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1
THRUST FOIL BEARING

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

10

This application is a reissue of U.S. Pat. No. 9,033,579,
which issued on May 19, 2015 from application Ser. No.

14/235,580, which is a U.S. National Stage Application of
International (PCT) Application No. PCT/JP2012/068790, 15
filed on Jul. 25, 2012.

TECHNICAL FIELD

The present invention relates to a thrust foil bearing for 20
supporting a rotary member in thrust directions with fluid
films formed 1n thrust bearing gaps that are formed by thrust
bearing surfaces provided to thin film foils.

BACKGROUND ART 25

Shafts of a gas turbine and a supercharger (turbocharger)
are driven to rotate at high speed. Further, turbine blades
mounted to the shatts are exposed to high temperature. Thus,
bearings for supporting those shafts are required to endure 30
severe environments involving high temperature and high
speed rotation. As bearings for such use, an oil-lubricated
rolling bearing or a hydraulic dynamic pressure bearing may
be used. However, use of the hydraulic bearings 1s restricted
under such conditions that lubrication with a liquid such as 35
a lubricating o1l 1s difficult, that an auxiliary device of a
lubricating o1l circulatory system 1s diflicult to provide
separately 1n view of energy efliciency, and that shearing
resistance of the liquid causes problems. Under the circum-
stance, attention has been focused on an air dynamic pres- 40
sure bearing as a bearing suited to use under the above-
mentioned conditions.

In general, the air dynamic pressure bearing has rigid
bearing surfaces on both of a rotary side and a fixed side.
However, 1n the air dynamic pressure bearing of this type, 45
when stability limit 1s exceeded under a state 1n which
management of bearing gaps that are formed between the
bearing surfaces on the rotary side and the fixed side 1s
msuilicient, self-excited centrifugal whirling of a shaft,
which 1s called a whirl, 1s lable to occur. Thus, 1t 1s 50
important to manage the gaps 1n accordance with operating
rotational speeds. However, in environments mvolving dras-
tic temperature changes as 1n the case of the gas turbine and
the supercharger, widths of the bearing gaps fluctuate due to
influence of thermal expansion, and hence the gaps are 55
significantly difficult to manage with high accuracy.

There has been known a foil bearing as a bearing that
allows the gaps to be easily managed even in the environ-
ments involving drastic temperature changes. The foil bear-
ing refers to a bearing having bearing surfaces formed of 60
flexible thin films (foils) having low flexural rigidity. The
foils of the foil bearing are flexible, and hence approprate
bearing gaps are formed 1n accordance with operating con-
ditions such as a rotation speed of a shaift, a load on the shatt,
and an ambient temperature. In this way, the foil bearing has 65
a feature of excellent stability, and hence can be used at
higher speed 1n comparison with general air dynamic pres-

2

sure bearings. Further, in the general dynamic pressure
bearings, bearing gaps ol approximately several microm-
eters need to be constantly secured. Thus, in consideration of
not only a manufacturing tolerance but also the thermal
expansion in the drastic temperature changes, the gaps are
difficult to strictly manage. Meanwhile, the foil bearing 1s
advantageous 1n that bearing gaps only need to be managed
to have a size of approximately several tens of micrometers,
and hence the foil bearing can be easily manufactured and
the bearing gaps can be easily managed.

Further, reactive forces generated in thrust directions by
the high speed rotation of the turbine are applied to the shaifts
of the gas turbine and the supercharger, and hence the shaftts
need to be supported not only 1n a radial direction but also
in the thrust directions. For example, Patent Literatures 1 to
3 each disclose a foil bearing for supporting a rotary shait in
a radial direction. Further, Patent Literatures 4 to 6 each
disclose a leaf type thrust foi1l bearing as one type of a thrust
fo1l bearing for supporting a rotary member 1 a thrust
direction. The thrust foil bearing includes a plurality of
leaves provided at a plurality of positions in a circumieren-
tial direction of an end surface of a fixed member. The leaves
cach include one circumierential end provided as a free end.,
and another circumierential end fixed to the end surface of
the fixed member. Along with rotation of the rotary member,
a thrust bearing gap 1s formed between bearing surfaces of
the leaves and an opposing end surface of the rotary mem-
ber, and a fluid film 1n the thrust bearing gap supports the
rotary member in the thrust direction in a non-contact
manner.

CITATION LIST

Patent Literature 1: Japanese Patent Application Laid-open
No. 2002-364643

Patent Literature 2: Japanese Patent Application Laid-open
No. 2003-262222

Patent Literature 3: Japanese Patent Application Laid-open
No. 2009-299748

Patent Literature 4: Japanese Utility Model Application
Laid-open No. Sho 61-36725

Patent Literature 5: Japanese Utility Model Application
Laid-open No. Sho 61-38321

Patent Literature 6: Japanese Patent Application Laid-open
No. Sho 63-193412

SUMMARY OF INVENTION

Technical Problems

[First Object]

However, 1n the leaf type thrust foil bearing as described
above, the plurality of leaves need to be separately formed,
and hence a larger number of components are required.
Further, the leaves need to be assembled one by one to the
end surface of the fixed member. Thus, assembly of the
leaves requires time and eflort, which causes a cost increase.

It 1s a first object of the present invention to achieve cost
reduction by reducing the number of components of a leaf
type thrust foi1l bearing and simplifying assembly of leaves.

[Second Object]

Load capacity of the above-mentioned fluid film alone 1n
the thrust bearing gap 1s 1nsuflicient with respect to a high
load that 1s applied in the thrust direction. As a result, the
rotary member may be less stable, or the rotary member and
the fixed member may be brought into contact with each
other. In particular, thrust bearings used in the gas turbine
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and the supercharger have been strongly demanded to have
higher load capacity 1n the thrust direction. This 1s because
a high load 1s applied to the shaits 1n the thrust direction by
high speed rotation of a rotor (blades).

For example, a foil bearing 2100 illustrated 1n FIG. 37 1s
a foil bearing of what 1s called a leal type, including a
plurality of (eight 1n the 1llustrated example) leaf foils 2110,
and 1s used for support in the thrust direction. The leaf foils
2110 each include one circumierential end provided as a free
end 2111, and another circumierential end provided as a
fixed end 2112 that 1s fixed to an end surface of a disc-like
thrust member 2120. The leaf foils 2110 each include a
thrust bearing surface 2113. As illustrated in FIG. 38, a
wedge-like thrust bearing gap 2140 1s formed between an
end surface 2131 of a rotary member 2130 and the thrust
bearing surfaces 2113 of the leaf foils 2110. A small gap
portion 2141 of the thrust bearing gap 2140 1s formed near
the free end 2111 of each of the leaf foils 2110. Immediately
posterior to the free end 2111 (near the fixed end 2112 1n the
illustrated example), a large gap portion 2142 of the thrust
bearing gap 2140 1s formed. Along with rotation of the
rotary member 2130 1n a direction of the arrow C, a fluid
film 1n the thrust bearing gap 2140 flows. At this time,
pressure of the fluid becomes higher at the time of flowing
in the small gap portion 2141, and relatively lower at the
time of flowing in the large gap portion 2142. Thus, as
illustrated 1n FIG. 39, a high pressure region H 1s formed
near the free end 2111 of the leat foil 2110, and a low
pressure region L 1s formed near the fixed end 2112 of the
leat fo1l 2110. Note that, springs 2150 of FIG. 38 schemati-
cally 1llustrate spring property of the leaf foils 2110.

At this time, the fluid does not flow at a constant flow rate
in the large gap portion 2142. Specifically, in the large gap
portion 2142, the flow rate becomes higher near the end
surface of the rotary member 2130 (upper part in the
illustrated example) because the pressure of the fluid 1s high
at the time of flowing therein from the small gap portion
2141 (high pressure region H) (refer to the arrow v,' 1n FIG.
38). Meanwhile, 1n the large gap portion 2142, the tlow rate
of the tluid 1s low near the thrust bearing surface 2113 (lower
part 1n the 1llustrated example) because influence of the high
pressure of the fluid that flows therein from the small gap
portion 2141 1s small (refer to the arrow v,' 1n FIG. 38).
Thus, 1n the large gap portion 2142, the fluid 1n the lower
part in FIG. 38 scarcely flows into the small gap portion
2141, and hence the pressure of the fluid 1s difficult to
become higher 1n the small gap portion 2141.

The problems as described above occur 1n foil bearings in
which a plurality of wedge-like films are formed on bearing,
surfaces on the same side, and specifically, those problems
occur not only 1n fo1l bearings used for supporting a shait in
the thrust direction but also in foil bearings used for sup-
porting the shait in the radial direction.

Further, 1n the thrust foil bearing, a centrifugal force 1s
generated along with the rotation of the rotary member, and
may cause the fluid 1n the thrust bearing gap to tflow radially
outward. Thus, an amount of the fluid 1n the thrust bearing
gap 1s reduced, with the result that the pressure of the fluid
film becomes lower.

It 1s a second object of the present invention to increase
load capacity of a thrust fo1l bearing.

[ Third Object]

When the fo1l bearing for supporting the rotary member in
the radial direction and the foil bearing for supporting the
rotary member 1n the thrust direction are provided separately
from each other, a larger number of components are
required, which causes a cost increase.
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Further, as described above, 1n the foi1l bearing, bearing
gaps can be configured to be larger than those in rolling

bearings and general air dynamic pressure bearings. How-
ever, a relative allowable moving amount of the shaft
becomes larger 1n proportion to an increase 1n size of the
bearing gaps. In particular, 1n a case where the fo1l bearing
1s used as a thrust bearing for supporting the shait of the gas
turbine or the supercharger, when an allowable moving
amount in the thrust direction of the shaft 1s large, an
allowable moving amount i1n the thrust direction of the
blades (turbine or compressor) mounted to the shaft
increases in proportion thereto. Thus, a clearance between
the blades and a casing needs to be set to be somewhat larger
in advance so that the blades do not interfere with the casing.
When the clearance between the blades and the casing 1s set
to be large, air leaks through the clearance. As a result, a rate
of compression by the compressor or a rate of conversion by
the turbine 1s deteriorated.

It 1s a third object of the present invention to reduce the
number of components of a foil bearing for relatively
supporting a shaft 1n a radial direction and a thrust direction,

and to reduce a relative allowable moving amount in the
thrust direction of the shaft.

Solution to Problems

|First Invention of Present Application]

According to a first invention of the present application,
which has been made to achieve the above-mentioned first
object, there 1s provided a thrust fo1l bearing comprising: a
thrust member; and a foil member mounted to an end surface
of the thrust member and having a thrust bearing surface that
forms a thrust bearing gap, wherein the fo1l member com-
prises a foil integrally comprising: a plurality of leaves each
comprising: a iree end on one side 1 a circumierential
direction; and the thrust bearing surface; and a coupling
portion for coupling the plurality of leaves to each other.

In this way, the plurality of leaves are not provided
independently but coupled to each other with the coupling
portion to be integrated 1nto a foil, and hence the number of
components can be reduced. Further, the mtegrated foil 1s
assembled to the end surface of the thrust member, and
hence the plurality of leaves can be assembled at a time.
Thus, assembly of the plurality of leaves 1s simplified. Still
turther, the plurality of leaves are integrated, and hence an
assembly man-hour does not increase even when the number
of leaves 1s increased. Thus, without causing a cost increase,
the number of leaves can be increased to achieve higher load
capacity 1n a thrust direction.

