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_ A turbofan gas turbine engine (10) comprises a compressor 
Correspondence Address‘ rotor (24) carrying a plurality of circumferentially spaced 
MANELLI DENISON & SELTER radially extending rotor blades (26) and a casing (28) sur 
2000 M STREET NW SUITE 700 rounding the compressor rotor (24) and compressor rotor 
WASHINGTON, DC 20036-3307 (US) blades (26). A compressor rotor blade tip seal (48) comprises 

an annular member (30) secured to and arranged Within the 
casing (28). The annular member (40) has a plurality of cir 

(21) Appl' N05 10/806,277 cumferentially spaced axially extending corrugations (32) 
and a plurality of radially spaced circumferentially extending 

- . _ corrugations (34). A lining (40) is secured to and arranged 
(22) F?ed' Mar 23’ 2004 Within the annular member (30). The lining (40) is spaced 

radially from the tips (27) of the compressor rotor blades (26) 
(30) Foreign Application Priority Data to form a clearance (29). An actuator (56) is provided to move 

the annular member (3 0) and lining (40) radially to control the 
Apr. 9, 2003 (GB) ................................. .. 03081478 siZe of the clearance (29). 
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SEAL 

[0001] The present invention relates to a seal, in particular 
the present invention relates to a seal for relatively moveable 
members for example to a rotor blade tip seal for a fan, a 
compressor or turbine of a gas turbine engine. 
[0002] The performance of axial ?oW compressors and/or 
axial ?oW turbines is limited by the clearance betWeen the 
blade tips and the casing. 
[0003] Conventionally an abradable lining is provided on 
the inner surface of the casing or onto the inner surface of a 
plurality of circumferentially arranged shroud segments. The 
abradable lining is Worn aWay during the initial engine run 
ning to produce a minimum clearance betWeen the blade tips 
and the casing or shroud segments. HoWever, at maximum 
poWer there is a maximum amount of Wear of the abradable 
lining and this leads to an increased clearance betWeen the 
blade tips and the casing or shroud segments at other operat 
ing conditions and hence there is a loss of ef?ciency at cruise 
conditions. 
[0004] Considerable effort has been made to minimise this 
effect, but it can only be minimised and not removed. 
[0005] Additionally there is a requirement for a seal around 
the Whole of the circumference of the casing, particularly for 
a compressor, Which is not possible With shroud segments due 
to the leakage ?oW betWeen the circumferentially adjacent 
shrouds. Also there is a requirement for very stiff casings to 
maintain their roundness to maintain a small clearance 
around the full circumference of the casing. 
[0006] Accordingly the present invention seeks to provide a 
novel blade tip seal Which reduces, preferably overcomes, the 
above-mentioned problems. 
[0007] Accordingly the present invention provides a seal 
betWeen a ?rst member and a second member, the ?rst and 
second members being relatively moveable, the second mem 
ber being spaced from the ?rst member, a third member being 
positioned betWeen the second member and the ?rst member, 
the third member being secured to the second member or the 
?rst member, the third member having at least one corruga 
tion in a direction betWeen the ?rst member and the second 
member and at least one corrugation in a direction transverse 
to the direction betWeen the ?rst member and the second 
member, a lining being secured to the third member, the lining 
being spaced from the ?rst member or the second member to 
form a seal. 

[0008] Preferably there are a plurality of corrugations 
spaced apart in the direction betWeen the ?rst member and the 
second member and a plurality of corrugations spaced apart in 
the direction transverse to the direction betWeen the ?rst 
member and the second member. 
[0009] The ?rst member may be a rotor and the second 
member is a stator. 

[0010] The third member may be an annular member 
arranged axially betWeen the rotor and the stator, the annular 
member being secured to the second member, the annular 
member having a plurality of circumferentially spaced radi 
ally extending corrugations and a plurality of axially spaced 
circumferentially extending corrugations, the lining being 
arranged axially betWeen the rotor and the annular member, 
the lining being secured to the annular member, the lining 
being spaced axially from the rotor to form a seal. 
[0011] The ?rst member may be a shaft and the second 
member is a stator, the third member is an annular member 
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secured to and arranged Within the stator, the annular member 
having a plurality of circumferentially spaced axially extend 
ing corrugations and a plurality of radially spaced circumfer 
entially extending corrugations, the lining being arranged 
radially betWeen the shaft and annular member, the lining 
being secured to the annular member, the lining being spaced 
radially from the shaft to form a seal. 

