34, includes a ring 72 which also has a 
However, even though the overall seal leakage may be 25 series of slots 76 that align with the pressure-feed holes SS 
higher, the seal can achieve less wear and thus have an in the finger elements. The slots 76 can convey high pressure 
extended life. Furthennore, 7-g or elimimhg to a volume in the pressure balance cavity 38. The seal dam 
issue of seal wear provides the benefit of generally having a 36 can be a smaller diameter second ring of the downstream 
known and constant leakage rate. spacer32. The seal dam can be attached to the outer ring 72 

74. A minimal mudm Of spokes 74 can be 
finger element 24. However, it should he understood thaf used to minimize the area of the downs- spacer 32 that 
depending on the application, either single or multiple contacts the downs- fingers 20 in 
upstream mer elements may be employed in a sealing frictional forces that can cause hysteresis. 

~n an exqm form of the invation, the finger seal view taken along line A-A of FIG. 1. The view, looking 
apparatus provides for a m g  cornpod of 35 radially away from the rotor, is at the seal dam inner 
only two rows of finger elements, such as shown in FIG. 1. diameter. The view Cuts through the aft cover PI* 26, seal 

is lift pad-less. The rows are mounted adjacent each other in previously discussed, adjacent downstream fingers can be 
a staggered arrangement or relationship. m e  high pressure separated by a gap or slot- FIG- 7 shows a gap 78 between 
row serves to seal the interstices between the fingers of the 40 downstream fingers 20. The cross-sedional 
low pressure row. It should be area Of the pressure-feed holes 58 should be at least three 
rows of iinger elements may be u~ed in a sealing apparatus times greater than the moss-sectional flow area of the 
of the present invention. gaps 78 to ensure that the pressure in the pressure balance 

forces that can act on a iinger seal, such as the finger seal 10, 45 In FIG- 3 the lift Pad 40 has a circumferental slot Or 
to generate lifting force. A rotatable member 12 is also D, to give 
shown for purposes of alignment comparison. The arrows uniform boundary conditions for the Portion of the lift @ 
adjacent the lift pad 40 show the hymoStatic pressures. The located bemeen the circumferential groove and the down- 
separate lower set of arrows show the hydrodynamic pres s- edge 54. If the lift @ * - Dr has a 
sure. Hydrostatic pressure alone can generate a positive net 50 curvature that is concentric to the rotatable member, then a 
lifting fwce on a downs- lift pad 40. The low-pressure hydrodynamic mt3e-t  on the member and/or 
forces acting on the top and boaom of the lift pad between the lift pad may be used to g e n a  lift For a concentric Eft 
the circumferential groove 42 and the downstream edge 54 Pad having a circumferential groove (or slot or pocket), 
balance out. The force generated by the pressure gradient geometric (groove) paaems on a rotatable member can be 
from the high pressure (P,) to the intermediate pressure (P,) 55 used to g e n a  sufficient h ~ w y n a m i c  lift *g 
to the low pressure (Pd acting on the lift pads exceeds the FIGS. 8-11 show ~arious hydrodynamic lift features (e.g., 
force of the low pressure (PJ acting on the downstream geometric groove patterns) on a rotatable member. FIG. 8 
finger. For applications requiring it, a hydrodynamic lifiing shows a rotatable member 82 (e.g., a rotor) having a 
force can be created by having grooves 44 in the rotating herringbone groove pattern 84. The rotatable member 82 is 
member 12. A hYdr0d-c lifting force can increase with shown in an operating alignment with an adjacent seal 
rotational speed. A groove panem can be arranged on a portion 80. FIG. 9 shows a rotatable member 86 having a 
rotating to comrrmnicate fluid from the -a- double hexringbone groove pattern 88. FIG. 10 shows a 
ential groove 42 on the lift pad to the downstream side of the rotatable member 90 having a pattern 92 of various combi- 
liftpads. ~ v e s o f a r o ~ g m e m b e r m a y b e o r i e n t e d t o  nations of groove widths and lengths. FIG. 11 shows a 
pump against or with the leakage flow. In an exemplary rotatable member 94 having a buckets groove pattern 96. 
arrangement, grooves are only located on the circumfere- 65 FIGS. 12.32 show examples of finger element portions 
tial surface area of a rotating member which is adjacent to having lift pads which can generate hydrostatic lift d o r  
the l i i  pads of a sealing apparatus. hydrodynamic lift. Of course, it should be understood that 