In the fo1l bearing described above, when silts are formed
into a single foil so as to form the plurality of leaves and the
coupling portion, the foil integrally comprising the plurality
of leaves can be easily formed. When a plurality of foils
described above are provided, and the plurality of leaves of
one of the plurality of foils are inserted through the slits
formed 1n another of the plurality of foils, the plurality of
leaves of the one of the plurality of foils and the plurality of
leaves of the another of the plurality of foils can be arranged
alternately to each other 1n the circumierential direction. In
this way, the plurality of leaves each having the thrust
bearing surface can be arranged close to each other in the
circumierential direction, and hence thrust load capacity of
the bearing can be arbitrarily changed.

When the free end of each of the plurality of leaves
comprises a radially outer edge portion inclined radially
inward to a forward side 1n a rotational direction of a rotary
member, air can be drawn from a space around the foil
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member 1nto the thrust bearing gap. Thus, higher pressure 1s
generated 1n the thrust bearing gap, and hence the thrust load
capacity can be increased. Specifically, the free end of each
of the plurality of leaves can be arranged, for example, 1n a
spiral pattern of a pump-in type or a herringbone pattern.

When the foil bearing further comprises support portions
arranged to support the plurality of leaves from an opposite
side with respect to the thrust bearing surface, through
adjustment of the number, a shape, and arrangement posi-
tions of the support portions, inclination angles of the
plurality of leaves that are raised from a mounting surface,
and a curved shape of the thrust bearing surface can be freely
set. With this, the plurality of leaves can be designed into an
optimum shape 1n accordance with required property.

In a fo1l bearing, during high speed operation, a fluid film
1s formed between the thrust bearing surface of the foil
member and a surface opposed thereto, and those surfaces
enter a non-contact state. However, a fluid film formed
during a low speed rotation state at the time of actuation or
a stop of the rotary member 1s diflicult to have a thickness
equal to or larger than surface roughnesses of the thrust
bearing surface of the foi1l member, and the surface opposed
thereto. Thus, the rotary member and a fixed member may
come 1nto contact with each other across the foil member,
and a surface of the foill member may be damaged. As a
countermeasure, coating 1s preferred to be provided to the
thrust bearing surface of the foi1l member so as to prevent the
damage.

Further, between the foils of the foil member, or between
the foil and a foi1l mounting surface, sliding occurs along
with a load fluctuation and vibration, and causes minute
displacement. As a countermeasure, coating 1s preferred to
be provided on a surface on an opposite side with respect to
the thrust bearing surface of the foil of the foil member so
as to prevent damage that may be caused by the sliding.

In many cases, the foil bearing 1s used at a position at
which lubrication with a liquid 1s dithicult, and hence the
coating described above may comprise a DLC film, a
titanium aluminum nitride film, or a molybdenum disulfide
film. The DLC film and the titantum aluminum nitride film
are each excellent 1n strength due to i1ts hardness and a low
friction coeflicient. Meanwhile, the molybdenum disulfide
film can be formed by jetting such as spraying, and hence
can be easily formed into coating.

The thrust foil bearing as described above can be suitably
used for supporting a rotor of a gas turbine or a supercharger.

[Second Invention of Present Application]

According to a second invention of the present applica-
tion, which has been made to achieve the above-mentioned
second object, there 1s provided a thrust foil bearing, com-
prising: a fixed member; a rotary member; and a fo1l member
arranged between an end surface of the rotary member and
an end surface of the fixed member and having a thrust
bearing surface, wherein a thrust bearing gap 1s formed by
the thrust bearing surface of the foil member, wherein the
rotary member 1s supported 1n a thrust direction by a fluid
film that 1s formed 1n the thrust bearing gap, wherein the
fixed member comprises a magnet mounted thereto, wherein
the rotary member comprises a magnet mounted thereto, and
wherein the magnets are arranged to mutually generate
repulsive forces in the thrust direction.

In this way, the fixed member and the rotary member have
magnets mounted thereon so as to generate the repulsive
torces 1n the thrust direction. Therefore, supportability 1n the
thrust direction, which 1s obtained by pressure of the tluid
film that 1s formed 1n the thrust bearing gap, can be assisted
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by the repulsive forces generated between the magnets. As
a result, load capacity of the thrust foil bearing can be
increased.

By the way, 1n a general dynamic pressure bearing having,
rigid bearing surfaces on both the rotary member and the
fixed member, as described above, a value of the thrust
bearing gap 1s constantly as markedly small as approxi-
mately several micrometers. Thus, when the fixed member
and the rotary member comprise the magnets, a distance
between the magnets 1s markedly reduced, and hence the
repulsive forces generated between the magnets become
relatively greater. For this reason, 1n a case where pressure
of the fluid film 1n a bearing gap has not yet been sufliciently
increased, for example, during low speed rotation 1mmedi-
ately after actuation or immediately before a stop of the
rotary member, the rotary member may be inclined with
respect to the fixed member by influence of the repulsive
forces between the magnets, and the rotary member may be
less stable. Meanwhile, 1n the foil bearing, as described
above, the value of the thrust bearing gap can be set to be
relatively large. Thus, the magnets provided to the fixed
member and the rotary member are arranged relatively apart
from each other. As a result, the repulsive forces generated
between the magnets are suppressed, and hence the risk of
the mnclination of the rotary member can be prevented. Then,
the rotary member 1s rotated at higher speed, and a high load
in the thrust direction 1s applied to the rotary member. As a
result, the thrust bearing gap 1s narrowed. Thus, the distance
between the magnets 1s reduced, and hence the repulsive
forces therebetween become greater. In this way, the sup-
portability 1 the thrust direction 1s enhanced. At this time,
ecven when the repulsive forces generated between the
magnets become greater, the risk of the inclination of the
rotary member can be prevented. This 1s because the pres-
sure of the fluid film 1n the bearing gap (1n particular, radial
bearing gap) has already been sufliciently increased by the
high speed rotation. In thus way, 1n the thrust foil bearing
described above, the repulsive forces generated between the
magnets are small when the rotary member 1s rotated at low
rpm, and hence the risk of the inclination of the rotary
member by the influence of the repulsive forces can be
prevented. In addition, the repulsive forces generated
between the magnets become greater when the rotary mem-
ber 1s rotated at high rpm, and hence the supportability 1n the
thrust direction 1s enhanced.

The magnets described above can be arranged, for
example, along a circumierential direction (circumierential
direction about a rotation axial center of the rotary member).
In this case, when the magnets are each formed 1nto a shape
of a ring that 1s continuous over the entire circumierence, the
magnet can be easily mounted to the fixed member or the
rotary member. Meanwhile, when the magnets described
above each comprise a plurality of magnets arranged apart
from each other i1n the circumferential direction, an entire
diameter of the magnets can be freely set, and hence a degree
of freedom 1n design can be increased. Further, 1n this case,
the magnets can be each formed 1nto an arbitrary shape, and
hence existing magnets can be used. As a result, cost
reduction can be achieved.

As described above, 1n the case where the magnets are
arranged along the circumierential direction, when an outer
diameter of the magnet mounted to the rotary member and
an outer diameter of the magnet mounted to the fixed
member are set to be different from each other, one of the
magnets 1s arranged on a radially inner side with respect to
another of the magnets. As a result, the rotary member 1s
turther stabilized 1n a radial direction. Specifically, as 1llus-
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trated, for example, 1n FIG. 20A, 1n a case where ring-
shaped magnets 1101 and 1102 having the same diameter are
opposed to each other in the thrust direction, when the
magnets 1101 and 1102 are decentered slightly in the radial
direction as 1llustrated 1n FIG. 20B, repulsive forces gener-
ated between both the magnets 1101 and 1102 are applied 1n
a direction 1n which the magnets 1101 and 1102 are further
decentered 1n the radial direction (refer to the hollow arrow

in FIG. 20B). Meanwhile, as 1llustrated 1n FIG. 21A, when

ring-shaped magnets 1103 and 1104 having diflerent outer
diameters are arranged coaxially with each other 1n a manner
that the magnet 1103 1s arranged on the radially inner side
with respect to the magnet 1104, as indicated by the hollow
arrow 1n FIG. 21A, repulsive forces generated between the
magnets 1103 and 1104 are applied 1n a direction 1n which
the magnet 1103 having a small diameter 1s urged radially
inward. Thus, as illustrated in FIG. 21B, even when the
magnet 1103 having the small diameter 1s decentered
slightly 1n the radial direction with respect to the magnet
1104 having a large diameter, radial components of the
repulsive forces generated between both the magnets 1103
and 1104 allow the magnet 1103 having the small diameter
to be urged to an axial center side of the magnet 1104 having,
the large diameter. In this way, radial decentering between
the magnets 1103 and 1104 1s corrected, and the rotary
member 1s further stabilized in the radial direction.

When the thrust fo1l bearing 1s used 1n high temperature
environments such as a gas turbine and a supercharger, a
samarium cobalt magnet that exhibits satisfactory property
even 1n the high temperature environment 1s preferred to be
used.

The foil member described above may comprise a foil
integrally comprising: a plurality of leaves each comprising
a Iree end on one side 1n the circumierential direction and
having the thrust bearing surface; and a coupling portion for
coupling the plurality of leaves to each other. Further, a
plurality of foils described above may be combined with
cach other to form the foil member.

In a fo1l bearing, during high speed operation, a fluid film
1s formed between the thrust bearing surface of the {foil
member and a surface opposed thereto, and those surfaces
enter a non-contact state. However, a flmd film formed
during a low speed rotation state at the time of actuation or
a stop of the rotary member 1s difhicult to have a thickness
equal to or larger than surface roughnesses of the thrust
bearing surface of the foi1l member, and the surface opposed
thereto. Thus, the rotary member and the fixed member may
come 1nto contact with each other across the foil member,
and a surface of the foill member may be damaged. As a
countermeasure, coating 1s preferred to be provided to the
thrust bearing surface of the foi1l member so as to prevent the
damage.

Further, between the foils of the foi1l member, or between
the foil and a foil mounting surface, sliding occurs along
with a load fluctuation and vibration, and causes minute
displacement. As a countermeasure, coating 1s preferred to
be provided on a surface on an opposite side with respect to
the thrust bearing surface of the foil of the foi1l member so
as to prevent damage that may be caused by the sliding.

In many cases, the foil bearing 1s used at a position at
which lubrication with a liquid 1s difhicult, and hence the
coating described above may comprise a DLC film, a
titanium aluminum nitride film, or a molybdenum disulfide
film. The DLC film and the titantum aluminum nitride film
are each excellent 1n strength due to its hardness and a low
friction coethicient. Meanwhile, the molybdenum disulfide

10

15

20

25

30

35

40

45

50

55

60

65

8

film can be formed by jetting such as spraying, and hence
can be easily formed into coating.

The thrust fo1l bearing as described above can be suitably
used for supporting a rotor of a gas turbine or a supercharger.

[ Third Invention of Present Application]

According to a third invention of the present application,
which has been made to achieve the above-mentioned
second object, there 1s provided a foil bearing, comprising:
a fixed member; a rotary member; and a plurality of leat foils
arranged between the fixed member and the rotary member
and each comprising a iree end on one side 1n a circumfier-
ential direction, wherein a wedge-like bearing gap 1s formed
by bearing surfaces provided to the plurality of leaf foils,
wherein the rotary member 1s supported by a tluid film that
1s formed 1n the wedge-like bearing gap, and wherein the
free end of each of the plurality of leaf foils comprises: a
plurality of cutout portions; and a plurality of land portions
that are continuous with the bearing surface, the plurality of
cutout portions and the plurality of land portions being
provided alternately to each other.