[0012] Preferably the ?rst member is a rotor carrying a 
plurality of circumferentially spaced radially extending rotor 
blades, the second member is a casing surrounding the rotor 
and rotor blades, the third member is an annular member 
being secured to and arranged Within the casing, the annular 
member having a plurality of circumferentially spaced axi 
ally extending corrugations and a plurality of radially spaced 
circumferentially extending corrugations, the lining being 
arranged radially betWeen the tips of the rotor blades and the 
annular member, the lining being secured to the annular mem 
ber, the lining being spaced radially from the tips of the rotor 
blades to form a seal. 

[0013] Preferably the third member is S-shaped in radial 
cross-section. The third member may be Z-shaped in radial 
cross-section. 

[0014] Preferably the third member is a resilient member. 
[0015] Preferably the third member is a thin structure. 

[0016] Preferably the third member comprises a metal 
sheet. 

[0017] Preferably the third member comprises steel, tita 
nium, a titanium alloy or a nickel alloy. 

[0018] Preferably the lining comprises felt metal, metal 
foam or a porous sintered metal. 

[0019] Preferably there are means to measure a clearance 
betWeen the lining and the ?rst member or the second member 
to produce a clearance signal indicative of the siZe of the 
clearance, there are processor means to determine if the clear 
ance signal is Within a predetermined range of clearances and 
there are means to adjust the clearance betWeen the lining and 
the ?rst member or second member if the processor means 
determines that the clearance signal is outside the predeter 
mined range of clearances. 

[0020] Preferably the means to measure the clearance com 
prises at least one capacitance sensor. 

[0021] Preferably the means to measure the clearance is 
arranged Within the lining. 
[0022] The means to adjust the clearance betWeen the blade 
tips and the lining may comprise at least one pieZoelectric 
actuator and at least one L-shaped member, the at least one 
L-shaped member acts on a radially inner portion of the 
annular member to move the portion of the annular member 
toWards or aWay from the blade tips. 

[0023] Preferably the at least one pieZoelectric actuator is 
outside the casing and the at least one L-shaped member 
extends through the casing. 
[0024] The means to adjust the clearance betWeen the blade 
tips and the lining may comprise a plurality of shape memory 
alloy Wires, each shape memory alloy Wire extends over a 
circumferential portion of the radially inner portion of the 
annular member and heating means to heat at least one of the 
shape memory alloy Wires to move at least a portion of the 
radially inner portion of the annular member toWards or aWay 
from the blade tips. 
[0025] The heating means may comprise a supply of elec 
trical poWer and sWitch means, the supply of electrical poWer 
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and the switch means being arranged to supply an electric 
current to the at least one shape memory alloy Wire to heat the 
Wire. 

[0026] The means to adjust the clearance betWeen the blade 
tips and the lining may comprise a supply of ?uid and valve 
means, the annular member being holloW, the valve means 
being arranged to alloW the supply of ?uid to the holloW 
annular member or to vent ?uid from the holloW annular 
member to move the radially inner portion of the annular 
member radially toWards or aWay from the blade tips. 
[0027] The means to measure the clearance may comprise 
a plurality of circumferentially spaced sensors, the means to 
adjust the clearance betWeen the blade tips and the lining 
comprises a plurality of circumferentially spaced actuators 
and the processor is arranged to actuate different circumfer 
ential portions independently or semi-independently to main 
tain a uniform clearance or other desired condition. 
[0028] Preferably the rotor is a fan rotor, a compressor rotor 
or a turbine rotor. 