FIG. 4 shows an upstream sectional view of a finger 
element, such as the downstream finger element 22 of FIG. 
1. A downstream finger element and an adjacent upstream 
finger element can both include indexing and rivet holes 56 
and pressure-feed holes 58. The pressure-feed holes can be 
used in communicating upstream pressure to a pressure 
balance cavity 38. The cavity can be created by an aft spacer 
32, a downstream stick 50, an aft cover plate 26, and a seal 
dam 36. The indexing and rivet holes 56 can be on the same 
fastening (e.g., bolt) circle 62 as the pressure-feed holes 58. 

pzF,Ezz ~ ~ p . 1  kc!=: =. zT-ygd +,? 
leakage through the pinhole 10CWbns would be upsweam and downstream finger elements 24, 22 are 

0.0167 lbm/s. In *Iidons where inkxed to each their pressure-feed holes align with 
each other. 

FIG. 1 shows a configuration with a single upstream 3o by thin 

to 

apparatus of the present invention. FIG. 7 shows enlarged T-tary cr~ss-seaional 

me low pressure row has lift pads and the high pressure row dam 36, downseeam Stick 50, and UP- Stick 60. AS 

that 

FIG. 3 shows hydrostatic hyrtrodynamc pressure cavity 38 is " 4 Y  qual to the UPS- pressure 

or groove 42 on the seal 
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the lift pad configurations, geometries, and dimensions orifice can extend through a portion of the lift pad. The 
discussed herein are merely exemplary and that other supplied high pressure can be used to restrict flow and 
configurations, geometries, and dimensions may be used provide lifting force to the lift pad. A supply hole to an 
without departing from the scope of the invention. orifice can be located at the gap or space between adjacent 
Additionally, in exemplary forms of the invention, the lift 5 upstream fingers. 
pad configurations shown in FIGS. 12-32 may be used with FIG. 25 shows a downstream finger 144 and an upstream 
a rotatable member having a smooth outer surface. finger 146. The downstream finger 144 has an orifice- 
Furthermore, as shown in certain examples, the stick portion compensated hydrostatic lift pad 148. The lift pad has an 
of a finger can have inner and outer radii which are drawn orifice 150 angled to a lift pad pocket 152. FIG. 26, taken 
with a logarithmic curve. The radii can be arcs of circles along A-A of FIG. 25, shows a view ofthe lift pad 148 taken 
having the same radius but being offset from the geometric along the lift pad inner diameter. FIG. 26 shows lift pad 148, 
center. orifice 150, pocket 152, and a seal dam 154. 
FIG. 12 shows a finger element portion 100 having a FIG. 27 shows a downstream finger 156 and an upstream 

converging flow axial tapered lift pad 102 adjacent a rotat- finger 158. The downstream finger 156 has an orifice- 
able member (e.g., rotor) 103. That is, a lift Pad can be 15 compensated hydrostatic lift pad 160. The lift pad has an 
tapered (ex., becoming thinner or smaller) in a direction orifice 162 to a pocket 164. The orifice includes a substan- 
such as the direction substantially parallel to the axis of the tially straight portion 166. FIG. 28, taken along A-A of FIG. 
rotor (or the axial direction of the rotor). A converging flow 27, shows a view of the lift pad 160 taken along the lift pad 
axial taper creates a converging flow Path arrangement that inner diameter. FIG. 28 shows lift pad 160, orifice 162, 
generates hydrostatic pressure under the lift pad and causes pocket 164, and a seal dam 168. 
lift. The taper causes height h, to be less than height h,. FIG. 29 shows a downstream finger 170 and an upstream 

FIG. 13 shows a finger element Portion 104 having a finger 172. The downstream finger 170 has an orifice- 
converging flow circumferentidly tapered lift Pad 106 adja- compensated hydrostatic lift pad 174 without a pocket. The 
Cent a rotor 107. An arrow w is representative Of the lift pad has an orifice 176. An orifice may be angled in a 
direction Of rotor rotation. The CirCUmferential taper CreatCS direction away from an upstream finger and toward the inner 
a converging flow Path during rotation as fluid is dragged 25 diameter of a lift pad (e.g., toward a rotor). FIG. 30, taken 
With the rotating member though the narrowing gap. Again, along A-A of FIG. 29, shows a view of the lift pad 174 taken 
height h, is less than height h,. along the lift pad inner diameter. 