In this way, the plurality of cutout portions and the
plurality of land portions are provided alternately to each
other along the free end of each of the plurality of leaf foils.
Theretore, the fluid 1n the wedge-like bearing gap 1s allowed
to dynamically flow. As a result, pressure of the fluid 1n the
wedge-like bearing gap can be increased. This 1s because of
the following reason. For example, as illustrated 1n FIG. 25,
when a free end 231 of each leatf foil 230 1s formed 1nto a
z1gzag shape so as to provide a plurality of cutout portions
231a and a plurality of land portions 231b alternately to each
other, as illustrated in FI1G. 23, a small gap portion T1 of a
thrust bearing gap T 1s formed near each of the free ends 231.
When a rotary member (flange portion 240) 1s rotated 1n a
direction of the arrow D, the pressure of the fluid 1s increased
in the small gap portions T1. A part of the high-pressure fluid
1s released toward a back side of the leaf foil 230 (opposite
side with respect to a bearing surface 233) via the cutout
portions 231a (refer to the arrow A i FIG. 23). Along
therewith, the fluid tlows 1n a part on a thrust member 221
side 1n a large gap portion 12 1n the thrust bearing gap T
(lower side 1n FIG. 23) (refer to the arrow v, in FIG. 23). As
a result, a moving amount of the fluid in the large gap
portion 12 1n the thrust bearing gap T 1s increased, and hence
a larger amount of the fluid flows from the large gap portion
12 1nto the small gap portion T1 in comparison with the case
illustrated 1n FIG. 38. In this way, higher pressure 1s gen-
crated 1n the small gap portions T1.

The free end of each of the plurality of leaf foils can be
formed, for example, 1nto a zigzag shape (refer to FIGS. 24
and 23), or a corrugated shape (refer to FIG. 26).

The foi1l bearing described above may comprise a single
to1l integrally comprising the plurality of leaf foils and a
coupling portion for coupling the plurality of leaf foils to
cach other. With this, the plurality of leat foils can be
mounted to the fixed member or the rotary member at a time.
Further, when the plurality of foils described above are
combined with each other to form a foil member, a larger
number of leaf foils can be mounted to the fixed member or
the rotary member at a time.

In the foil bearing described above, during high speed
operation, a fluid film 1s formed between the bearing surface
of each of the plurality of leaf foils and a surface opposed
thereto, and those surfaces enter a non-contact state. How-
ever, a fluid film formed during a low speed rotation state at
the time ol actuation or a stop of the rotary member 1s
difficult to have a thickness equal to or larger than surface
roughnesses of the bearing surface of each of the plurality of
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leat foils, and the surface opposed thereto. Thus, the rotary
member and a fixed member may come mto contact with
cach other across the plurality of leaf foils, and a surface of
cach of the plurality of leal foils may be damaged. As a
countermeasure, coating 1s preferred to be provided to the
bearing surface of each of the plurality of leaf foils so as to
prevent the damage.

Further, between the plurality of leatf foils, or between the
leat fo1l and a leatf foil fixing surface, sliding occurs along
with a load fluctuation and vibration, and causes minute
displacement. As a countermeasure, coating 1s preferred to
be provided on a surface on an opposite side with respect to
the bearing surface of the leaf foil so as to prevent damage
that may be caused by the sliding.

In many cases, the foil bearing 1s used at a position at
which lubrication with a liquid 1s difhicult, and hence the
coating described above may comprise a DLC film, a
titanium aluminum nitride film, or a molybdenum disulfide
film. The DLC film and the titanium aluminum nitride film
are each excellent 1n strength due to its hardness and a low
friction coethicient. Meanwhile, the molybdenum disulfide
film can be formed by jetting such as spraying, and hence
can be easily formed into coating.

The configuration described above 1s applicable not only
to a foil bearing used for support 1n the thrust direction, but
also to a fo1l bearing used for support 1n the radial direction.

The fo1l bearing as described above can be suitably used
for supporting a rotor of a gas turbine or a supercharger.

|[Fourth Invention of Present Application]

According to a fourth invention of the present application,
which has been made to achieve the above-mentioned
second object, there 1s provided a thrust foil bearing, com-
prising: a {ixed member; a rotary member; and a fo1l member
arranged between the fixed member and the rotary member,
wherein a thrust bearing gap 1s formed by a thrust bearing
surface provided to the foil member, wherein the rotary
member 1s supported 1n a thrust direction by a fluid film that
1s formed 1n the thrust bearing gap, and wherein the thrust
bearing surface comprises circumierentially long protru-
sions or circumierentially long grooves that are provided at
a plurality of positions spaced apart from each other 1n a
radial direction.

In this way, the thrust bearing surface comprises the
circumierentially long protrusions or the circumierentially
long grooves at the plurality of positions spaced apart from
cach other 1n the radial direction. Therefore, a fluid that may
be caused by a centrifugal force to flow radially outward
through the thrust bearing gap hits against the circumieren-
tially long protrusions or the circumierentially long grooves,
to thereby tlow along a circumiferential direction (rectifying,
cllect). In this way, an amount of the fluid that 1s caused by
the centrifugal force to flow radially outward through the
thrust bearing gap can be reduced, and hence pressure of the
fluid film that 1s formed in the thrust bearing gap can be
increased. Note that, the “circumierentially long” shape
refers to a shape that 1s longer in circumierential dimension
than radial dimension, and comprises not only a circular-arc
shape parallel to the circumierential direction, but also a
circumierentially long rectangular shape (refer to FIG. 42)
and a circumierentially long triangular shape (refer to FIG.
44).

The circumierentially long protrusions may comprise
rectifying members fixed to the thrust bearing surface of the
fo1ll member. In this case, the rectifying members are
brought as close as possible to an end surface of a counter-
part member facing the rectifying members across the thrust
bearing gap without bringing the rectifying members 1nto
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contact with the end surface of the counterpart member.
Thus, the rectifying effect can be further enhanced.

Meanwhile, the circumierentially long grooves can be
casily formed 1n the foi1l member by a pressing process and
the like, and hence a manufacturing cost can be reduced in
comparison with that in a case where the rectifying members
are lixed. When the circumierentially long grooves are set to
be gradually smaller 1n groove width toward a forward side
in a rotational direction or gradually larger in groove depth
toward the forward side in the rotational direction, the
rectifying effect can be further enhanced.

The configuration described above 1s applicable, for
example, to a leal type thrust foil bearing 1n which the foil
member comprises a plurality of leaves each comprising a
free end on one side 1n the circumierential direction. In this
case, the foil member may comprise a foil integrally com-
prising: the plurality of leaves each comprising the free end
on the one side 1n the circumierential direction and having
the thrust bearing surface; and a coupling portion for cou-
pling the plurality of leaves to each other. Further, a plurality
of foils described above may be combined with each other
to form the foil member.

In a fo1l bearing, during high speed operation, a fluid film
1s formed between the thrust bearing surface of the foil
member and a surface opposed thereto, and those surfaces
enter a non-contact state. However, a flmd film formed
during a low speed rotation state at the time of actuation or
a stop of the rotary member 1s diflicult to have a thickness
equal to or larger than surface roughnesses of the thrust
bearing surface of the foi1l member, and the surface opposed
thereto. Thus, the rotary member and the fixed member may
come into contact with each other across the foil member,
and a surface of the foil member may be damaged. As a
countermeasure, coating 1s preferred to be provided to the
thrust bearing surface of the foi1l member so as to prevent the
damage.

Further, between the foils of the foil member, or between
the foil and a foil mounting surface, sliding occurs along
with a load fluctuation and vibration, and causes minute
displacement. As a countermeasure, coating 1s preferred to
be provided on a surface on an opposite side with respect to
the thrust bearing surface of the foil of the foi1l member so
as to prevent damage that may be caused by the sliding.

In many cases, the foil bearing 1s used at a position at
which lubrication with a liquid 1s difficult, and hence the
coating described above may comprise a DLC film, a
titanium aluminum nitride film, or a molybdenum disulfide
film. The DLC film and the titanium aluminum nitride film
are each excellent 1n strength due to 1ts hardness and a low
friction coetlicient. Meanwhile, the molybdenum disulfide
film can be formed by jetting such as spraying, and hence
can be easily formed 1nto coating.

The thrust fo1l bearing as described above can be suitably
used for supporting a rotor of a gas turbine or a supercharger.

|Fifth Invention of Present Application]

According to a fifth invention of the present application,
which has been made to achieve the above-mentioned third
object, there 1s provided a foil bearing, comprising: a shatit;
an outer member having an inner periphery on which the
shaft 1s mserted; and a foill member arranged between an
outer peripheral surface of the shaft and an 1nner peripheral
surface of the outer member and having a flexible bearing
surface, wherein a bearing gap 1s formed by the flexible
bearing surface of the fo1l member, wherein the shait and the
outer member are supported to rotate relative to each other
by a fluid film that 1s formed 1n the bearing gap, wherein the
outer peripheral surface of the shaft and the inner peripheral
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surface of the outer member respectively comprise tapered
surfaces that are provided 1n pairs so as to face each other,
wherein the foil member 1s mounted to one of the tapered
surfaces, and wherein the bearing gap 1s formed between
another of the tapered surfaces and the flexible bearing
surface.

In this way, in the foi1l bearing according to the present
invention, the bearing gap 1s formed between the flexible
bearing surface of the fo1l member mounted to the one of the
tapered surfaces, and the another of the tapered surfaces. In
this case, supportability 1s generated 1n normal directions of
the tapered surfaces, and hence a radial component and a
thrust component of the supportability enable the shaft to be
relatively supported in a radial direction and a thrust direc-
tion. Thus, with use of the foil bearing described above, the
number of components can be reduced in comparison with
a case where a bearing for support 1n the radial direction and
a bearmng for support in the thrust direction are provided
separately from each other.

Further, 1in the fo1l bearing described above, the bearing
gap 1s formed 1n a direction inclined with respect to the
thrust direction (normal direction of each of the tapered
surfaces), and hence an allowable moving amount 1n the
thrust direction of the shait with respect to the outer member
can be reduced. Specifically, as illustrated, for example, 1n
FIG. 58, when a bearing gap 1n the thrust direction 1s formed
between a bearing surface 4102a of a fo1l 4102 mounted to
a fixed member 4101 and an end surface 4104a of a flange
portion 4104 of a rotary shait 4103, a size X' of the thrust
bearing gap 1s equal to an allowable moving amount x' in the
thrust direction of the rotary shait 4103 (x'=X'). Meanwhile,
in the example 1llustrated in FIG. 89, an end surface 4201a
of a fixed member 4201 and an end surface 4204a of a flange
portion 4204 of a rotary shaft 4203 are each provided as a
tapered surface inclined at an angle 0 with respect to an axial
direction, and a bearing gap i1s formed between a bearing
surface 4202a of a foil 4202 mounted to the end surface
4201a of the fixed member 4201 and the end surface 4204a
of the flange portion 4204. In this case, a thrust component
corresponding to a size X of the bearing gap 1s equal to an
allowable moving amount x 1n the thrust direction of the
rotary shaft 4203 (x=X-sin 0). Thus, when the size X' of the
thrust bearing gap illustrated in FIG. 58 and the size X of the
bearing gap 1llustrated 1n FIG. 39 are equal to each other, the
allowable moving amount of the rotary shaft can be set to be
smaller 1n the example illustrated 1n FIG. 59, 1n which the
bearing gap 1s formed between the tapered surfaces (x<x').
Note that, in FIGS. 58 and 59, for the sake of better
understanding, the sizes X and X' of the bearing gaps are
illustrated on an exaggerated scale.

