
VACUUM PUMP This invention relates to a vacuum pump. Vacuum pumps typically
comprise an impeller in the form of a rotor mounted on a shaft for rotation
relative to a surrounding stator. The shaft is supported by a bearing
arrangement comprising two bearings located at or intermediate respective
ends of the shaft. One or both of these bearings may be in the form of
rolling bearings. Usually, the upper bearing is in the form of a magnetic
bearing, and the lower bearing is in the form of a rolling bearing. As
illustrated in Figure 1, a typical rolling bearing 10 comprises an inner
race 12 fixed relative to shaft 14 of the pump, an outer race 16, and a
plurality of rolling elements 18, supported by a cage 20, for allowing
relative rotation of the inner race 12 and the outer race 16. The rolling
bearing 10 is lubricated to establish a load-carrying film separating the
bearing components in rolling and sliding contact in order to minimize
friction and wear, and shield elements 22 are provided to resist seepage of
lubricant out of the rolling bearing 10. A mounting arrangement for
supporting the rolling bearing 10 within the pump comprises a radial
elastomeric damping ring 24 positioned radially between the outer race 16
and a housing portion 26 for damping radial movement of the outer race 16,
and an axial elastomeric damping ring 28 positioned between an end face of
the outer race 16 and the housing portion 26 for damping axial movement of
the outer race 16. : There are a number of problems associated with use of
radial and axial elastomeric damping rings 24, 28 for attenuating
vibrations within a vacuum pump.Firstly, complex damping ring locations are
also required for dynamic stability. A thin axial damping ring is required
for beneficial axial to radial stiffness 



contribution, and precise location of a thin axial ring requires complex
machining to ensure dynamic stability. Radial damping rings require full
grooves for reliable axial location. These grooves have tight tolerances,
requiring difficult and expensive machining, and can be difficult to clean,
leading to contamination and premature bearing failure. Secondly, good
vibration isolation of a turbomolecular pump requires the mounting
arrangement for the lower rolling bearing 10 to have a low radial
stiffness. The overall radial stiffness of the mounting arrangement
described above is the sum of the stiffness of the radial damping ring 24,
and a further stiffness relating to shear deformation of the axial damping
ring 28. However, > the minimum hardness of elastomeric material restricts
the minimum radial stiffness attainable using radial and axial elastomeric
damping rings. Furthermore, over a period of time elastomeric material
suffers from creep and stress relaxation under load. Elastomeric material
also softens due to interaction with any lubricant discharged from the
bearing. Softening of the axial damping ring increases the shear modulus of
that damping ring and thus the effective radial stiffness of the mounting
arrangement for the lower bearing, thereby undesirably increasing the
vibration transmission to the pump housing with time. The stiffness
characteristics of elastomeric material are highly non-linear, and change
markedly with time, temperature and interaction with lubricant, and so
there is currently no accurate analytical model for predicting the
stiffness and damping characteristics of the damping rings during use. In
addition, it is normal practice to carry out low-speed coarse balancing of
the pump using a "slave" rolling bearing fitted to the rotor, so that the
"final" rolling 



bearing that will be used during normal use of the pump is not subjected to
excessive loads during balancing. When the final bearing is
subsequentlyfitted to the rotor, there is however a degree of imbalance due
to the differences in fit and raceway run out between the slave and final
bearings. Consequently, high speed balancing must then be performed when
the final bearing is fitted to the rotor. Since the stiffness
characteristics of elastomeric material change with time, temperature and
interaction with the bearing lubricant, the dynamic properties of the pump
change during balancing, which leads to an increase in the duration of the
balancing process to accommodate the variation with time of the mechanical
properties of the mounting arrangement. It is an aim of at least the
preferred embodiments of the present invention to seek to solve these and
other problems. The present invention provides a vacuum pump, preferably a
turbomolecular vacuum pump, comprising a housing and a rotor supported by a
bearing arrangement for rotation relative to the housing, the bearing
arrangement comprising a bearing supported in both radial and axial
directions by a resilient support comprising inner and outer annular
portions connected by a plurality of flexible members. The radial and axial
elastomeric sealing rings of the prior art are thus replaced by a single
resilient support. As only a single resilient support is required instead
of, as in the prior art, two separate damping rings, costs can be
significantly reduced. Location features for the resilient support can be
much simplified, and thus less expensive to machine. For example, no full
groove may be provided for mounting of the resilient support. In comparison
to the installation of two separate damping rings, installation of the
single resilient 