FIG. 14 Shows a finger element Portion 108 having a FIG. 31 shows an angled view toward downstream of 
combination of an axially and circumferentialb' tapered lift adjacent upstream and downstream finger elements 182,180 
pad 110 adjacent a rotor 109. Thus, FIG. 14 includes features 30 respectively. Orifice entry or supply holes or openings 184 
of FIG. 12 and FIG. 13. can be situated between adjacent upstream finger elements 
FIG. 15 shows a finger element portion 112 having an 182. An orifice path can extend from the supply hole and 

axial Rayleigh-step lift pad 114 adjacent a rotor 115. FIG. 16 through a lift pad, such as a lift pad previously discussed 
shows the lift pad 114 along its inner diameter geometry. The with regard to any of FIGS. 25-30. As an assurance that 
lift pad 114 has a pocket 116 adjacent its inner diameter, as 35 upstream finger movement would not totally block an orifice 
shown in FIG. 16. The pocket is open to and can be filled supply hole, the center of a supply hole can be located at the 
with fluid from the upstream high pressure P,. The pressure inner diameter of the upstream finger element(s). Adjacent 
loads at the middle of the lift pad are shown in FIG. 17. This upstream fingers may also have a portion thereof cut away 
can result in a net force acting to cause the lift pad to lift at the inner diameter finger pad toe 186 or heel 188 to 
radially outward. 
FIG. 18 shows a finger element portion 118 having a FIGS. 32-39 show arrangements to reduce or eliminate a 

circumferential Rayleigh-step lift pad 120 adjacent a rotor lift pad bending or twisting relative to the remainder of the 
119. FIG. 19 shows the lift pad 120 along its inner diameter finger element (e.g., the finger). A lift pad m y  have an 
geometry, looking upward from the bottom of the lift pad. attachment joint with a finger. For example, as previously 
The lift pad has a pocket 122 adjacent its inner diameter, as 45 discussed, a lift pad may be brazed to a finger. Thus, an 
shown in FIG. 19. A lift pad leading edge 124 and seal dam exemplary form of the invention can prevent a lift pad from 
126 are also shown. During rotation, fluid is drawn through bending at its attachment joint with a finger. 
the pocket and into a sudden constriction created by the FIG. 32 shows a finger element portion 190 having a fillet 
pocket seal dam 126. This creates a pressure rise which can 192 (e.g., a fill, joiner, band, binder, or strip, such as a 
result in a hydrodynamic lift force on the pad. The pressure 5o concave strip) located between the outside diameter of a lift 
loads acting on the lift pad outer diameter are constant over pad 194 and the finger 1%. The fillet strengthens the 
the circumferential length of the pad. The pressure loads juncture at the lift pad and finger. A fillet can create a radial 
shown in FIG. 20 on the lift pad inner diameter are near the attachment juncture, including forming a radial curvature R, 
leading edge. The pressure load on the lift pad inner diam- (e.g., radius) intermediate or between a lift pad and a finger. 
eter varies over the circumferential length of the pad. FIG. FIG. 33 shows a finger element portion 200 having a 
21 shows the pressure loads across the pocket seal dam 126. 55 stiffened lift pad 202. ne lift pad has a tapered Outer 
The pressure is intermediate P, and P, at the seal dam. diameter 204. The outer diameter 204 can narrow (e.g., 
FIG. 22 shows a finger element portion 136 having a lift become thinner or smaller) as it slopes away from the finger 

pad 140 adjacent a rotor 138. The lift pad 140 has a 206 (e.g., narrow along an axial direction of a rotor). The 
circumferential step 142. The circumferential step can gen- taper may further narrow in a circumferential direction. For 
erate hydrodynamic lift. FIG. 23 shows a view of the finger 60 example, the lift pad may have a sloping triangular or wedge 
element portion with the lift pad taken along A-A of FIG. 22. shape. A downstream side view of the finger element portion 
FIG. 24 shows a view of the finger element portion taken with the lift pad 202 is shown in FIG. 34. 
along B-B of FIG. 22 to view the lift Pad from its down- FIG. 35 shows a finger element portion 210 having a 
stream side. stiffened lift pad 212 including a rib 214 (e.g., a supporting, 

FIGS. 25-30 each show an orifice-compensated lift pad 65 strengthening, or stiffening member) on its outer diameter. 
arrangement. High pressure can be supplied to a pocket As shown, the rib 214 may be substantially straight, hori- 
adjacent a lift pad inner diameter through an orifice. The zontally level, and/or non-tapered. The rib can run or extend 

2o 

40 preclude supply hole blockage. 