[0029] Preferably the rotor is a gas turbine engine rotor. 
[0030] There may be a plurality of third members betWeen 
the ?rst member and the second member. 
[0031] The present invention Will be more fully described 
by Way of example With reference to the accompanying draW 
ings in Which: 
[0032] FIG. 1 shoWs a turbofan gas turbine engine compris 
ing a compressor rotor blade tip seal according to the present 
invention. 
[0033] FIG. 2 is an enlarged cross-sectional vieW of the 
compressor rotor blade tip seal shoWn in FIG. 1 in a plane 
containing the axis of the compressor. 
[0034] FIG. 3 is a perspective vieW of a portion of the 
compressor rotor blade tip seal shoWn in FIG. 2. 
[0035] FIG. 4 is an enlarged cross-sectional vieW of an 
alternative embodiment of the compressor rotor blade tip seal 
shoWn in FIG. 1 in a plane containing the axis of the com 
pressor. 
[0036] FIG. 5 is an enlarged cross-sectional vieW of a fur 
ther embodiment of the compressor rotorblade tip seal shoWn 
in FIG. 1 in a plane containing the axis of the compressor. 
[0037] FIG. 6 is an enlarged perspective vieW of another 
embodiment of the compressor rotor blade tip seal shoWn in 
FIG. 1. 
[0038] FIG. 7 is another enlarged cross-sectional vieW of a 
further embodiment of the compressor rotor blade tip seal 
shoWn in FIG. 1 in a plane containing the axis of the com 
pressor. 
[0039] FIG. 8 is a vieW in an axial direction of the compres 
sor rotor blade tip seal shoWn in FIG. 2 and shoWs a bending 
neutral axis. 
[0040] FIG. 9 is a cross-section in a plane containing the 
axis of the compressor at point A. 
[0041] FIG. 10 is a radial cross-section in a plane contain 
ing the axis of the compressor at point B. 
[0042] FIG. 11 is a further enlarged cross-sectional vieW of 
further embodiment of the compressor rotor blade tip seal 
shoWn on FIG. 1 in a plane containing the axis of the com 
pressor. 
[0043] A turbofan gas turbine engine 10, as shoWn in FIG. 
1, comprises in axial ?oW series an inlet 12, a fan section 14, 
a compressor section 16, a combustion section 18, a turbine 
section 20 and an exhaust 22. The turbine section 20 com 
prises one or more turbine rotors (not shoWn) arranged to 
drive one or more compressor rotors 24 (only one of Which is 
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shoWn) in the compressor section 16. The turbine section 20 
also comprises one or more turbine rotors (not shoWn) 
arranged to drive a fan rotor (not shoWn) in the fan section 14. 
[0044] The compressor section 16 comprises a compressor 
rotor 24, Which carries a plurality of axially spaced stages of 
compressor rotor blades 26. Each stage of compressor rotor 
blades 26 comprises a plurality of circumferentially spaced 
radially outWardly extending compressor rotor blades 26. The 
compressor rotor blades 26 may be secured to the compressor 
rotor 24 by dovetail, or ?rtree, shaped roots on the compressor 
rotor blades 26 Which locate in correspondingly shaped slots 
in the periphery of the compressor rotor 24. Alternatively the 
compressor rotor blades 26 may be secured to the compressor 
rotor 24 by Welding or bonding, e.g. friction Welding. The 
compressor rotor blades 26 may be formed integrally With the 
compressor rotor 24 by machining, e.g. milling etc. 
[0045] The compressor section 16 comprises a compressor 
casing 28 arranged coaxially With and surrounding the com 
pressor rotor 24 and all of the stages of compressor rotor 
blades 26. 
[0046] A compressor rotor blade tip seal 48, as shoWn more 
clearly in FIGS. 2 and 3, comprises a plurality of axially 
spaced annular members 30 secured to and arranged coaxi 
ally Within the compressor casing 28. The number of annular 
members 30 is the same as the number of stages of compres 
sor rotor blades 26 and each annular member 30 is arranged 
coaxially With and surrounding a corresponding one of the 
stages of compressor rotor blades 26. 
[0047] Each annular member 30 has a radially outer axially 
extending portion 32, a radially inner axially extending por 
tion 36 and an intermediate axially extending portion 34 
radially betWeen the radially outer axially extending portion 
32 and the radially inner axially extending portion 36. A bend 
portion 33 extends radially to connect the upstream end of the 
axially extending portion 32 and the up stream end of the 
axially extending portion 34. A bend portion 35 extends radi 
ally to connect the doWnstream end of the axially extending 
portion 34 and the doWnstream end of the axially extending 
portion 36. Each annular member 30 is thus generally 
S-shaped in cross-section in a radial plane containing the axis 
of the compressor and gas turbine engine 10. 
[0048] Each annular member 30 has a plurality of circum 
ferentially spaced corrugations 37 and a plurality of radially 
spaced corrugations 38. The corrugations 37 extend continu 
ously along the annular member 30 from the radially outer 
axially extending portion 32 to the radially inner axially 
extending portion 36. The corrugations 37 extend generally 
axially along the axially extending portions 32, 34 and 36 and 
extend generally radially along the bend portions 33 and 35. 
The circumferentially spaced corrugations 37 provide rela 
tively loW circumferential stiffness to the annular member 30 
to alloW hoop strain as the annular member 30 moves radially. 
The circumferentially spaced corrugations 37 have greater 
amplitude on the axially extending portions 32, 34 and 36 
than on the bend portions 33 and 35 to provide relatively high 
axial stiffness. The corrugations 38 extend continuously 
through the full circumference of the annular member 3 0. The 
corrugations 38 are formed by the bend portions 33 and 35 
connecting the axially extending portions 32, 34 and 36 and 
the corrugations 38 act as ?exural hinges to provide radial 
?exibility and circumferential strain. 
[0049] Each annular member 30 has a lining 40 secured to 
the radially inner axially extending portion 36 of the annular 
member 30 and the lining 40 is arranged coaxially Within the 
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annular member 30. The lining 40 of each annular member 30 
is spaced radially from the tips 27 of the corresponding stage 
of compressor rotor blades 26 to form a clearance or seal 29. 