In the foil bearing described above, when the outer
peripheral surface of the shaft and the inner peripheral
surtace of the outer member are provided with a pair of first
tapered surfaces facing each other and each comprising a
large diameter portion arranged on one side in the axial
direction and a pair of second tapered surfaces facing each
other and each comprising a large diameter portion arranged
on another side in the axial direction, the first tapered
surfaces and the second tapered surfaces enable the shaift to
be supported 1n both thrust directions with respect to the
outer member.

During relative rotation of the shaft and the outer member,
a relative peripheral speed of each of the pairs of the tapered
surfaces 1s higher on a large diameter side. Thus, pressure
that 1s generated 1n the bearing gap 1s highest in the large
diameter portion of each of the tapered surfaces. Therefore,
when the first tapered surfaces and the second tapered

10

15

20

25

30

35

40

45

50

55

60

65

12

surfaces are arranged 1n an axial alignment so as to locate the
large diameter portions thereof on an outer side in the axial
direction, an axial distance (bearing span) between the large
diameter portions having high supportability can be set to be
large. As a result, a moment rigidity of the foil bearing can
be increased.

When the foil bearing as described above 1s used for
supporting a rotor of a gas turbine or a supercharger, the
allowable moving amount in the thrust direction of the shaft
can be reduced. With this, a clearance between blades of a
turbine or a compressor and a casing can be set to be small.
As a result, a rate of compression by the compressor or a rate
ol conversion by the turbine can be increased.

Advantageous Eflects of Invention

As described above, according to the first invention of the
present application, the number of components of the leaf
type thrust foil bearing can be reduced, and assembly of
leaves can be simplified. Thus, cost reduction can be
achieved.

Further, according to the second mvention of the present
application, load capacity of the thrust foil bearing can be
increased by the repulsive forces between the magnets.

Still further, according to the third invention of the present
application, the moving amount of the fluid 1n the bearing
gap 1s 1ncreased, and hence pressure of the fluid film
generated in the bearing gap can be increased. Thus, load
capacity of the foil bearing can be increased.

Yet further, according to the fourth invention of the
present application, the flow of the fluid 1n the thrust bearing
gap 1s rectified in the circumierential direction, and hence
pressure of the fluid film generated in the thrust bearing gap
can be increased. Thus, load capacity of the thrust foil
bearing can be increased.

Yet further, according to the fifth invention of the present
application, 1n the foil bearing for relatively supporting the
shaft 1n the radial direction and the thrust direction, the
number of components of can be reduced, and a relative
allowable moving amount in the thrust direction of the shaft
can be reduced.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic view of a micro gas turbine.

FIG. 2 15 a sectional view of a support structure for a shaft
of the micro gas turbine.

FIG. 3 1s a sectional view of a radial foi1l bearing incor-
porated in the support structure.

FIG. 4 1s a perspective view of a thrust foil bearing
according to an embodiment of a first mvention of the
present application, which 1s incorporated in the support
structure.

FIG. 5 1s a sectional view of the thrust foil bearing.

FIG. 6 1s a plan view of a foil of the thrust foil bearing.

FIG. 7A 1s a perspective view 1illustrating how two {foils
are assembled.

FIG. 7B 1s another perspective view 1llustrating how the
two foils are assembled.

FIG. 7C 1s still another perspective view illustrating how
the two foils are assembled.

FIG. 8 1s a plan view of a foi1l member of a thrust foil
bearing according to another embodiment of the first inven-
tion.

FIG. 9 1s a plan view of a foi1l member of a thrust foil
bearing according to still another embodiment of the first
invention.
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FIG. 10 1s a plan view of a foil member of a thrust foil
bearing according to yet another embodiment of the first
invention.

FIG. 11 1s a plan view of a foi1l member of a thrust foil
bearing according to yet another embodiment of the first
invention.

FIG. 12 1s a sectional view of a thrust foil bearing
according to yet another embodiment of the first invention.

FIG. 13 1s a plan view of a support fo1l provided to the
thrust foil bearing illustrated in FIG. 12.

FIG. 14 1s a schematic view of a supercharger.

FIG. 15 1s a sectional view of a support structure for a
rotor of the micro gas turbine.

FIG. 16 1s a sectional view of a thrust foil bearing
according to an embodiment of a second invention of the
present application, which i1s incorporated in the support
structure for the rotor.

FIG. 17A 1s a sectional view of a thrust member, which 1s
taken along the line X-X of FIG. 16.

FIG. 17B 1s a sectional view of a flange member, which
1s taken along the line Y-Y of FIG. 16.

FIG. 18A 1s a sectional view of a thrust member according
to another embodiment of the second invention.

FIG. 18B 1s a sectional view of a flange portion according,
to another embodiment of the second invention.

FIG. 19 1s a sectional view of a thrust foil bearing

according to still another embodiment of the second 1nven-
tion.

FIG. 20A 15 a plan view and sectional view 1llustrating a
state 1n which magnets having the same diameter are
arranged coaxially with each other.

FIG. 20B 1s a plan view and sectional view 1llustrating a

case where the magnets of FIG. 20A are decentered 1n a
radial direction.

FIG. 21A 15 a plan view and sectional view 1llustrating a
state 1n which magnets having diflerent outer diameters are
arranged coaxially with each other.

FIG. 21B 1s a plan view and sectional view 1illustrating a
case where the magnets of FIG. 21A are decentered 1n the
radial direction.

FIG. 22 15 a sectional view of a support structure for the
rotor of the micro gas turbine.

FIG. 23 1s a schematic side view of a thrust fo1l bearing
according to an embodiment of a third invention of the
present application, which is incorporated in the support
structure for the rotor.

FI1G. 24 1s a perspective view of a bearing member of the
thrust fo1l bearing.

FIG. 25 1s a plan view of leaf foils of the thrust foil
bearing.

FIG. 26 15 a plan view of a leaf 101l of a thrust fo1l bearing
according to another embodiment of the third invention.

FIG. 27 1s a plan view of a leaf 1oil of a thrust foil bearing,
according to still another embodiment of the third invention.

FIG. 28 15 a plan view of a bearing member of a thrust foil
bearing according to another embodiment of the third inven-
tion.

FI1G. 29 1s a plan view of a bearing member of a thrust foil
bearing according to still another embodiment of the third
invention.

FIG. 30 1s a perspective view of a bearing member of a
thrust foil bearing according to yet another embodiment of

the third 1nvention.
FIG. 31 1s a plan view of a foil of the thrust foi1l bearing
of FIG. 30.
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FIG. 32 1s a plan view of a foil of a radial foil bearing
according to an embodiment of the third invention of the
present application.

FIG. 33 1s a sectional view of the radial foil bearing.

FIG. 34 1s a sectional view of a radial foil bearing
according to another embodiment of the third invention.

FIG. 35 1s a perspective view of a foill member of the
radial foil bearing.

FIG. 36 A 15 a plan view of a method of assembling the foil
member.

FIG. 368 1s a side view of the method of assembling the
fo1l member.

FIG. 37 1s a perspective view ol a conventional foil
bearing.

FIG. 38 1s a schematic side view of the foil bearing of
FIG. 37.

FIG. 39 15 a plan view of leaf foils of the fo1l bearing of
FIG. 37.

FIG. 40 1s a sectional view of a support structure for the
rotor of the micro gas turbine.

FIG. 41 1s a side view of a thrust fo1l bearing according
to an embodiment of a fourth mmvention of the present
application, which 1s incorporated in the support structure
for the rotor.

FIG. 42 15 a perspective view of a bearing member of the
thrust fo1l bearing.

FIG. 43 1s a plan view of leaves of the thrust foil bearing.

FIG. 44 1s a plan view of leaves of a thrust foil bearing
according to another embodiment of the fourth invention.

FIG. 45 1s a schematic sectional view of a bearing
member of the thrust foil bearing of FIG. 44.

FIG. 46 1s a schematic perspective view of the bearing
member of the thrust foil bearing of FIG. 44.

FIG. 47 1s a plan view of a bearing member of a thrust foil
bearing according to another embodiment of the fourth
invention.

FIG. 48 15 a plan view of a bearing member of a thrust foil
bearing according to still another embodiment of the fourth
invention.

FIG. 49 1s a perspective view of a bearing member of a
thrust fo1l bearing according to yet another embodiment of
the fourth mnvention.

FIG. 50 1s a plan view of a o1l of the thrust fo1l bearing
of FIG. 49.

FIG. 51 1s a plan view of a leaf of a thrust foil bearing
according to another embodiment of the fourth ivention.

FIG. 52 1s a plan view of a leal of a thrust foil bearing
according to still another embodiment of the fourth inven-
tion.

FIG. 53 1s an axial sectional view of a foil bearing
according to an embodiment of a fifth invention of the
present application, which 1s incorporated in the micro gas
turbine.

FIG. 54 1s a partially cutaway exploded perspective view
of the foil bearing.

FIG. 55 1s an axially orthogonal sectional view of the foil
bearing.

FIG. 56 1s an axial sectional view of a foil bearing
according to another embodiment of the fifth invention.

FIG. 57 1s an axially orthogonal sectional view of a foil
bearing according to still another embodiment of the fifth
invention.

FIG. 58 1s a sectional view of a foil bearing 1n which a
bearing gap 1s formed 1n a thrust direction.

FIG. 59 1s a sectional view of a foil bearing 1n which a
bearing gap 1s formed 1n a direction inclined with respect to
the thrust direction.
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DESCRIPTION OF EMBODIMENTS

Now, description 1s made of embodiments of a first
invention of the present application with reference to FIGS.
1 to 14.

FIG. 1 1s a schematic view of a configuration of a gas
turbine apparatus called a micro gas turbine. The micro gas
turbine mainly comprises a turbine 1 comprising a blade
cascade, a compressor 2, a power generator 3, a combustor
4, and a regenerator 5. The turbine 1, the compressor 2, and
the power generator 3 comprise a common shaft 6 extending,
in a horizontal direction. The shaft 6, the turbine 1, and the
compressor 2 serve as an integrally rotatable rotor. Air
sucked from an air-intake port 7 1s compressed by the
compressor 2, heated by the regenerator 5, and then fed mnto
the combustor 4. The compressed air 1s mixed with fuel and
combusted so as to rotate the turbine 1 with a high-tem-
perature and high-pressure gas generated at that time. A
rotational force of the turbine 1 1s transmitted to the power
generator 3 through intermediation of the shaft 6 so as to
rotate the power generator 3. In this way, electric power 1s
generated and output through intermediation of an nverter
8. The gas having rotated the turbine 1 has a relatively high
temperature. Thus, the gas 1s fed into the regenerator 5 so
that heat thereof 1s exchanged with that of the compressed
air prior to the combustion. In this way, the heat of the gas
after the combustion 1s reused. The gas that has been
subjected to the heat exchange 1n the regenerator S passes
through an exhaust heat recovery device 9, and then 1s
exhausted as an exhaust gas.

FIG. 2 illustrates a support structure for the rotor, spe-
cifically, a support structure for the shaft 6 in an axial region
between the turbine 1 and the compressor 2. This region 1s
adjacent to the turbine 1 rotated by the high-temperature and
high-pressure gas, and hence an air dynamic pressure bear-
ing, in particular, a foil bearing 1s suitably used in this
region. Specifically, a radial foil bearing 10 supports the
shaft 6 1n a radial direction, and thrust foil bearings 20
according to an embodiment of the present invention support
a flange portion 40 provided to the shait 6 in both thrust
directions. The radial foil bearing 10 and the thrust foil
bearings 20 and 20 are fixed to a casing 42.