I 

.' 
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away from the finger 216 (e.g., extend in the axial dimtion 
of a rotor). A cut away downstream side view of the finger 
element portion with the lift pad 212 facing toward the finger 
216 is shown in FIG. 36. The rib can be positioned in a 
variety of locations on the lift pad. In an exemplary form of 
the invention a rib is positioned near the mid-section or 
center of the lift pad, as shown in FIG. 36. 

FIG. 37 shows a finger element portion 220 having a lift 
pad 222 including a tapered rib 224 on its outer diameter. 
The rib can run or extend in a direction along the axis of a 1o the invention. 

axial direction) from the finger 226. The rib taper may 
further narrow in a c i r c u m f d  direction. For example, 
the rib may be triangular or wedge-shaped. A cut away 
downstream side view of the finger element portion with the 
lift pad 222 facing toward the finger 226 is shown in FIG. 
38. The rib can be positioned in a variety of 1OCation.s on the 
lift pad. h an exemplary form Of the invention the rib is 
positioned near the mid-section or center of the lift pad, as 
shown in FIG. 38. 

away side view of a lift pad 230 having multiple ribs 232, 
234,236. The ribs can run or extend away from a finger 238 
of the finger element portion. A rib may comprise the same 
material as a lift pad or a rib may comprise a different 
material. A rib may also be ink@ or one-@- with a lift 25 
pad. Ribs may be of various sizes and configurations. For 
example, the ribs 232,234,236 may comprise a combination 
of the previously discussed ribs of FIGS. 35-38. Plural ribs 
may be arranged in a variety of amfigurations on the lift pad. 
For example, the ribs 232,234,236 may be equally spaced 3o 
and/or balanced, as shown. Although three ribs are shown, 
it should be understood that a greater or fewer number of 
plural ribs may be used in association with a lift pad. Other 
lift pad arrangements can also be used. For example, a lift 
pad may have a tapered outer diametex with one or more 
straight or tapered ribs. A lift pad with a tapered outer 35 
diameter may also have one or more tapered ribs going 
against the outer diameter taper to create a generally straight 

It should also be understood the pressure forces can load 
the upstream fingers axially against the downstream fingers. 40 
Furthermore, radial lift of the downstream fingers and their 
respective lift pads due to hydrostatic or hydrodynamic 
forces can also cause the radial lift of the upstream fingers. 

A number of fabrication techniques may be used to 

machining, andlor a masking and plating process. Similarly, 
these fabrication processes can be used to create hydmiy- 
namic lift features on a rotw outer diameter. A mer seal 
apparatus of the present invention can be fatwi- from 
materials suitable for the intended sealing application. For 50 

element, based metal alloys (e.g., hynes-25, Inconel X-750, or 
wherein the first finger element has an innermost Waspalloy) or ceramics (e.g., silicon nitride, silicon carbide, 

or aluminum oxide) may be used. In more moderate 
temperatures, stainless steels may be used. For cooler 55 
temperatures, engineered plastics can be used, which may wherein the second finger elexnent is an -ular finger 
lower costs. If necessary, hardened andor low friction element, 
coatings may also be used. For example, a c h m e  carbide wherein each second finger element finger has an 
coating or chrome carbide coating with solid film lubricants innermost diameter, 
or a tungsten carbide coating may be used on the outer wherein each second finger element finger innermost 
diameter of a rotatable m e m k  (e.g., a rotor). Additionally, diameter is larger than the first finger element 
if applications require, hardened coatings may be used on a innermost diam-. 
surface of the seal (e.g., on the lift pad inner diameter). 3. The apparatus according to claim 2 wherein the first 

Thus the new and improved finger seal apparatus features finger element includes lift pads, wherein each lift pad of the 
achieve at least one of the above stated objectives, eliminate first finger element has an innermost diameter, wherein each 
difiiculties encountered in the use of prior devices and 65 second finger element finger innermost diameter is larger 
systems, solve problems, and attain the desirable results than each lift pad innermost diameter of the 6rst finger 
described herein. element. 