[0050] The lining 40 is abradable and comprises felt metal, 
metal foam, a porous sintered metal or a non-metallic mate 
rial. The lining 40 may be manufactured from steel, titanium, 
titanium alloy or a nickel alloy. 
[0051] The annular member 30 comprises a thin Walled 
resilient member, e. g. a metal member. The annular member 
3 0 may be manufactured from steel, titanium, a titanium alloy 
or a nickel alloy. The annular member 30 may be manufac 
tured by any suitable method. Preferably the annular member 
30 is manufactured by electroforming. Firstly the annular 
lining 40 is formed and the lining 40 is impregnated With Wax 
to give the lining rigidity. The lining 40 is embedded in a 
block of Wax and the Wax block is computer numerically 
controlled (CNC) machined to produce the shape of the annu 
lar member and to expose the lining 40. A metal is then 
deposited onto the machined surface of the Wax block by 
electrical deposition process. This is a fast, accurate method 
and an intermetallic bond is formed betWeen the lining 40 and 
the annular member 30. 
[0052] The compressor section 16 also comprises a plural 
ity of pairs of Walls 42A and 42B, Which extend radially 
inWardly from the compressor casing 28 axially upstream and 
axially doWnstream of a corresponding one of the annular 
members 30. The Walls 42A and 42B are spaced axially from 
the axial up stream and doWnstream ends of the corresponding 
lining 40 by a small clearance. The radially inner ends 43B of 
the Walls 42B axially doWnstream of the annular members 30 
are secured to the radially inner ends 43A of the Walls 42A 
axially upstream of annular members 30 axially adjacent in a 
doWnstream direction by Walls 44. Each Wall 44 carries one of 
a plurality of stages of compressor stator vanes 46. Each stage 
of compressor stator vanes 46 comprises a plurality of cir 
cumferentially spaced radially inWardly extending compres 
sor stator vanes 46. 