The radial foil bearing 10 comprises a leal type foil
bearing. In this embodiment, as illustrated in FIG. 3, the
radial fo1l bearing 10 comprises a cylindrical outer member
11 having an inner periphery on which the shaft 6 1s inserted,
and a plurality of leaves 12 fixed to an inner peripheral
surface 11a of the outer member 11 and arranged 1 a
circumierential array.

The leaves 12 are each formed of a belt-like fo1l made of
a metal that 1s excellent 1n resiliency and processability, such
as a steel material or a copper alloy, and having a thickness
of from approximately 20 um to 200 um. As in this embodi-
ment, 1n the air dynamic pressure bearing that uses air as a
fluid film, a lubricating o1l does not exist 1n an atmosphere,
and hence a rust ihlibiting effect by an o1l cannot be
expected. Carbon steel and brass can be taken as typical
examples of the steel material and the copper alloy. How-
ever, general carbon steel 1s liable to corrode due to rust, and
brass may be subjected to delayed cracking due to process-
ing strain (this liability becomes higher in proportion to a Zn
content 1n brass). Thus, 1t 1s preferred that the belt-like foil
be made of stainless steel or bronze.

The leaves 12 each comprise an end portion 12a on one
side 1 a circumierential direction (forward side 1n a rota-
tional direction of the shatt 6, refer to the arrow), and an end
portion 12b on another side 1n the circumierential direction.
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The end portion 12a i1s provided as a free end, and the end
portion 12b 1s fixed to the outer member 11. The fixed end
12b of the leaf 12 1s fitted and fixed to an axial groove 11b
formed 1n the inner peripheral surface 1la of the outer
member 11. A partial region on the free end 12a side of the
leat 12 1s arranged to overlap i1n the radial direction with
another leat 12. The leaves 12 each have a radially inner
surface that serves as a radial bearing surface 12¢ formed
into a shape of a smooth curved surface without pores or
steps.

The thrust fo1l bearings 20 each comprise a leaf type foil
bearing. As 1illustrated in FIG. 4, the thrust fo1l bearings 20
in this embodiment each comprise a hollow-disc-like thrust
member 21, and a fo1l member 22 fixed to an end surface 21a
of the thrust member 21.

The fo1l member 22 comprises a plurality of foils. In this
embodiment, the fo1l member 22 comprises two metal foils
30 and 30' having the same shape (refer to FIG. 7A). The
fo1ls 30 and 30' of the foil member 22 respectively comprise
leaves 31 and 31' arranged alternately to each other in the
circumfierential direction. As i1llustrated 1n FIG. 5, the leaves
31 and 31' respectively comprise end portions 31a and 314
on the one side 1n the circumierential direction (forward side
in the rotational direction of the shaft 6, that 1s, the left side
in FIG. 5), which are provided as free ends and allow the
leaves 31 and 31' to be freely deflected. The free ends 31a
and 31a' of the leaves 31 and 31' are arranged at substantially
the same circumierential positions as those of end portions
31b' and 31b on the another side in the circumierential
direction of adjacent leaves 31' and 31. Surfaces on the
flange portion 40 side (surface on an upper side in FIG. 5)
of the plurality of leaves 31 and 31' serve as thrust bearing
surfaces 31c and 31c¢' each formed into a shape of a smooth
curved surface without pores or steps.

Here, description 1s made of a configuration of each of the
foils 30 and 30' of the foil member 22. Note that, the foils
30 and 30' have completely the same configuration, and
hence description 1s made only of the configuration of one
to1l 30, and description of another foil 30' 1s omitted (in the
drawings, single quotation marks are added to reference
symbols of parts of the another foil 30', which correspond to
those of the one foil 30).

The fo1l 30 1s made of the same material and has the same
thickness as those of the leaves 12 described above. As
illustrated 1 FIG. 6, the foil 30 integrally comprises the
plurality of (four 1n the illustrated example) leaves 31 that
are equiangularly arranged, and a coupling portion 32 for
coupling the plurality of leaves 31 to each other. The fo1l 30
1s formed 1nto a circular shape, and comprises a circular hole
33 that 1s formed at a center thereof so as to allow the shaft
6 to pass therethrough. In this embodiment, the plurality of
leaves 31 and the coupling portion 32 are formed by forming
slits 1nto a single foi1l 30 through a wire cutting process, a
pressing process, and the like. Specifically, at a plurality of
equiangular positions (four positions in the illustrated
example) on the circular foil 30, there are provided radial
slits 34 that extend radially outward from the hole 33 toward
a position short of a radially outer rim of the foil 30. Then,
circumierential slits 35 extend from radially outer ends of
the slits 34 toward the another side 1n the circumferential
direction (backward side in the rotational direction of the
shaft 6, that 1s, counterclockwise direction 1n FIG. 6). The
circumierential slits 35 extend 1n the circumferential direc-
tion up to central portions of adjacent radial slits 34. The
circumierential slits 35 each have a length approximately
equal to s of the entire circumference in the illustrated
example. The circumierential slits 35 each have a width t,
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that 1s larger than a width t, of each of the radial slits 34
(t,>t,). When the radial slits 34 and the circumferential slits
35 are formed 1nto the foil 30, the plurality of leaves 31 each
having the end portion 31a provided on the one side 1n the
circumierential direction as the free end that 1s freely mov-
able upward and downward in the axial direction, and the
coupling portion 32 for coupling the leaves 31 to each other
can be formed at a time. The coupling portion 32 comprises
an annular portion 32a surrounding outer peripheries of the
plurality of leaves 31, and a plurality of (four in the
illustrated example) extending portions 32b extending radi-
ally inward from the annular portion 32a. The extending
portions 32b are continuous with the end portions 31b on the
another side 1n the circumierential direction of the leaves 31
(indicated by dotted lines i FIG. 6). In the illustrated
example, the extending portions 32b of the coupling portion
32 and the leaves 31 are equal to each other in circumfier-
ential length, and provided alternately to each other in the
circumierential direction.

Next, with reference to FIG. 7, description 1s made of a
method of manufacturing the thrust foi1l bearing 20, specifi-
cally, a method of assembling the two foils 30 and 30' into
the foil member 22. Note that, the two foils 30 and 30' are
made of completely the same material and formed into
completely the same shape. However, 1n FIG. 7, for the sake
of better understanding, the one foil 30' 1s indicated by a
dotted pattern. Further, a vertical direction 1n this description
corresponds to a central axis direction of the foils 30 and 30'.

First, the two foils 30 and 30' illustrated 1n FIG. 7A are

arranged 1n a vertically stacked manner as illustrated 1n FIG.
7B. The free ends 31a' of the leaves 31' of the lower foil 30

are inserted through the radial slits 34 of the upper foil 30.

With this, the free ends 31a' of the leaves 31' of the lower foil
30" are arranged above the coupling portion 32 (extending
portions 32b) of the upper fo1l 30. Then, the two foils 30 and
30' are rotated relative to each other so that the free ends 314
of the leaves 31' of the lower foi1l 30' reach a position above
the end portions 31b of the leaves 31 of the upper foil 30 as
illustrated 1n FIG. 7C. In this way, the foill member 22
comprising the leaves 31 of the upper fo1l 30 and the leaves

31' of the lower foil 30', which are arranged alternately to
each other in the circumiferential direction, can be obtained.
In this case, the thrust bearing surfaces 31¢ and 31c¢' that
serve as the upper surfaces of the leaves 31 and 31' are
arranged alternately to and seamlessly with each other 1n the
circumierential direction.

After the two foils 30 and 30' are integrated with each
other as described above, the fo1l member 22 1s fixed to the
end surface 21a of the thrust member 21 (refer to FIG. 4).
Fixing means 1s not particularly limited, and the foil member
22 1s fixed, for example, by bonding or welding. More
specifically, under a state in which the two foils 30 and 30’
are stacked on each other, the two foils 30 and 30' are fixed
to the thrust member 21 at a time by welding at a plurality
of circumierential points of the annular portions 32a and
32a' of the coupling portions 32 and 32'. In this way, the
thrust foil bearings 20 are completed (refer to FIG. 2).

As described above, the plurality of leaves 31 and 31" of
the thrust fo1l bearing 20 are integrated with each other with
the coupling portions 32 and 32'. Thus, 1n comparison with
a case where the plurality of leaves are provided separately
one by one, the number of components 1s reduced, and an
operation of assembling the leaves 31 and 31' to the thrust
member can be significantly simplified. Further, by combin-
ing the two foils 30 and 30' with each other as described
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above, a large number of leaves 31 and 31' can be easily
provided, and hence load capacity in thrust directions can be
increased.

Along with rotation of the shaft 6 to the one side in the
circumierential direction, a radial bearing gap R 1s formed
between the radial bearing surfaces 12¢ of the leaves 12 of
the radial fo1l bearing 10 and the outer peripheral surface 6a
of the shatt 6. A fluid film (air film) 1s formed 1n the radial
bearing gap R, and supports the shatt 6 in the radial direction
in a non-contact manner (refer to FI1G. 3). Simultaneously, at
a position between end surfaces 41 on both axial sides of the
flange portion 40 and the thrust bearing surfaces 31c¢ and
31c¢' of each of the thrust foil bearings 20 provided on both
the axial sides with respect to the flange portion 40, there are
formed thrust bearing gaps T narrowed 1n the axial direction
toward the one side 1n the circumierential direction. Fluid
films (air films) are formed 1n the thrust bearing gaps T, and
support the shait 6 in both the thrust directions 1n a non-
contact manner (refer to FIG. 5). At this time, the leaves 12
of the radial o1l bearing 10 and the leaves 31 and 31' of each
of the thrust foil bearings 20 are flexible, and hence the
bearing surfaces 12c¢, 31c, and 31' of the leaves 12, 31, and
31' are arbitrarily deformed 1n accordance with operating
conditions such as a load, a rotation speed of the shait 6, and
an ambient temperature. Thus, the radial bearing gap R and
the thrust bearing gaps T are automatically adjusted to have
appropriate widths 1n accordance with the operating condi-
tions. As a result, even under severe conditions mmvolving
high temperature and high speed rotation, the radial bearing
gap R and the thrust bearing gaps T can be managed to have
optimum widths, and hence the shaft 6 can be stably
supported. Note that, the widths of the radial bearing gap R
and the thrust bearing gaps T are actually as fine as approxi-
mately several tens ol micrometers, but are illustrated on an
exaggerated scale 1n FIGS. 3 and 5.

In the fo1l bearings 10 and 20, air films formed during low
speed rotation immediately before stop of the shait 6 or
immediately after actuation of the shatt 6 are diflicult to have
a thickness equal to or larger than surface roughnesses of the
radial bearing surface 12¢ of each of the leaves 12, the thrust
bearing surfaces 31c and 31c¢' of the leaves 31 and 31", and
the outer peripheral surface 6a of the shaft 6. Thus, metal
contact occurs between the radial bearing surfaces 12¢ and
the outer peripheral surface 6a of the shait 6, and between
the thrust bearing surfaces 31c and 31c¢' and the flange
portion 40. In order to reduce a frictional force generated by
the metal contact so that damage on the leaves 12, 31, and
31' and torque are reduced, it 1s desired that the radial
bearing surfaces 12¢ and the thrust bearing surfaces 31¢ and
31c¢' be provided with coating for reducing friction of the
surfaces. As the coating of this type, there may be used, for
example, a DLC film, a titanium aluminum nitride film, or
a molybdenum disulfide film. The DLC film, the titamium, or
aluminum nitride film can be formed through CVD or PVD,
and the molybdenum disulfide film can be easily formed
through spraying. In particular, the DLC film and the tita-
nium aluminum nitride film are hard. Thus, when the coating
1s formed of those films, abrasion resistance of the radial
bearing surfaces 12¢ and the thrust bearing surfaces 31¢ and
31c¢' can also be enhanced. As a result, a bearing life can be
prolonged. Note that, the coating as described above may be
formed not only on the radial bearing surfaces 12¢ and the
thrust bearing surfaces 31c¢ and 31¢' but also on the opposed
side, that 1s, the outer peripheral surface 6a of the shait 6 and
the end surfaces 41 of the tlange portion 40.