support is relatively straightforward. The flexible of the resilient
support may be readily designed, for example using finite element analysis,
to have predetermined flexure characteristics adapted to the vibrational
characteristics of the rotor. The resilient supportcan thus be designed
with a very low radial stiffness, in the range from 50 to 500 N/mm,
preferably around 200 N/mm, to meet the required rotor dynamics of the
vacuum pump. As the axial damping ring of the prior art is eliminated,
there is no contribution from such a member to the overall radial
stiffness, and so the total radial stiffness can be very low. In view of
this, acceptable levels of transmitted imbalance vibration may be achieved,
irrespective of the imbalance resulting from the differences of fit and
raceway run-out of "slave" and "final" bearings. As a result, no high speed
balancing may be required. Each of the flexible members is preferably an
elongate, arcuate member substantially concentric with the inner and outer
annular portions. In the preferred embodiment, these members are
circumferentially aligned. The flexible members of the resilient support
can thus provide integral leaf springs of the resilient support, and hence
determine the radial stiffness of the resilient support. The resilient
support may be conveniently formed from a metallic material, such as
tempered steel, aluminium, titanium, phosphor bronze, beryllium copper, an
alloy of aluminium and an alloy of titanium. In this case, the stiffness of
the resilient support is dependent on the geometry of the leaf springs, and
not on temperature. At relative low radial stiffness, there will be no
significant creep, stress relaxation or lubricant interaction effects that
will change the radial stiffness of the resilient support with time. The
resilient support preferably comprises a plurality of slots defining said 



flexible members. In one preferred embodiment, means are provided for
supplying lubricant or other fluid to the slots to provide load-bearing
damping films. During use of the pump, the bearings are subjected to
vibrations brought about by certain imbalances in the rotor. During these
vibrations, the hydraulic damping films provided by the presence of the
lubricant within the slots of the resilient support are compressed at a
certain angular location, and the vibrations drive this point of
compression about the resilient support. Thepresence of lubricant
maintained under pressure within the slots has the effect of damping the
vibrations, thereby attenuating the transfer of the vibrations to the
housing of the vacuum pump. The fluid supply means may comprise a fluid
reservoir located on the resilient support and in fluid communication with
the slots. For example, the reservoir may comprise an annular groove formed
in an end surface of the resilient support, from which fluid is supplied to
the slots. A second fluid reservoir may also be provided by another annular
groove formed in the opposite end surface of the resilient support and in
fluid communication with the slots. In one embodiment, the two reservoirs
are sealed so as to retain a fixed amount of fluid within the resilient
support. This can enable the pump to be utilised in any convenient
orientation without the loss of lubricant from the resilient support. In
another embodiment, a fluid pump is provided for supplying fluid from a
source thereof. The pump may utilise the lubricant source used to provide
lubricant to the bearing during use of the pump. For example, in order to
supply lubricant to the bearing, means may be provided for supplying a
lubricant to the rotor from a source thereof, with means provided on the
rotor for conveying the lubricant to the bearing with rotation of the
rotor. In one 



preferred embodiment, a felt wick feeds lubricant to the rotor. A conical
surface having a diameter increasing towards the bearing is provided on the
rotor, for example, by a conical nut or by an integral surface of the
rotor. With rotation of the rotor, the lubricant travels along the conical
surface, and at the end of thus surface is flung into the bearing. Means
are then provided for supplying the lubricant discharged from the bearing
to the slots of the resilient support. For example, the bearing and
resilient support may be located within a cartridge attached to the
housing, the cartridge at least partially defining an annular cavity for
receiving the lubricant discharged from the bearing and from which the
discharged lubricant is supplied under gravity to the slots of the
resilient support.As no separate lubricant source or supply is required for
the resilient support, costs are minimised. Furthermore, such a lubricant
supply system delivers lubricant at a flow rate f, where is proportional to
1/w2, where w is the rotational speed of the rotor. As a result, the rate
of supply of the lubricant to the slots will be relatively high during the
initial running-up of the rotor to maximum rotational speed, and the
subsequent running-down of the rotor from maximum rotational speed. By
suitable design of the slots within the resilient support, it is possible
to arrange that the damping films are fully charged with lubricant during
run-up and run-down, so that maximum damping is provided to control
"critical speeds", that is, speeds associated with very high vibration,
during run-up and run-down. In another embodiment, at least one elastomeric
damping member is located between the inner and outer annular portions of
the resilient support. For example, one damping member may be configured to
provide damping of radial vibrations, and another damping member may be
configured to provide 