[0053] The alternately arranged linings 40 and Walls 44 
together form a smooth outer surface for the air/ gas ?oW path 
through the compressor 16. 
[0054] In operation of the turbofan gas turbine engine 10 
the circumferential and radial corrugations 32 and 34 of the 
annular member 30 alloW su?icient circumferential strain to 
take up excessive tip clearance 29 as Well as radial strain in the 
annular member 30 betWeen high pressure gas doWnstream of 
the annular member 30 and loW pressure gas upstream of the 
annular member 30. The annular member 30 provides a pres 
sure balance effect, Which to a ?rst order removes the net 
radial force on the annular member 30 and lining 40, thus 
signi?cantly reducing the force required to move the annular 
member 30 and hence control the clearance 29. 
[0055] The embodiment of compressor rotor blade tip seal 
48B in FIG. 4 is substantially the same as that in FIGS. 2 and 
3 but additionally comprises a sensor 50 arranged Within the 
lining 40 to measure the clearance 29 betWeen the tips 27 of 
the compressor rotor blades 26 and the lining 40. The sensor 
50 preferably comprises a capacitance sensor, capacitance 
sensors are capable of operating up to 14000 C. and are very 
accurate and reliable. The sensor 50 is electrically connected 
to a processor unit 61 by an electrical Wire 51. A member 52 
extends radially from one axial end of the lining 40 toWards an 
aperture 54 in the compressor casing 28 to an actuator 56. The 
member 52 and lining 40 together form an L-shaped member 
to move the annular member 30 radially. The actuator 56 
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comprises a stack of pieZoelectric actuators 58 arranged in 
contact With a ?uid ?lled sealed belloWs ampli?er 60. The 
?uid ?lled sealed belloWs ampli?er 60 acts on the member 52 
to move the member 52 radially. The pieZoelectric actuator 58 
is positioned outside the compressor casing 28 at a position 
such that its temperature may be maintained beloW about 
150° C. The pieZoelectric actuator 58 is electrically con 
nected to the processor unit 61 by electrical cables 53 and 55. 
[0056] Preferably the annular member 30 is provided With 
a thin electrically insulating material and one or more thin 
electrically conducting tracks are provided on the insulating 
layer to form the electric cable 51 from the sensor 50 to the 
processor unit 61. The electrically conducting tracks simply 
?ex With the annular member 30 and provide a simple safe 
Way of connecting the sensor 50 and the processor unit 61 
Without the electric cable 61 being in a position Where it is 
susceptible to damage. 
[0057] In operation the sensor 50 measures the clearance 29 
betWeen the tips 27 of the compressor rotor blades 26 and the 
lining 40. The sensor 50 sends a signal indicative of the 
clearance to the processor unit 61. The processor unit 61 then 
sends electrical signals to the pieZoelectric actuator 56 to 
decrease, or increase, the thickness of the pieZoelectric actua 
tor 56 in order to expand, or contract, the ?uid ?lled sealed 
belloWs ampli?er 60, Which in turn moves the member 52 
radially outWardly, or inWardly. The radial movement of the 
member 53 adjusts the radial position of the annular member 
30 and lining 40 and hence controls the clearance 29. 
[0058] The embodiment of compressor rotor blade tip seal 
48C in FIG. 5 is similar to that shoWn in FIG. 4 but differs in 
that the actuator 56 comprises a ?exural ampli?ed pieZoelec 
tric actuator, Which comprises a stack of pieZoelectric actua 
tors 62 and a ?exural ampli?er 64. The ?exural ampli?er 64 
acts on the member 52, Which extends through the aperture 54 
in the compressor casing 28. 
[0059] The embodiment of compressor rotor blade tip seal 
48D in FIG. 6 comprises a plurality of shape memory alloy 
Wires 66 and each shape memory alloy Wire 66 extends over 
a circumferential portion of the radially inner limb 38 of the 
annular member 30. Each of the shape memory alloy Wires 66 
is connected to a supply of electricity 68 via a sWitch 70. The 
supply of electricity 68 and the sWitch 70 is arranged to 
supply an electric current to the shape memory alloy Wire 66 
to heat the shape memory alloy Wire 66. The processor unit 61 
supplies electrical signals to the supply of electricity 68 and 
the sWitches 70. The processor unit 61 sends signals to the 
supply of electricity 68 to adjust the siZe of the current and 
hence the heating effect in the shape memory alloy Wires 66. 
[0060] The processor unit 61 may send electrical signals to 
close all of the sWitches 70 to heat all of the shape memory 
alloy Wires 66 to move the full circumference of the radially 
inner portion 36 of the annular member 30 radially to adjust 
the clearance 29. 
[0061] Alternatively the processor unit 61 may supply elec 
trical signals to the supply of electricity 68 and to close one or 
more of the sWitches 70 to heat one or more of the shape 
memory alloy Wires 66 to move one or more circumferential 
portions of the radially inner portion 36 of the annular mem 
ber 30 radially to adjust the clearance 29 at one or more 
circumferential portions. 
[0062] The embodiment of compressor rotor blade tip seal 
48E in FIG. 7 comprises a supply of ?uid 72 and a valve 74. 
The annular member 30 is holloW and has a chamber 76. The 
processor unit 61 sends signals to the valve 74 and the valve 
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74 is arranged to allow the supply of ?uid from the supply of 
?uid 72 to the chamber 76 in the hollow annular member 30 
or to vent ?uid from the chamber 76 in the holloW annular 
member 30. The supply of ?uid into the chamber 76 moves 
the radially inner portion 36 of the annular member 30 radi 
ally inWardly to adjust the clearance 29 and the venting of 
?uid out of the chamber 76 moves the radially inner portion 
36 of the annular member 30 radially outWardly to adjust the 
clearance 29. The supply of ?uid 72 may be air from a suitable 
position in the compressor section 16 of the turbofan gas 
turbine engine 10. 
[0063] Other suitable actuation means may be used to move 
the annular member, for example a magneto strictive actuator 
may be used as an alternative in the embodiments in FIGS. 4 
and 5 . Another suitable actuation means is an electromagnetic 
actuator, such as at least one voice coil. A supply of hot ?uid 
may be used to heat the shape memory alloy Wires in FIG. 6 
as an alternative to the electrical heating. The supply of hot 
?uid may be air from a suitable position in the compressor 
section 16 of the turbofan gas turbine engine 10. 
[0064] Actuation of the annular member 30 may cause 
circumferential distortion of the lining 40 if the compressor 
casing 28 is not cylindrical, symmetrical. Cyclic variation of 
the bending neutral axis and second moment of area in the 
circumferential direction may be used to reduce, or minimise, 
this distortion. This effect may be achieved by many suitable 
means Well knoWn to those skilled in the art. 
[0065] One possibility is to vary the relative siZe of the 
corrugations in the intermediate portion 34 and the inner 
portion 36 at different circumferential directions as shoWn in 
FIGS. 8 to 10. FIG. 8 shoWs the position of the bending 
neutral axis X relative to the annular member 30 and FIGS. 9 
and 10 shoW different heights of the axially extending corru 
gations 37 betWeen the intermediate portion 34 and the inner 
portion 36 at each of the circumferentially spaced positions A 
and B, different heights of the axially extending corrugations 
37 of the intermediate portion 34 at the positions A and B and 
different heights of the axially extending corrugations 37 of 
the inner portion 36 at the positions A and B. 
[0066] Other suitable types of sensor may be used. 
[0067] The actuation means is preferably arranged such 
that it is failsafe in the event of a loss of poWer to the actuation 
means. 