During an operation of the bearing, slight sliding occurs
not only between back surfaces of the leaves 12 (surfaces on
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an opposite side with respect to the radial bearing surfaces
12¢) and the mnner peripheral surface 1la of the outer
member 11, but also between back surfaces of the leaves 31
and 31' (surfaces on an opposite side with respect to the
thrust bearing surfaces 31c¢ and 31¢') and the end surface 21a
of each of the thrust members 21. Thus, the coating
described above may be formed also on those sliding parts,
specifically, one of or both of the back surfaces of the leaves
12, 31, and 31', and parts 1n contact therewith, that is, the
inner peripheral surface 11a of the outer member 11 and the
end surface 21a of each of the thrust members 21 so as to
enhance abrasion resistance. Note that, in order to achieve a
greater vibration damping eflect, it may be preferred to
generate a Irictional force at those sliding portions to some
extent. Thus, the coating on those parts needs not have
significantly low irictional property. For those reasons, it 1s
preferred that the DLC film, the titanium, or aluminum
nitride film be used as the coating on those parts.

The present invention 1s not limited to the embodiment
described above. Note that, in the following description,
parts having the same functions as those 1n the embodiment
described above are denoted by the same reference symbols,
and redundant description thereof 1s omitted.

The shapes of the leaves 31 and 31' of the thrust foil
bearings 20 are not limited to those in the embodiment
described above. For example, as illustrated in FIGS. 8 to 11,
radially outer edges of the free ends 31a and 31a' of the
leaves 31 and 31' may be inclined radially inward to the
forward side 1n the rotational direction of the shaft 6. With
this, along with the rotation of the shait 6, air on the radially
outer side of the thrust foil bearings 20 1s fed to the radially
inner side along the leaves 31 and 31' (refer to dotted-line
arrows 1n FIG. 8). Thus, a larger amount of air can be fed
into the thrust bearing gaps T, and hence higher pressure can
be generated 1n the thrust bearing gaps 1. Specifically, as
illustrated, for example, 1n FIG. 8, the free ends 31a and 314
of the leaves 31 and 31' can be arrayed 1n a spiral pattern of
a pump-in type. In this case, the free ends 31a and 312" may
be formed into a curved shape as illustrated 1n FIG. 8, or may
be formed 1nto a linear shape (not shown). Alternatively, as
illustrated 1n FIGS. 9 and 10, the free ends 31a and 31a' of
the leaves 31 and 31' may be arrayed in a herringbone
pattern. The herringbone pattern refers to a substantially
V-shape 1n which the radially outer edges and radially inner
edges of the free ends 31a and 31a' are inclined to a radial
center and to the forward side 1n the rotational direction of
the shaft 6. In this case, the free ends 31a and 312" may be
formed into a curved shape (refer to FIG. 9), or may be
formed into a linear shape (refer to FIG. 10). Note that, 1n
FIGS. 8 to 10, as 1n FIG. 7, the one foil 30' of the two foils
30 and 30' having the same shape 1s indicated by a dotted
pattern.

Further, according to the present invention, the leaves 31
and 31' can be easily assembled to the thrust member 21, and
hence a larger number of the leaves 31 and 31' can be
provided to the foils 30 and 30'. For example, FIG. 11
illustrates an embodiment 1n which ten leaves 31 and 31' are
provided to the foils 30 and 30', respectively, and the ten
leaves 31 and 31' are combined with each other. In other
words, a total of twenty leaves are provided. In this way, a
larger number of the leaves 31 and 31' are provided, and
hence the load capacity in the thrust directions can be
arbitrarily changed.

Further, FIG. 12 illustrates an embodiment in which
support portions 31 are provided under the leaves 31 and 31"
The support portions 51 support the leaves 31 and 31' from
the opposite side with respect to the thrust bearing surfaces
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31c and 31c¢' (lower side 1n FI1G. 12). Through adjustment of
a shape, a thickness, the number, and arrangement positions
of the support portions 51, a rising height of the free ends
31a and 31a' of the leaves 31 and 31' can be freely set. Thus,
inclination angles of the leaves 31 and 31' and the shapes
(curvatures) of the thrust bearing surfaces 31c and 31¢' are
adjusted, and hence the thrust bearing gaps T can be con-
figured to have an optimum shape. For example, when the
support portions 51 are provided to the foil member 22
illustrated 1 FIG. 9, as 1llustrated 1n FIG. 13, 1t 1s possible
to use a support foil 50 integrally comprising the support
portions 51 formed into a linear shape along the free ends
31a and 31a' of the leaves 31 and 31' and an annular portion
52 coupling outer peripheries of the support portions 31 to
cach other. In FIG. 12, two support foils 50 are used 1n a
stacked form, and the support portions 51 are arranged in a
double piled state along and under the free ends 31a and 314
of the leaves 31 and 31'.

In the embodiments described above, the fo1l member 22
comprises the two foils 30 and 30'. However, the present
invention 1s not limited thereto, and the foil member may
comprise one foil, or three or more foils.

Further, in the embodiments described above, the thrust
member 21 and the foi1l member 22 are provided on a fixed
side, but may be provided on a rotary side. However, when
the fo1l member 22 1s rotated at high speed, the foils 30 and
30" may be deformed due to a centrifugal force. Thus, 1n
view ol avoiding such a failure, as 1n the embodiments
described above, it 1s preferred that the thrust member 21
and the foil member 22 be provided on the fixed side.

Still further, in the embodiments described above, the
thrust foil bearings 20 according to the present invention are
applied to a gas turbine. However, the present invention 1s
not limited thereto, and the thrust foi1l bearings 20 may be
applied, for example, to a supercharger as 1llustrated 1n FIG.
14. This supercharger 1s what 1s called a turbocharger for
feeding air into an engine 63, and comprises a compressor
61 and a turbine 62. The compressor 61 and the turbine 62
are coupled to each other with the shait 6. The shaft 6 is
supported 1n the radial direction and both the thrust direc-
tions by the radial foil bearings 10 and the thrust foil
bearings 20. In the illustrated example, the radial foil
bearings 10 are provided at two positions spaced apart from
cach other i the axial direction. Air sucked from an air-
intake port (not shown) 1s compressed by the compressor 61,
mixed with fuel, and fed into the engine 63. The compressed
air mixed with the fuel 1s combusted 1n the engine 63 so as
to rotate the turbine 62 with a high-temperature and high-
pressure gas exhausted from the engine 63. A rotational
force generated at this time by the turbine 62 1s transmitted
to the compressor 61 through intermediation of the shatt 6.
The gas that has rotated the turbine 62 1s exhausted as an
exhaust gas to an outside.

The foil bearing according to the present invention can be
used not only 1n the gas turbine or the supercharger, but
widely used also as bearings for vehicles such as an auto-
mobile, which are used under restrictions such as a difliculty
in lubricating with a liquid such as a lubricating oi1l, a
difficulty 1n separately providing an auxiliary device of a
lubricating o1l circulatory system 1n view of energy efli-
ciency, or problems that may be caused by shearing resis-
tance of the liquid. The fo1l bearing according to the present
invention can be widely used also as bearings for industrial
devices.

Note that, the foil bearing described above 1s suited to a
case where air 1s used as a lubricant, but 1s applicable to
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other gases, and 1s operated through intermediation of a
liquid such as water and an oil.

Now, description 1s made of embodiments of a second
invention of the present application with reference to FIGS.
15 to 19.

FIG. 15 1llustrates a support structure for the rotor of the
micro gas turbine (refer to FIG. 1), specifically, a support
structure for the shaft 6 i1n the axial region between the
turbine 1 and the compressor 2. This region 1s adjacent to the
turbine 1 rotated by the high-temperature and high-pressure
gas, and hence an air dynamic pressure bearing, 1n particular,
a Toil bearing 1s suitably used 1n this region. Specifically, the
radial foil bearing 10 supports the shait 6 in the radial
direction, and a thrust foil bearing 120 according to an
embodiment of the present invention supports a flange
portion 140 provided to the shaft 6 in both the thrust
directions.

The radial foil bearing 10 has the same structure as that
illustrated 1 FIG. 3, and hence redundant description
thereof 1s omitted.

As 1llustrated 1n FIGS. 15 and 16, the thrust foil bearing
120 according to the embodiment of the present invention
comprises the flange portion 140 (rotary member) provided
to project radially outward from the outer peripheral surface
6a of the shaft 6, thrust members 121 (fixed members) fixed
to a casing 150, and the foil members 22 arranged between
the flange portion 140 and the thrust members 121. In this
embodiment, the thrust members 121 are provided in pairs
on both axial sides with respect to the flange portion 140,
and the foil member 22 1s fixed to an end surface 121a of
cach of the thrust members 121. The thrust bearing gaps T
are formed respectively between one end surface 141a of the
flange portion 140 and one of the foill members 22, and
between another end surface 142a of the flange portion 140
and another of the foil members 22.

The flange portion 140 and the thrust members 121 of the
thrust foi1l bearing 120 respectively have magnets 123 and
124 mounted thereto. The magnets 123 and 124 are arranged
to respectively generate repulsive forces 1n the thrust direc-
tions, specifically, arranged 1n a manner that the same poles
(N-poles or S-poles) face each other. In this embodiment,
both the magnets 123 and 124 are arranged along the
circumierential direction. Specifically, as illustrated 1n
FIGS. 17A and 17B, both the magnets 123 and 124 are
arranged coaxially with each other 1n a shape of a ring that
1s continuous over the entire circumierence. In the illustrated
example, the magnets 123 and 124 have the same shape,
specifically, have a shape of a hollow disc with a rectangular
shape 1n cross-section. As described above, when the mag-
nets 123 and 124 are each formed into the shape of the ring
that 1s continuous over the entire circumierence, the magnets
123 and 124 can be easily mounted to the flange portion 140
or the thrust members 121.

The one magnet 123 1s fixed to the tlange portion 140. In
this embodiment, the one magnet 123 1s embedded into the
flange portion 140. Specifically, as 1llustrated 1n FIG. 16, the
flange portion 140 1s divided at an axial intermediate portion
so as to provide a pair of flange members 141 and 142. The
pair of flange members 141 and 142 have opposed end
surfaces comprising annular recessed portions 141b and
142b, and the nng-shaped magnet 123 1s arranged 1n a space
formed by facing the recessed portions 141b and 142b. The
one magnet 123 may be damaged at the time of high speed
rotation together with the shaft 6. However, when the one
magnet 123 1s mcorporated into the flange portion 140 as
described above, the damage at the time of the high speed
rotation can be prevented. Note that, means for preventing,
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the damage on the magnet 123 1s not limited to the means
described above, and for example, a case for covering the
magnet 123 may be mounted thereto.

The other magnets 124 are fixed respectively to the pair
of thrust members 121. In this embodiment, the other
magnets 124 are mounted respectively to other end surfaces
121b of the thrust members 121 (end surfaces on an opposite
side with respect to the fo1l members 22). Specifically, an
annular recessed portion 121c 1s formed in each of the other
end surfaces 121b of the thrust members 121, and the
ring-shaped magnets 124 are each fitted and fixed to the
recessed portion 121c.