damping of axial vibrations. Each damping member may comprise an
elastomeric ring located within an annular groove formed in a respective
end surface of the resilient support. As no lubricant is then required to
produce damping films for damping vibrations, the pump can again be
utilised in any convenient orientation without the loss of lubricant from
the resilient support. Means may be provided for axially locating the
bearing and the resilient support within the housing. It is advantageous to
allow the bearing some radial movement in order to reduce the transfer of
vibration from the pump rotor to the pump housing, caused by residual
imbalance. As the resilient support may have very low stiffness, when there
is high imbalance there may be a relatively large rotor and bearing
displacement. To avoid contact between the rotor and the stationary parts
of the pump, in particular between the blades of the rotor and the stator
of the pump, the axially locating means may conveniently provide a radial
stop surface for limiting the maximumallowable radial displacement of the
rotor and the bearing. Where lubricant is supplied to the resilient
support, means may be provided for conveying lubricant from the slots of
the resilient support to a clearance between an axially extending outer
surface of the outer race and the radial stop surface. The clearance
between the outer race and the radial stop surface can thus form a damping
film for damping vibrations of the bearing. Where an axial damping ring is
mounted in the resilient support, the axial resilient support may be
compressed by the axially locating means to provide axial damping.
Preferred features of the present invention will now be described, by way
of example only, with reference to the accompanying drawings, in which:
Figure 1 illustrates a cross-sectional view of a known rolling bearing; 



Figure 2 illustrates a cross-sectional view of a turbomolecular vacuum
pump: Figure 3 illustrates a close-up of part of the vacuum pump of Figure
2 illustrating a cross-sectional view of a rolling bearing supported by a
first embodiment of a resilient support; Figure 4 is a perspective view of
the resilient support of the vacuum pump of Figure 2; Figure 5 illustrates
the supply of lubricant to the resilient support of the vacuum pump of
Figure 2; Figure 6 illustrates a cross-sectional view of a rolling bearing
supported by a second embodiment of a resilient support; andFigure 7
illustrates a cross-sectional view of a rolling bearing supported by a
third embodiment of a resilient support. Figure 2 shows a cross-section of
a vacuum pump 50 comprising a pumping arrangement driven by a shaft 52. The
illustrated vacuum pump is a turbomolecular vacuum pump comprising a
turbomolecular pumping mechanism 54 and a molecular drag pumping mechanism
56. The turbomolecular pumping mechanism comprises a plurality of rotor
blades 58 mounted on, or integral with, the shaft 52. The molecular drag
pumping mechanism 56 is in the form of a Holweck pumping mechanism, and
comprises one more cylinders 60 mounted on the shaft 52. The shaft is
rotated by a motor 62 to drive the pumping arrangement. The shaft 52 is
supported by a bearing arrangement comprising two bearings which may be
positioned either at respective ends of the shaft as shown or alternatively
intermediate the ends. In Figure 2, a rolling bearing 64 supports a first
portion of the shaft 52 and a magnetic bearing 66 supports a second portion
of the shaft 52. A second rolling bearing may be used as an 