[0068] The advantages of the present invention are that the 
annular member has high elastic displacement in a radial 
direction to alloW control of the clearance betWeen the tips of 
the rotor blades and the lining and this corrects for distortion 
of the casing and transient events such as hot reslam. The 
present invention also alloWs for changes in diameter of the 
rotor, due to centrifugal force and thermal groWth, relative to 
the casing. The corrugations of the annular member maintain 
local material strain loW enough to avoid fatigue problems. 
[0069] The circumferential corrugations of the annular 
member alloW the effective strain to be greater than the mate 
rial elastic limit and this alloWs continuity of sealing and 
eliminating the need for segmentation of the seal and the use 
of secondary sealing. 
[0070] The radial continuity of the annular member pre 
vents alternative leakage paths from high to loW pressure 
regions eliminating the need for rubbing seals. 
[0071] The annular member provides a pressure balanced 
design and enables minimum force actuation, it is calculated 
that a SOON force around the circumference is required to 
provide a 2 mm radial movement for a annular member hav 
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ing axially extending portions With a length of 40 mm, cir 
cumferentially spaced axially extending corrugations With an 
amplitude of 1.2 mm. 
[0072] The axial, radial and circumferential stiffness of the 
annular member may be adjusted and/ or optimised by varying 
the height of the axially extending circumferential spaced 
corrugations 37, the spatial frequency of the axially extending 
circumferentially spaced corrugations 37 and the thickness of 
the annular member 30. 
[0073] The annular member has loW mass and alloWs rapid 
response and offers improved compressor handling by con 
trolled leakage through the clearance betWeen the tips of the 
blades and the lining. 
[0074] Although the present invention has been described 
With reference to all of the stages of compressor rotor blades 
having a compressor rotor blade tip seal it is equally appli 
cable if one or more of the stages of the compressor rotor 
blades has a compressor rotor blade tip seal. 
[0075] Although the present invention has been described 
With reference to an annular member having an S-shaped 
radial cross-section, Z-shaped radial cross-sections, 
W-shaped radial cross-section and other suitable radial cross 
sections are possible as long as there are a number of radially 
spaced circumferentially extending corrugations. 
[0076] Although the present invention has been described 
With reference to a single annular member secured to, and 
supporting, the lining it may be possible to provide a plurality 
of annular members 30 secured to, and supporting, the lining 
40. For example if tWo annular members 30 are provided they 
may be arranged symmetrically around a planeY perpendicu 
lar to the compressor axis, as shoWn in FIG. 11. 
[0077] Although the present invention has been described 
With reference to a compressor rotor blade tip seal the present 
invention is equally applicable to a turbine rotor blade tip seal 
or a fan rotor blade tip seal. 
[0078] Although the present invention has been described 
With reference to a rotor blade tip seal the present invention is 
generally applicable to a seal betWeen relatively rotating parts 
or to a seal betWeen relatively moving parts. The seal for 
example may be used betWeen a rotating part, shaft/ rotor, and 
a static part, and the seal may be used betWeen a reciprocating 
part, shaft/piston, and a static part With cylindrical, rectangu 
lar or polygonal surfaces etc. 
[0079] The seal may be betWeen a shaft and a stator, the 
annular member being secured to and arranged Within the 
stator. The annular member having a plurality of circumfer 
entially spaced generally axially and radially extending cor 
rugations and a plurality of radially spaced circumferentially 
extending corrugations. The lining being arranged radially 
betWeen the shaft and annular member, the lining being 
secured to the annular member and the lining being spaced 
radially from the shaft to form a seal. 
[0080] The seal may be betWeen a rotor and a stator, the 
annular member arranged axially betWeen the rotor and the 
stator, the annular member being secured to the second mem 
ber. The annular member having a plurality of circumferen 
tially spaced generally radially and axially extending corru 
gations and a plurality of axially spaced circumferentially 
extending corrugations. The lining being arranged axially 
betWeen the rotor and the annular member, the lining being 
secured to the annular member and the lining being spaced 
axially from the rotor to form a seal. 