As 1llustrated 1n FIG. 16, the foi1l member 22 1s mounted
to the end surface 121a of each of the thrust members 121
having a shape of a hollow disc. The foi1l member 22 1n this
embodiment comprises a plurality of foils combined with
cach other. In the illustrated example, the foil member 22
comprises the two metal foils 30 and 30' having the same
shape. The configuration of the foils 30 and 30', the method
ol assembling the two foils 30 and 30" into the foil member
22, and the method of fixing the fo1l member 22 to the end
surface 121a of each of the thrust members 121 are the same
as those 1llustrated 1n FIGS. 4 to 7. Thus, redundant descrip-
tion thereof 1s omitted.

Along with the rotation of the shaft 6 to the one side 1n the
circumfierential direction, the flmud film 1s formed 1in the
radial bearing gap R between the radial bearing surfaces 12¢
of the leaves 12 of the radial foil bearing 10 and the outer
peripheral surface 6a of the shaft 6. This fluid film supports
the shaft 6 in the radial direction 1n a non-contact manner
(refer to FIG. 3). Ssmultaneously, the flmd films are formed
in the thrust bearing gaps T between the thrust bearing
surfaces (bearing surfaces 31c¢ and 31c¢' of the leaves 31 and
31") of the pair of fo1l members 22 of the thrust foi1l bearing
120 and the end surfaces 141a and 142a of the flange portion
140. Those fluid films support the shait 6 1in both the thrust
directions in a non-contact manner (refer to FIG. 16). At this
time, the leaves 12 of the radial foil bearing 10 and the
leaves 31 and 31' of the thrust foil bearing 120 are flexible,
and hence the bearing surfaces 12c¢, 31c, and 31' of the
leaves 12, 31, and 31' are arbitrarily deformed 1n accordance
with operating conditions such as a load, a rotation speed of
the shaft 6, and an ambient temperature. Thus, the radial
bearing gap R and the thrust bearing gaps T are automati-
cally adjusted to have appropriate widths 1n accordance with
the operating conditions. As a result, even under severe
conditions mvolving high temperature and high speed rota-
tion, the radial bearing gap R and the thrust bearing gaps T
can be managed to have optimum widths, and hence the
shaft 6 can be stably supported.

Further, due to the repulsive forces generated 1n the thrust
directions by the magnets 123 and 124 provided to the thrust
to1l bearing 120, supportability in the thrust directions of the
shaft 6 1s further enhanced. In other words, the repulsive
forces generated between the magnets 123 and 124 urge the
flange portion 140 and the thrust members 121 to be
separated from each other in the thrust directions so as to
assist the fluid films to support the shait 6 in the thrust
bearing gaps T 1n the thrust directions. In particular, when
high loads 1n the thrust directions are applied to the shaft 6
due to the high speed rotation of the turbine 1, the thrust
bearing gaps T are narrowed. Thus, the magnets 123 and 124
come closer to each other. As a result, the repulsive forces
generated therebetween become greater. In this way, a risk
that the flange portion 140 comes into contact with the foil
members 22 and the thrust members 121 can be avoided.
Note that, as the repulsive forces generated between the
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magnets 123 and 124 become greater, a greater force 1s
applied to the flange portion 140. As a result, there arises a
risk that the flange portion 140 1s inclined with respect to the
thrust members 121 and the thrust bearing gaps T are
non-uniform 1n the circumierential direction. However, the
shaft 6 1s rotated at high speed, and hence pressure of the
fluid film 1n the radial bearing gap R becomes higher. As a
result, a moment rigidity of the shaft 6 becomes higher, and
such a failure can be prevented.

It 1s desired that the radial bearing surface 12c¢ and the
thrust bearing surfaces 31c¢ and 31¢' of the foil bearings 10
and 120 be provided with coating for reducing friction of the
surfaces. As the coating of this type, there may be used, for
example, a DLC film, a titanium aluminum nitride film, or
a molybdenum disulfide film. Such coating may be formed
not only on the radial bearing surfaces 12¢ and the thrust
bearing surfaces 31c and 31c' but also on the opposed side,
that 1s, the outer peripheral surface 6a of the shaft 6 and the
end surfaces of the flange portion 140. Further, the coating
described above may be formed also on one of or both of the
back surfaces of the leaves 12, 31, and 31", and parts in
contact therewith, that 1s, the inner penpheral surface 11a of
the outer member 11 and the end surface 121a of each of the
thrust members 121.

The present invention 1s not limited to the embodiment
described above. Note that, in the following description,
parts having the same functions as those in the embodiment
described above are denoted by the same reference symbols,
and redundant description thereof 1s omaitted.

For example, in the embodiment described above, the
magnets 123 and 124 are each formed into the shape of the
ring that 1s continuous over the entire circumierence. How-
ever, the present invention 1s not limited thereto, and a
plurality of magnets may be arranged apart from each other
in the circumierential direction as one of or both of the
magnets 123 and 124. For example, 1n the example illus-
trated 1n FIG. 18, a plurality of magnets 123a and 124a are
arranged at a plurality of (eight in the 1llustrated examples)
equiangular positions as both the magnets 123 and 124,
respectively. The plurality of magnets 123a and 124a are
fixed respectively to the end surface 121b of each of the
thrust members 121 and the end surface of the flange
member 141. In this case, only by changing arrangement of
the magnets 123a and 124a, an entire diameter of each of the
magnets 123 and 124 can be freely changed. For example,
in the arrangement of the illustrated examples, an outer
diameter D1 of the magnet 123 and an outer diameter D2 of
cach of the magnets 124 are equal to each other. However,
the present invention 1s not limited thereto, and there may be
employed a design in which the magnets 124a of each of the
magnets 124 are arranged on the radially outer side than in
the illustrated example so as to set the outer diameter D2 of
cach of the magnets 124 to be larger than the outer diameter
D1 of the magnet 123. Further, each one of the magnets 123a
and 124a needs not necessarily be formed into a special
shape. For example, the magnets 123a and 124a may each be
formed 1nto a rectangular shape (rectangular parallelepiped
shape) as 1n the illustrated examples. When the magnets
123a and 124a have such simple shapes, inexpensive exist-
ing magnets can be used. As a result, manufacturing cost can
be reduced.

Further, 1n the embodiment described above, the magnets
123 and 124 having the same ring shape are mounted to the
flange portion 140 and the thrust members 121. However,
the present invention 1s not limited thereto. For example, in
the embodiment illustrated in FIG. 19, the magnet 123
mounted to the flange portion 140 and the magnets 124
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mounted to the thrust members 121 are set to have diflerent
outer diameters and arranged coaxially with each other.
Specifically, the outer diameter of each of the magnets 124
1s set to be larger than the outer diameter of the magnet 123
so that the magnet 123 having the smaller diameter 1s
arranged on the radially inner side with respect to the
magnets 124 each having the larger diameter. The magnets
123 and 124 may each be formed into the shape of the ring
that 1s continuous over the entire circumierence (refer to
FIG. 17), or the plurality of magnets may be arranged apart
from each other in the circumierential direction (refer to
FIG. 18). In those cases, radial components of the repulsive
forces generated between both the magnets 123 and 124
allow the magnet 123 having the smaller diameter to be
urged to the radially mmer side. Thus, radial decentering
between the magnets 123 and 124 1s corrected, and hence
radial decentering between the flange portion 140 and the
thrust members 121 1s corrected as well. As a result, the
flange portion 140 1s stably supported by the magnets 123

and 124.

Still further, 1n the embodiment described above, the foil
members are fixed to the fixed members (thrust members
121). However, reversely, the fo1l members may be fixed to
the rotary member (flange portion 140). In this case, wedge-
like thrust bearing gaps are formed between the thrust
bearing surfaces provided to the leaves of the foil members
and the end surfaces of the fixed members. However, when
the foil members are fixed to the rotary member, the foil
members are rotated at high speed, and hence the foils may
be deformed due to the centrifugal force. Thus, in view of
avoilding the deformation of the foils, it 1s preferred that the
fo1l members be mounted to the fixed members.

Yet further, in the configuration of the embodiment
described above, the thrust members 121 and the foil mem-
bers 22 are provided on both the axial sides with respect to
the tlange portion 140 so as to support the flange portion 140
in both the thrust directions. However, the present invention
1s not limited thereto, and the thrust member 121 and the foil
member 22 may be provided only on one axial side with
respect to the flange portion 140 so as to support the tlange
portion 140 only in one of the thrust directions. Such a
configuration 1s applicable, for example, to a case where the
flange portion needs not be supported 1n another of the thrust
directions, or a case where the flange portion 1s supported by
another structure 1n the another of the thrust directions.

Yet further, in the configuration of the embodiment
described above, the foil members 22 of the thrust foil
bearing 120 each comprise the foi1l 30 integrally comprising,
the plurality of leaves 31, and the foil 30' integrally com-
prising the plurality of leaves 31', and the foils 30 and 30" are
combined with each other. However, the present invention 1s
not limited thereto. For example, the plurality of leaves may
be fixed one by one to the thrust members 121. Alternatively,
there may be employed a fo1l member of a bump foil type,
comprising a top foil having a thrust bearing surface and a
corrugated back foil arranged between the top foil and a
thrust member.

Yet further, in the embodiment described above, the thrust
fo1l bearing 120 according to the present invention 1s applied
to a gas turbine. However, the present invention i1s not
limited thereto, and the thrust foil bearing 120 may be
applied, for example, to the supercharger as illustrated 1n
FIG. 14.

The foil bearing according to the present invention can be
used not only in the gas turbine or the supercharger. For
example, the fo1l bearing according to the present mnvention
can be widely used also as bearings for vehicles such as an
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automobile, which are used under restrictions such as
difficulty 1n lubricating with a liquid such as a lubrlcatmg
oi1l, a difliculty in separately prowdlng an auxiliary device of
a lubricating o1l circulatory system i1n view ol energy efli-
ciency, or problems that may be caused by shearing resis-
tance of the liquid. The fo1l bearing according to the present
invention can be widely used also as bearings for industrial
devices.

Note that, the foil bearing described above 1s suited to a
case where air 1s used as a lubricant, but 1s applicable to
other gases, and 1s operated through intermediation of a
liquid such as water and an oil.

Now, description 1s made of embodiments of a third
invention of the present application with reference to FIGS.
22 to 36.

FIG. 22 illustrates a support structure for the rotor of the
micro gas turbine (refer to FIG. 1), specifically, a support
structure for the shaft 6 i1n the axial region between the
turbine 1 and the compressor 2. This region 1s adjacent to the
turbine 1 rotated by the high-temperature and high-pressure
gas, and hence an air dynamic pressure bearing, 1n particular,
a Toil bearing 1s suitably used 1n this region. Specifically, the
radial fo1l bearing 10 for supporting the shaft 6 in the radial
direction, and a thrust foil bearing 220 for supporting a
flange portion 240 provided to the shaft 6 in both the thrust
directions support the rotor 1n a freely rotatable manner. In
this embodiment, description 1s made of a case where a foil
bearing according to an embodiment of the present invention
1s applied to the thrust foil bearing 220.

The radial foil bearing 10 has the same structure as that
illustrated 1 FIG. 3, and hence redundant description
thereof 1s omitted.