alternative to the magnetic bearing 66. When a magnetic bearing is used, a
back-up rolling bearing 68 may optionally be provided. With reference also
to Figure 3, the rolling bearing 64 is provided between the second end
portion of the shaft 52 and a housing portion 70 of the pump 50. The
rolling bearing 64 comprises an inner race 72 fixed relative to the shaft
52, an outer race 74, and a plurality of rolling elements 76, supported by
a cage 78, for allowing relative rotation of the inner race 72 and the
outer race 74. As discussed in more detail below, the rolling bearing 64 is
lubricated using a lubricant such as oil to establish a load-carrying film
separating the bearing components in rolling and sliding contact in order
to minimize friction and wear.In order to provide damping of vibrations of
the shaft 52 and bearing 64 during use of the pump 50, a resilient support
80 is provided for supporting the bearing 64 in both radial and axial
directions relative to the housing 70. As illustrated in Figure 4, the
resilient support 80 comprises a plurality of slots 82 that define a
plurality of integral flexible members 84 of the resilient support 80. Each
flexible member 84 is located between an inner annular portion 86 of the
resilient support 80 and an outer annular portion 88 of the resilient
support 80. Each flexible member 84 is connected by a first resilient hinge
90 to the inner portion 86, and by a second resilient hinge 92 to the outer
portion 88. Each flexible member 84 is in the form of an elongate, arcuate
member substantially concentric with the inner and outer annular portions
86, 88, and, as illustrated in Figure 4 , are preferably circumferentially
aligned. The flexible members 84 of the resilient support 80 thus provide
integral leaf springs 84 of the resilient support 80, each leaf spring 84
being associated with one slot 82 



located adjacent an inner circumferential surface thereof, and another slot
82 located adjacent an outer circumferential surface thereof. The inner
portion 86 has an inner, axially extending cylindrical surface 94 engaging
the outer surface of the outer race 74 of the rolling bearing 64. As
illustrated in Figures 3 and 5, the inner portion 86 also has a radially
inward extending shoulder portion 96 located towards the upper (as
illustrated) end surface 98 thereof for engaging the upper surface of the
outer race 74 of the rolling bearing 64 for axially supporting the bearing
64. A cartridge 100 is provided for retaining the resilient support 80
relative to the housing 70. The cartridge 100 has an axially extending wall
102 having an inner surface 104 engaging an outer, axially extending
cylindrical surface 106 of the outer portion 88 of the resilient support
80. The cartridge 100 also has a radially inward extending wall 108 having
a lower (as illustrated) wall engaging the upper end surface 98 of the
resilient support 80, so that theresilient support 80 is supported in both
radial and axial directions by the cartridge 100. A bearing nut 110 is
attached to the inner surface 104 of the cartridge 100 by means of
mutually-engaging screw threads such that an upper (as illustrated) end
surface of the bearing nut 110 engages the lower end surface 112 of the
resilient support 80 to retain the resilient support 80 within the
cartridge 100, and to preferably axially pre-load the resilient support 80.
As illustrated in Figure 5, the bearing nut 110 has an inner axially
extending surface 114 spaced from the outer surface of the outer race 74 of
the bearing 64 by axially extending clearance 116 to provide a radial end
stop surface for limiting radial movement of the rotor 52 and bearing 64.
The bearing nut 108 also has a radially inward extending portion 118 having
an upper (as illustrated) surface 



120 spaced from the lower end surface of the outer race 74 of the bearing
to provide an axial end stop surface for limiting axial movement of the
rotor 52 and bearing 64. Returning to Figure 3, the cartridge 100 is
attached to the housing 70 by means of bolts 122 thereby to secure the
resilient support 80 relative to the housing 70. The resilient support 80
is preferably formed from metallic material, such as aluminium or an alloy
thereof, tempered steel, beryllium copper, phosphor bronze, titanium or an
alloy thereof, or other metallic alloy. The stiffness of the resilient
support 80 is determined by the geometry of the slots 82, and thus the
geometry of the leaf springs 84, and can be accurately estimated using
finite element analysis. We have found that the resilient support 80 can be
readily designed to have a relatively low radial stiffness in the range
from 50 to 500 N/mm, for example around 200N/mm, for inhibiting the
transmission of vibrations from the rotor 52 to the housing 70.In this
embodiment, the pump 50 includes, a lubricant supply system for supplying
lubricant or other fluid to both the rolling bearing 64 and to the slots 82
of the resilient support 80 to form damping films within the slots 82 for
damping vibrations of the rotor 52 during use of the pump 50. The lubricant
supply system comprises a centrifugal pump including one or more wicks 124
for supplying lubricant from a lubricant reservoir of the pump 50 to the
tapered surface 126 of a conical nut 128 located on one end of the rotor
52. With rotation of the rotor 52, the lubricant travels along the tapered
surface 126, into the lower (as illustrated) end of the bearing 64, and is
subsequently discharged from the upper end of the bearing 64. An annular
groove 132 is formed in the radially extending wall 108 of the cartridge
100 for deflecting 