In the foregoing description, cerlain terms have been used 
for brevity, clarity and understanding, however, no unnec- 
essary limitations are to be implied therefrom because such 
terms are for descriptive purposes and are intended to be 
broadly construed. Moreover, the descriptions and illustra- 
tions herein are by way of examples and the invention is not 
limited to the details shown and described. It is to be 
understood that various modifications and enhancements 
may be made without departing from the spirit and scope of 

TtiZki, t &E fdkiik~ pliy f ~ c i i i i ~  &Z k --.,.- +.IT-- 2%. ...--- Î- ----*-.^I :. -1 ---- I-.^-. I- I :- -- 
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described as a means for performing a function shall be 
construed as encompassing any means capable of perform- 
ing that function and shall not be limited to the particular 
means shown in the foregoing description or mere equiva- 
lents. 

Having devcribed the features, discoveries, and principles 
of the invation, the mannef in which it is consmg& and 
operated, the useful results -, the new and useful 
structures, devices, elements, arrangements, parts, 

FIG. 39 shows a finger element portion 228 having a cut 20 combinations, systems, equipment, operations, methods, 
and relationships are set forth in the appended claims. 

We claim: 
1. An apparatus including: 
a finger seal adapted to be inteposed between an 

upstream region of relarively high fluid m u r e  and a 
downstream region of relatively lower fluid pressure, 

circumferentially extending first and second finger 
elements, 
wherein the first and second finger elements each 

include a plurality of spaced integral fingers, 
wherein the fingers define gaps therebetween, 
wherein the first and second finger elements are 

adjacently positioned so that the fingers of each 
block the gaps of the other, 

the finger seal comprising: 

a lift pads, 
wherein each lift pad extends from a respective 

wherein each lift pad is adapted to be arranged 
adjacent a rotating member, whereby at least a 
portion of each lift pad is operative to lift away 
from the rotating member upon at least one of 
sufficient rotational speed of the rotating mem- 
ber or hydrostatic pressure loading adjacent the 

wherein when the first finger element is positioned 
downstream of the second finger element, all lift 
pads of the finger seat extend from their respective 
finger in a downstream direction. 

(level) outer surface. finger, 

generate lift pad geometries, such as chemical etching, 45 lift pad, 

2. to claim 1 
in a Mgh or nickel w h e n  the first finger element is an finger 

diameter, 
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4. The apparatus according to claim 3 wherein each lift 
pad of the first finger element has an outermost diameter, 
wherein each second finger element finger innermost diam- 
eter is smaller than each lift pad outermost diamcter of thc 
first finger element. 5 lift pad, 

5. The apparatus according to claim 2 and further com- 
prising a forward cover plate, an aft cover plate, a forward 
spacer, an aft spacer, a seal dam, and a pressure balance 
cavity. 

6. The apparatus according to claim 1 wherein the fingers 

extending therefrom. 
7. The apparatus according to claim 1 wherein each lift 

pad has a greater axial dimension than its respective finger. 
8. The apparatus according to claim 1 wherein each lift 

pad extends in a direction away from the other one of the 15 
first and second finger elements. 

9. The apparatus according to claim 1 and further corn- 
prising an upstream region of relatively high fluid pressure 
and a downstream region of relatively lower fluid pressure, 

portion of each lift pad is operative to lift away 
from the rotating member upon at least one of 
sufficient rotational speed of the rotating mem- 
ber or hydrostatic pressure loading adjacent the 

a circumferentially extcnding upstream finger element, 
wherein the upstream finger element includes a plu- 

wherein the upstream fingers define gaps 
rality of spaced integral upstream fingers, 

therebetween, 
Of Only the first finger each a lift pad lo wherein the upstream finger element has an innermost 

diameter larger than an innermost diameter of the 
downstream finger element, 

wherein the upstream and downstream finger elements are 
adjacently positioned so that the fingers of each block 
the gaps of the other. 