[0081] It is possible to arrange all the embodiments 
described such that the means to measure the clearance com 
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prises a plurality of circumferentially spaced sensors, the 
means to adjust the clearance betWeen the blade tips and the 
lining comprises a plurality of circumferentially spaced 
actuators and the processor is arranged to cause the means to 
adjust the clearance to actuate different circumferential por 
tions of the annular member independently, or semi-indepen 
dently, to maintain a uniform clearance or other desired con 
dition. 
[0082] In general the present invention provides a seal 
betWeen a ?rst member and a second member, the ?rst and 
second members being relatively moveable, the second mem 
ber being spaced from the ?rst member, a third member being 
positioned betWeen the second member and the ?rst member, 
the third member being secured to the second member or the 
?rst member, the third member having at least one corruga 
tion in a direction betWeen the ?rst member and the second 
member and at least one corrugation in a direction transverse 
to the direction betWeen the ?rst member and the second 
member, a lining being secured to the third member, the lining 
being spaced from the ?rst member or the second member to 
form a seal. There are a plurality of corrugations spaced apart 
in the direction betWeen the ?rst member and the second 
member and a plurality of corrugations spaced apart in the 
direction transverse to the direction betWeen the ?rst member 
and the second member. 
[0083] Although the present invention has been described 
With reference to, or in particular shoWs, a corrugated third 
member With sinusoidal corrugations or smoothly curved 
corrugations in cross-section the third member may have 
triangular, rectangular, square, polygonal or other suitable 
shapes in cross-section. 
[0084] Although the present invention has been described 
With reference to a corrugated third member betWeen rela 
tively moveable members for example relatively rotating 
members or relatively reciprocating members, the present 
invention is also applicable to a corrugated third member 
betWeen static members in Which there is relative movement 
due to differential thermal expansion/ contraction and/ or pres 
sure changes etc such that the corrugated third member com 
pensates for these changes in dimensions of the static mem 
bers Which vary the clearance betWeen the static members. 
This may be used for example betWeen tWo duct members. 

1. A seal betWeen a ?rst member and a second member, the 
?rst and second members being relatively moveable, the sec 
ond member being spaced from the ?rst member, a third 
member being positioned betWeen the second member and 
the ?rst member, the third member being secured to the sec 
ond member or the ?rst member, the third member having at 
least one corrugation in a direction betWeen the ?rst member 
and the second member and at least one corrugation in a 
direction transverse to the direction betWeen the ?rst member 
and the second member, a lining being secured to the third 
member, the lining being spaced from the ?rst member or the 
second member to form a seal. 

2. A seal as claimed in claim 1 Wherein there are a plurality 
of corrugations spaced apart in the direction betWeen the ?rst 
member and the second member and a plurality of corruga 
tions spaced apart in the direction transverse to the direction 
betWeen the ?rst member and the second member. 

3. A seal as claimed in claim 2 Wherein the ?rst member is 
a rotor and the second member is a stator. 

4. A seal as claimed in claim 3 Wherein the third member is 
an annular member arranged axially betWeen the rotor and the 
stator, the annular member being secured to the second mem 
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ber, the annular member having a plurality of circumferen 
tially spaced radially extending corrugations and a plurality 
of axially spaced circumferentially extending corrugations, 
the lining being arranged axially betWeen the rotor and the 
annular member, the lining being secured to the annular mem 
ber, the lining being spaced axially from the rotor to form a 
seal. 

5. A seal as claimed in claim 3 Wherein the ?rst member is 
a shaft and the second member is a stator, the third member is 
an annular member secured to and arranged Within the stator, 
the annular member having a plurality of circumferentially 
spaced axially extending corrugations and a plurality of radi 
ally spaced circumferentially extending corrugations, the lin 
ing being arranged radially betWeen the shaft and annular 
member, the lining being secured to the annular member, the 
lining being spaced radially from the shaft to form a seal. 

6. A seal as claimed in claim 3 Wherein the ?rst member is 
a rotor carrying a plurality of circumferentially spaced radi 
ally extending rotor blades, the second member is a casing 
surrounding the rotor and rotor blades, the third member is an 
annular member being secured to and arranged Within the 
casing, the annular member having a plurality of circumfer 
entially spaced axially extending corrugations and a plurality 
of radially spaced circumferentially extending corrugations, 
the lining being arranged radially betWeen the tips of the rotor 
blades and the annular member, the lining being secured to 
the annular member, the lining being spaced radially from the 
tips of the rotor blades to form a seal. 