lubricant discharged from the bearing 64 towards the resilient support 80
so that the lubricant is fed under gravity into the slots 82 of the
resilient support 80. As illustrated in Figure 5, an annular groove 134 is
formed in the upper end surface 98 of the resilient support 80 to provide a
reservoir for receiving lubricant from the groove 132 in the cartridge 100
and feeding lubricant into the slots 82. The lubricant generates
load-bearing damping films adjacent the inner and outer circumferential
surfaces of the leaf springs 84. With vibration of the rotor 52, the
damping films are compressed; generating hydrodynamic pressure. The
presence of lubricant maintained under pressure within the slots has the
effect of damping the vibrations, thereby attenuating the transfer of the
vibrations to the housing of the vacuum pump. The degree of the damping
achieved by the damping films depends, inter alia, on the geometry of the
slots 82 formed in resilient support 80. When the radial width of the slots
82 is relatively large, the formation of the slots 82 in the cylindrical
member 80 is simplified but the damping of vibrations by the lubricant
therein is relatively low. When the slots 82 are relatively wide, an
additional damping film can be provided by the supply of lubricant to the
clearance 116 between the outer surface of the outer race 74 and the inner
axially extending surface 114 of the bearing nut 110. As illustrated in
Figure 5 , this may be achieved by forming another annular groove 136 in
the lowerend surface 112 of the resilient support 80 for receiving
lubricant discharged from the lower ends of the slots 82 and conveying the
lubricant to the clearance 116. The lubricant passing through the clearance
116 forms a further damping film for damping vibrations of the rotor 52.
The lubricant discharged from the clearance 116 is returned to the oil
reservoir of the pump 50 for subsequent return to the bearing 64. 



Due to the feeding of lubricant from the annular groove 132 of the
cartridge 100 to the slots 82 under gravity, the lubricant supply system
described above is suitable for supplying lubricant to the slots 82 of the
resilient support 80 when the pump 50 is arranged in an upright position as
illustrated in Figure 2, that is, gas inlet 138 of the pump 50 located
above the gas outlet 140 from the pump 50, and with the longitudinal axis
142 of the pump 50 extending substantially vertically. In the second
embodiment illustrated in Figure 6, the lubricant is supplied to the slots
82 of the resilient support 80 separately from the supply of lubricant to
the bearing, and in such a manner that the pump 50 can be operated in any
orientation. In this embodiment, a similar lubricant supply system may be
used to supply lubricant to the bearing 64, and shield elements 144 may be
provided to resist seepage of lubricant from the bearing 64. The shield may
be a separate component, held in place by a spring clip or other fastener,
or may be an integral part of the outer race 74. Alternatively, the bearing
64 may be lubricated using grease (a mixture of oil and a thickening
agent). In order to supply lubricant to the slots 82 of the resilient
support 80, the annular grooves 134, 136 formed in the end surfaces of the
resilient support 80 are used to provide lubricant reservoirs, each of
which is at least partially filled with lubricant and sealed with a
respective annular sealing element 146, 148 adhered or otherwise mounted on
the end surfaces of the resilient support 80 to retain the lubricant within
the slots and the reservoirs. By only partially filling one of the
reservoirs, the lubricant can circulate between the slots 82 of the
resilient support 80 when radial squeezing of the lubricant occurs during
use of the pump 50.In the third embodiment illustrated in Figure 7, no
lubricant is supplied to the.., slots 82 to damp vibrations. In this
embodiment, first and second elastomeric 