16. The apparatus according to claim 15 wherein each lift 
Pad has an innermost diameter, wherein the innermost 
diameter of the upstream finger element is larger than the 
innermost diameter of each lift pad. wherein the first finger element is positioned downstream 2o 17. The apparatus according to claim 16 wherein each lift 
pad has an outermost diameter, wherein the innermost 

wherein all lift pads extend in a downstream direction. diameter of the upstream finger element is smaller than the 
10. The apparatus according to Claim 9 and further outermost diameter of each lift pad. 

18. The apparatus according to claim 15 wherein the 
wherein each lift pad is arranged adjacent the rotatable 25 fingers of only the downstream finger element each include 

a lift pad. 
19. The apparatus according to claim 15 and further 

comprising an upstream region of relatively high fluid 
pressure, a downstream region of relatively lower fluid 
pressure, and a rotatable member, 

wherein the downstream finger element is positioned 

wherein each lift pad extends in a downstream direction, 
wherein each lift pad is arranged adjacent the rotatable 

member, whereby at least a portion of each lift pad is 
operative to lift away from the rotatable member upon 
at least one of sufficient rotational speed of the rotatable 
member or hydrostatic pressure loading adjacent the lift 
pad, 

wherein the upstream finger element is spaced from the 

20. The apparatus according to l5 and further 
comprising a forward cover plate, an aft cover plate, a 

balance cavity. 
21. n e  apparatus according to claim 15 wherein the lift 

pads comprise at least one lift pad from a group comprising: 
lift pads including a circumferential groove, converging 
flow axial tapered lift pads, converging flow circumferen- 

14. The apparatus according to claim 1 wherein the at tially tapered lift pads, combination of axially and circum- 
least a portion Of each lift pad is operative to lift away from 50 ferentially tapered lift pads, axial Rayleigh-step lift pads, 
the rotating member as a result of at least hydrostatic circumferential Rayleigh-step lift pads, circumferential step 
pressure loading adjacent the lift pad. lift pads, orifice-compensated lift pads, orifice-compensated 

15. An apparatus including: hydrostatic lift pads, orifice-compensated hydrostatic lift 
a finger seal adapted to be interposed between an pads including a pocket, tapered outer diameter lift pads, rib 

upstream region of relatively high fluid pressure and a 55 stiffened lift pads, tapered rib lift pads, multi ribbed lift pads, 
downstream region of relatively lower fluid pressure, and lift pads including a fillet adjacent a lift pad outside 
the finger seal comprising: diameter. 
a circumferentially extending downstream finger 

of the second finger element, 

comprising a rotatable member, 

member, whereby at least a portion of each lift pad is 
operative to lift away from the rotatable member upon 
at least one of sufficient rotational speed of the rotatable 
member or hydrostatic pressure loading adjacent the lift 
pad. 

11. The apparatus according to claim 10 wherein the 30 
second finger element is spaced from the rotatable member. 
wherein the groove pattern comprises one of a herringbone 
groove Pattern, a double herringbone goove Pattern, a 
buckets groove pattern, or a combination of grooves having 35 
varying widths and lengths. 

12. The apparatus according to claim 11 wherein the 
finger seal provides sealing to the rotatable member, and 
wherein the second finger element remains spaced from the 
rotatable member during the sealing. 

downstream of the upstream finger element, 

13. The apparatus according to claim 10 
wherein the rotatable member comprises a rotor, wherein 

the rotor comprises a groove pattern thereon, wherein 

namic lift during rotation of the rotor, 
wherein the groove pattern Comprises one of a herring- 45 

bone groove pattern, a groove 
Pattern, a buckets groove Pattern, Or a combination of 
grooves having varying widths and lengths. 