7. A seal as claimed in claim 2 Wherein the third member is 
S-shaped in radial cross-section. 

8. A seal as claimed in claim 2 Wherein the third member is 
Z-shaped in radial cross-section. 

9. A seal as claimed in claim 1 Wherein the third member is 
a resilient member. 

10. A seal as claimed in claim 1 Wherein the third member 
is a thin structure. 

11. A seal as claimed in claim 1 Wherein the third member 
comprises a metal sheet. 

12. A seal as claimed in claim 1 Wherein the third member 
comprises steel, titanium, a titanium alloy or a nickel alloy. 

13. A seal as claimed in claim 1 Wherein the lining com 
prises felt metal, metal foam or a porous sintered metal. 

14. A seal as claimed in claim 1 Wherein there are means to 
measure a clearance betWeen the lining and the ?rst member 
or the second member to produce a clearance signal indicative 
of the siZe of the clearance, there are processor means to 
determine if the clearance signal is Within a predetermined 
range of clearances and there are means to adjust the clear 
ance betWeen the lining and the ?rst member or second mem 
ber if the processor means determines that the clearance sig 
nal is outside the predetermined range of clearances. 

15. A seal as claimed in claim 14 Wherein the means to 
measure the clearance comprises at least one capacitance 
sensor. 

16. A seal as claimed in claim 14 Wherein the means to 
measure the clearance is arranged Within the lining. 

17. A seal betWeen a ?rst member and a second member, 
the ?rst and second members being relatively moveable, the 
second member being spaced from the ?rst member, a third 
member being positioned betWeen the second member and 
the ?rst member, the third member being secured to one of the 
second member and the ?rst member, the third member hav 
ing at least one corrugation extending in a direction betWeen 
the ?rst member and the second member and at least one 
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corrugation extending in a direction transverse to the direc 
tion betWeen the ?rst member and the second member, a 
lining being secured to the third member, the lining being 
spaced from the ?rst member or the second member to form 
a seal Wherein there are means to measure a clearance 

betWeen the lining and one of the ?rst member and the second 
member to produce a clearance signal indicative of the siZe of 
the clearance, processor means being provided to determine if 
the clearance signal is Within a predetermined range of clear 
ances and adjusting means being provided to adjust the clear 
ance betWeen the lining and one of the ?rst member and 
second member if the processor means determines that the 
clearance signal is outside the Predeterrnined range of clear 
ances Wherein the adjusting means to adjust the clearance 
betWeen the blade tips and the lining comprises at least one 
pieZoelectric actuator and at least one L-shaped member, the 
at least one L-shaped member acting on a radially inner 
portion of the annular member to move the portion of the 
annular member toWards or aWay from the blade tips. 

18. A seal as claimed in claim 17 Wherein the at least one 
pieZoelectric actuator is outside the casing and the at least one 
L-shaped member extends through the casing. 

19. A seal as claimed in claim 14 When dependent upon 
claim 6 Wherein the means to adjust the clearance betWeen the 
blade tips and the lining comprises a plurality of shape 
memory alloy Wires, each shape memory alloy Wire extends 
over a circumferential portion of the radially inner portion of 
the annular member and heating means to heat at least one of 
the shape memory alloy Wires to move at least a portion of the 
radially inner portion of the annular member toWards or aWay 
from the blade tips. 
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20. A seal as claimed in claim 19 Wherein the heating 
means comprises a supply of electrical poWer and sWitch 
means, the supply of electrical poWer and the sWitch means 
being arranged to supply an electric current to the at least one 
shape memory alloy Wire to heat the Wire. 

21. A seal as claimed in claim 14 When dependent upon 
claim 6 Wherein the means to adjust the clearance betWeen the 
blade tips and the lining comprises a supply of ?uid and valve 
means, the annular member being holloW, the valve means 
being arranged to alloW the supply of ?uid to the holloW 
annular member or to vent ?uid from the holloW annular 
member to move the radially inner portion of the annular 
member radially toWards or aWay from the blade tips. 

22. A seal as claimed in claim 17 Wherein the means to 
measure the clearance comprises a plurality of circumferen 
tially spaced sensors, the means to adjust the clearance 
betWeen the blade tips and the lining comprises a plurality of 
circumferentially spaced actuators and the processor is 
arranged to actuate different circumferential portions inde 
pendently or semi-independently to maintain a uniform clear 
ance or other desired condition. 

23. A seal as claimed in claim 6 Wherein the rotor is a fan 
rotor, a compressor rotor or a turbine rotor. 

24. A seal as claimed in claim 6 Wherein the rotor is a gas 
turbine engine rotor. 

25. A seal as claimed in claim 1 Wherein there are a plural 
ity of third members betWeen the ?rst member and the second 
member. 