damping rings 150, 152 are each located in a respective one of the annular
grooves 134, 136 formed in the end surfaces of the resilient support 80.
The damping rings 150, 152 are designed to have a relatively loose radial
fit within the grooves 134, 136, and the second damping ring 152 is axially
compressed by the bearing nut 110. Relatively large radial displacements of
the rotor 52 and bearing 64 during use of the pump 50, for example, due to
a relatively high imbalance or when running at or around critical speeds,
causes the damping rings 150, 152 to be radially compressed, resulting in
radial damping of the vibrations. When the vibrations are relatively small,
little radial damping is produced by the damping rings 150, 152, and so
there is little transmission of the vibrations to the cartridge 100 and
therefore to the housing 70. Due to the compression of the second damping
ring 152, the second damping ring 152 damps axial vibrations of the bearing
64. Without relying on lubricant to damp vibrations, the pump 50 can again
be operated in any orientation.CLAIMS 1. A vacuum pump comprising a housing
and a rotor supported by a bearing arrangement for rotation relative to the
housing, the bearing arrangement comprising a bearing supported in both
radial and axial directions by a resilient support comprising inner and
outer annular portions connected by a plurality of flexible members, the
resilient support having a radial stiffness in the range from 50 to 500
N/mm. 2. A vacuum pump according to Claim 1, wherein each of the flexible
members is an elongate, arcuate member substantially concentric with the
inner and outer annular portions. 3. A vacuum pump according to Claim 2,
wherein the flexible members are circumferentially aligned. 



4. A vacuum pump according to any preceding claim, wherein the flexible
members provide a plurality of integral leaf springs of the resilient
support. 5. A vacuum pump according to any preceding claim, wherein the
flexible members are axially displaced to axially preload the bearing. 6. A
vacuum pump according to any preceding claim, wherein the resilient support
is formed from metallic material. 7. A vacuum pump according to Claim 6 ,
wherein the metallic material comprises one of tempered steel, aluminium,
titanium, phosphor bronze, beryllium copper, an alloy of aluminium and an
alloy of titanium.8 .. . A vacuum pump according to any preceding claim,
wrjerein the resilient support comprises a plurality of slots defining said
flexible members. 9 . A vacuum pump according to Claim 8, comprising means
for supplying fluid to the slots to provide load-bearing damping films. 10.
A vacuum pump according to Claim 9, wherein the fluid supply means
comprises a fluid reservoir located on the resilient support and in fluid
communication with the slots. 11. A vacuum pump according to Claim 10,
wherein the reservoir comprises an annular groove formed in an end surface
of the resilient support. 12. A vacuum pump according to any of Claims 9 to
11, wherein the fluid supply means comprises a fluid pump for supplying
fluid from a source thereof. 13; A vacuum pump according to Claim 12,
wherein the fluid pump is configured to supply fluid to the bearing for
lubrication thereof. 



14. A vacuum pump according to Claim 13, wherein the fluid pump comprises a
wick for supplying fluid to the rotor from a source thereof, and a conical
surface located on the rotor for conveying the fluid to the bearing with
rotation of the rotor. 15. A vacuum pump according to Claim 14, wherein the
bearing and resilient support are located within a cartridge attached to
the housing, the cartridge at least partially defining an annular cavity
for receiving fluid discharged from the bearing and from which the
discharged fluid is supplied under gravity to the slots of the resilient
support.16. A vacuum pump according to Claim 14 or Claim 15, wherein the .
conical surface is mounted on the rotor. 17. A vacuum pump according to any
of Claims 1 to 8, comprising at least one elastomeric damping member
located between the inner and outer annular portions. 18. A vacuum pump
comprising a housing, a rotor supported by a bearing arrangement for
rotation relative to the housing, the bearing arrangement comprising a
bearing supported in both radial and axial directions by a resilient
support comprising inner and outer annular portions connected by a
plurality of flexible members, and at least one elastomeric damping member
located between the inner and outer annular portions. 19. A vacuum pump
according to Claim 17 or Claim 18, wherein said at least one elastomeric
damping member comprises a radial vibration damping member and an axial
vibration damping member. 20. A vacuum pump according to Claim 19, wherein
each resilient support is located within an annular groove formed in a
respective end surface 



of the resilient support. 2 1. A vacuum pump according to any preceding
claim, comprising means for axially locating the bearing and the resilient
support within the housing. 22. A vacuum pump according to Claim 2 1,
wherein the bearing comprises a rolling bearing having inner and outer
races, and wherein the axial locating means comprises a radial stop surface
for restricting radial movement of the outer race of the bearing.23. A
vacuum pump according to Claim 20 or Claim 2 1 when dependent from Claim
19, wherein the axial vibration damping member is compressed by the axially
locating means. 24. A vacuum pump according to any preceding claim, in the
form of a turbomolecular vacuum pump. 