4o 
rotatahle member. 

the groove pattern is Operative to generate hydrody- forward spacer, an aft spacer, a seal darn, and a pressure 

22. An apparatus including: 
a finger seal adapted to be interposed between an 

upstream region of relatively high fluid pressure and a 
downstream region of relatively lower fluid pressure, 
the finger seal comprising: 

circumferentially extending first and second finger 
elements, 
wherein the first and second finger elements each 

include a plurality of spaced integral fingers, wherein 
the fingers define gaps therebetween, 

element, 
wherein the downstream finger element includes a 60 

plurality of spaced integral downstream fingers, 
wherein the downstream fingers define gaps 

therebetween, 
wherein each downstream finger includes a lift 

pad extending in a downstream direction, 
wherein each lift pad is adapted to be arranged 
adjacent a rotating member, whereby at least a 

65 

b 
L 
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wherein the first and second finger elements are 
adjacently positioned so that the fingers of each 
block thc gaps of the other, 

a lift pad extending from each finger of at least the first 
finger element, 
wherein each first finger element lift pad has an 

innermost diameter, 
wherein each first finger element lift pad has an 

outermost diamem, 
wherein each second finger element finger has an 

innermost k r e r ,  
wherein each second finger element finger inner- 

most diameter is larger than each first finger 
element lift pad innermost diameter, 

most diameter is smaller than each 6rst finger 
element lift pad outemnost diameter, 

wherein each lift pad is adapted to be arranged 
adjacent a rotating member, whereby at least a 
portion of each lift pad is operative to lift away 
from the rotating member upon at least one of 
sufficient rotational speed of the rotating member 
or hydrostatic pressure 10- adjacent the lift 

23. The apparatus according to claim 22 wherein when the 
first finger element is positioned downstream of the second 
finger element, each lift pad extends in a downstream 
direction. 

wt?&.n Pad! &- hg? e!emt.n-t fiige? he?- 

Pad. 

24. An apparatus including: 
a finger seal adapted to be interposed between an 

upstream region of relatively high fluid pressure and a 
downstt-eam region of relatively lower fluid pressure, 
the finger seal comprising: 
circumferentially extending first and semnd finger 

elements, 
wherein the first and second fmger elements each 

include a plurality of spaced mtegral fingers, wherein 

wherein the first and second finger elements are 
adjacently positioned so that the fingers of each 
block the gaps of the other, 

wherein the fingers of only the first finger element 
each include a lift pad extending therefium, 

wherein each lift pad is adapted to be arranged 
adjacent a rotating member, whereby at least a 
portion of each lift pad is operative to lift away 
from the rotating member upon at least one of 
sufficient rotational speed of the rotating member 
or hydrostatic pressure loading adjacent the lift 
Pad. 

25. The apparatus according to claim 24 wherein when the 
first finger element is positioned downstream of the second 
finger element, each lift pad extends in a downstream 
direction. 

the fingers define gaps tlm-ehetween, 
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26. An apparatus including: 
a finger seal adapted to be interposed between an 

upstream region of relatively high fluid pressure and a 
downstream region of relatively lower fluid pressure, 
wherein the finger seal comprising: 
a circumferentially extending downstream finger 

element, 
wherein the downstream finger element includes a 

plurality of spaced integral downstream fingers, 
?h!zCi?? *e  dO=.?~n_EtrPnm f;.?ZP- dCf;.2C a-r- "-nC 

therebetWtXl, 
wherein each downstream finger includes a lift 

pad extending therefrom, 
wherein each lift pad extends in a downstream 
direction, 
wherein each lift pad has an innermost 
diameter, 
wherein each lift pad has an outermost 
diameter, 
wherein each lift pad is adapted to be arranged 
adjacent a rotating member, whereby at least a 
portion of each lift pad is operative to lift away 
from the rotating member upon at least one of 
sufficient rotational speed of the rotating mem- 
ber or hydrostatic pressure loading adjacent the 

a circumferentially extending upstream finger element, 
wherein the upstream finger element includes a plu- 
rality of spaced integral upstream fingers, 
wherein the upstream fingers define gaps 

lift pad, 

therebetween, 
wherein the upstream and downstream finger 
elements are adjacently positioned so that the 
fingers of each block the gaps of the other, 

wherein each upstream finger is devoid of a lift 
Pa 

wherein each upstream finger has an innermost 
diameter, 
wherein each upstream finger innermost diam- 
eter is larger than each lift pad innennost 
diameter, 
Wherein each upstream finger innermost diam- 
eter is smaller than each lift pad outermost 
-, 

an upstream cover plate, a downstream cover plate, an 
upstream spacer, a downstream spacer, a seal dam, 
and a pressure balance cavity, 
wherein the pressure balance cavity is at least partly 
created by the downstream spacer, the down- 
stream cover plate, and the seal dam. 

* * * * *  