As 1llustrated in FIGS. 22 to 24, the thrust foil bearing 220
comprises the flange portion 240 (rotary member) provided
to project radially outward from the outer peripheral surface
6a of the shaft 6, disc-like thrust members 221 (fixed
members) fixed to a casing 242, and a plurality of leaf foils
(leaves 230) arranged between the flange portion 240 and
the thrust members 221. In this embodiment, bearing mem-
bers 220a are provided on both axial sides with respect to the
flange portion 240. The bearing members 220a each com-
prise the disc-like thrust member 221 (fixed member), and
the plurality of leaves 230 fixed 1n an equiangular array to
an end surface 221a of the thrust member 221.

The leaves 230 are formed of a single metal fo1l made of
the same material and having the same thickness as those of
the leaves 12 of the radial foil bearing 10, and are formed
into a fan shape along the circumierential direction of the
thrust member 221. The leaves 230 each comprise a free end
231 formed of an end portion on the one side in the
circumierential direction (forward side in the rotational
direction of the shatt 6, that 1s, left side 1n the drawings), and
a fixed end 232 formed of an end portion on the another side
in the circumierential direction, which 1s fixed to the thrust
member 221. A surface of each of the leaves 230 on an
opposite side with respect to the thrust member 221 serves
as a thrust bearing surface 233 having a shape of a curved
surface projected to the flange portion 240 side. The shape
of the curved surface of the thrust bearing surface 233 1is
smooth without pores or steps. Note that, springs 230a
schematically illustrate spring property of the leaves 230,
and hence are not actually provided.

As 1llustrated 1in FIG. 25, the free end 231 of each of the
leaves 230 comprises a plurality of cutout portions 231a, and
land portions 231b that are continuous with the thrust
bearing surface 233, and the cutout portions 231a and the
land portions 231b are arranged alternately to each other 1n
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an extending direction of the free end 231 (radial direction
in this embodiment). In the 1llustrated example, the free end
231 1s formed into a zigzag shape so as to form the triangular
cutout portions 231a and the land portions 231b alternately
to each other.

Along with the rotation of the shaft 6 to the one side 1n the
circumierential direction, the wedge-like radial bearing gap
R narrowed in the radial direction toward the one side 1in the
circumierential direction 1s formed between the radial bear-
ing surfaces 12¢ of the leaves 12 of the radial foil bearing 10
and the outer peripheral surface 6a of the shait 6 (refer to
FIG. 3). The flmd film (air film) 1s formed in the radial
bearing gap R, and supports the shaft 6 1n the radial direction
in a non-contact manner. Simultaneously, the thrust bearing
gaps 1 narrowed 1n the axial direction toward the one side
in the circumierential direction are formed between end

surfaces 241 on both axial sides of the flange portion 240
and the thrust bearing surfaces 233 of the leaves 230 of the
thrust foil bearing 220 (refer to FIG. 23). The flud films (air

f1lms) are formed 1n the thrust bearing gaps T, and support
the shait 6 1n both the thrust directions 1n a non-contact
manner. Note that, the widths of the radial bearing gap R and
the thrust bearing gaps T are actually as fine as approxi-
mately several tens of micrometers, but are illustrated on an
exaggerated scale 1n FIGS. 3 and 23.

At this time, as illustrated in FIG. 23, a part of a
high-pressure fluid 1 a small gap portion T1 in the thrust
bearing gap T 1s released as it 1s toward the forward side 1n
the rotational direction of the shait 6. With this, 1n a large
gap portion 12, the flmd flows near the flange portion 240
(upper part in FIG. 23) (refer to the arrow v, 1n FIG. 23).
Simultaneously, another part of the fluid in the small gap
portion T1 1s released toward a back side of the leaf 230
(lower side 1n FIG. 23) via the cutout portions 231a. With
this, 1n the large gap portion 12, the fluid flows near the
thrust bearlng surface 233 (lower part 1n FIG. 23) (refer to
the arrow v, 1n FIG. 23) In this way, the fluid in the entire
large gap portion 12 1s allowed to dynamically tlow, and a
larger amount of the flmd flows from the large gap portion
12 1nto a subsequent small gap portion 11. As a result, higher
pressure 1s generated 1n the small gap portions 11, and hence
the load capacity in the thrust directions can be increased.

Further, at this time, the leaves 12 of the radial foil bearing
10 and the leaves 230 of the thrust foil bearing 220 are
flexible, and hence the bearing surfaces 12c¢ and 233 of the
leaves 12 and 230 are arbitrarily deformed 1n accordance
with operating conditions such as a load, a rotation speed of
the shaft 6, and an ambient temperature. Thus, the radial
bearing gap R and the thrust bearing gaps T are automati-
cally adjusted to have appropriate widths in accordance with
the operating conditions. As a result, even under severe
conditions mvolving high temperature and high speed rota-
tion, the radial bearing gap R and the thrust bearing gaps T
can be managed to have optimum widths, and hence the
shaft 6 can be stably supported.

It 1s desired that the radial bearing surfaces 12c¢ and the
thrust bearing surfaces 233 of the foil bearings 10 and 220
be provided with coating for reducing iriction of the sur-
faces. As the coating of this type, there may be used, for
example, a DLC film, a titanium aluminum nitride film, or
a molybdenum disulfide film. Such coating may be formed
not only on the radial bearing surfaces 12¢ and the thrust
bearing surfaces 233 but also on the opposed side, that 1s, the
outer peripheral surface 6a of the shaft 6 and the end
surfaces 241 of the tlange portion 240. Further, the coating
described above may be formed also on one of or both of the
back surfaces of the leaves 12 and 230, and parts 1n contact
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therewith, that 1s, the inner peripheral surface 11a of the
outer member 11 and the end surface 221a of each of the
thrust members 221.

The present invention 1s not limited to the embodiment
described above. Note that, in the following description,
parts having the same functions as those 1n the embodiment
described above are denoted by the same reference symbols,
and redundant description thereof 1s omuitted.

The shape of the free end 231 of the leat 230 1s not limited
to the shape described above. For example, as 1llustrated in
FIG. 26, the free end 231 of the leat 230 may be formed into
a corrugated shape. Alternatively, as illustrated 1n FIG. 27,
the free end 231 of the leat 230 may comprise a plurality of
cutout portions 231a provided at a plurality of positions
spaced apart from each other 1n the radial direction. Further,
the cutout portions 231a and the land portions 231b may be
formed not only 1nto the triangular shape (refer to FIG. 25),
the corrugated shape (refer to FIG. 26), or the circular-arc
shape (refer to FIG. 27), but also 1nto a rectangular shape or
a trapezoidal shape (not shown).

Further, 1n the embodiment described above, the {ree end
231 of each of the leaves 230 extends along the radial
direction. However, the present invention 1s not limited
thereto. For example, as illustrated in FIGS. 28 and 29,
radially outer edges of the free ends 231 of the leaves 230
may be inclined radially inward to the forward side in the
rotational direction of the shait 6. With this, along with the
rotation of the shait 6, air on the radially outer side of the
bearing members 220a of the thrust foi1l bearing 220 1s fed
to the radially mnner side along the leaves 230 (refer to
dotted-line arrows in FIG. 28). Thus, a larger amount of air
can be fed into the thrust bearing gaps T, and hence higher
pressure can be generated in the thrust bearing gaps T.
Specifically, as illustrated, for example, 1n FIG. 28, the free
ends 231 of the leaves 230 can be arrayed 1n a spiral pattern
of a pump-1in type. Alternatively, as 1llustrated in FIG. 29, the
free ends 231 of the leaves 230 may be arrayed in a
herringbone pattern. Note that, the herringbone pattern
refers to a substantially V-shape 1n which the radially outer
edges and radially inner edges of the free ends 231 are
inclined to a radial center and to the forward side in the
rotational direction of the shait 6.

Still further, 1n the embodiment described above, the
plurality of leat foils are formed separately one by one.
However, the present invention 1s not limited thereto. For
example, a plurality of leaf fo1ls may be provided to a single
to1l. Specifically, FIG. 30 illustrates an embodiment 1n
which two foils 260 and 260' each comprising a plurality of
leat foils are combined with each other so as to form a foil
member 250, and the foi1l member 250 is fixed to each of the
thrust members 221.

Here, description 1s made of a configuration of each of the
foils 260 and 260'. Note that, the foils 260 and 260' have
completely the same configuration, and hence description 1s
made only of the configuration of one fo1l 260, and descrip-
tion of another foil 260' 1s omitted (in FIG. 30, single
quotation marks are added to reference symbols of parts of
the another foil 260', which correspond to those of the one
to1l 260).

The foi1l 260 1s formed into a circular shape, and com-
prises a circular hole 263 that 1s formed at a center thereof
so as to allow the shait 6 to pass therethrough. In this
embodiment, a plurality of (four in the 1llustrated example)
equiangularly arranged leaves 261 and a coupling portion
262 are formed by forming substantially L-shaped slits into
a single foi1l 260 through a wire cutting process, a pressing
process, and the like. Specifically, at a plurality of equian-
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gular positions (four positions in the 1llustrated example) on
the circular foi1l 260, there are provided radial slits 264 that
extend radially outward from the hole 263 1n a zigzag pattern
toward a position short of a radially outer rim of the foil 260.
Then, circumierential slits 265 extend from radially outer
ends of the slits 264 toward the another side 1n the circum-
terential direction (backward side in the rotational direction
of the shaft 6, that 1s, counterclockwise direction 1n FIG. 31).
When those slits 264 and 265 are formed into the foil 260,
the plurality of leaves 261 each having an end portion 261a
provided on the one side in the circumierential direction as
the free end that 1s freely movable upward and downward 1n
the axial direction, and the coupling portion 262 for coupling
the leaves 261 to each other can be formed ntegrally with
cach other. The coupling portion 262 comprises an annular
portion 262a surrounding outer peripheries of the plurality
of leaves 261, and a plurality of (four in the illustrated
example) extending portions 262b extending radially inward
from the annular portion 262a. The extending portions 262b
are continuous with end portions 261b on the another side 1n
the circumierential direction of the leaves 261 (indicated by
dotted lines in FIG. 31). In the illustrated example, the
extending portions 262b of the coupling portion 262 and the
leaves 261 are equal to each other 1n circumierential length,
and provided alternately to each other in the circumierential
direction. The free end 261a of each of the leaves 261 1s
formed 1nto a zigzag shape comprising a plurality of cutout
portions 261al and land portions 261a2 formed alternately
to each other.

The two foils 260 and 260' are assembled to each other by
the method illustrated 1n FIG. 7, and hence redundant
description thereotf 1s omitted here.

Further, 1n the embodiments described above, the present
invention 1s applied to a thrust fo1l bearing for supporting a
rotor 1n the thrust directions. However, the present invention
1s not limited thereto, and i1s applicable to a radial foil
bearing for supporting a rotor in the radial direction. For
example, as 1n a radial foil bearing 210 illustrated in FIGS.
32 and 33, the free end 12a of the leat 12 mounted to an outer
member 211 (fixed member) may alternately comprise a
plurality of cutout portions 12al, and a plurality of land
portions 12b that are continuous with the radial bearing
surface 12c¢. With this, as 1llustrated in FIG. 33, 1n the radial
bearing gap R between the radial bearing surfaces 12¢ and
the outer peripheral surface 6a of the shait 6, the fluid flows
radially outward via the cutout portions 12al (refer to the
arrows B 1n FIG. 33) in a small gap portion R1 formed near
the free end 12a of the radial bearing surface 12¢. With this,
the fluid 1n a large gap portion R2 1s allowed to dynamically
flow, and a larger amount of the fluid flows from the large
gap portion R2 into the small gap portion R1. As a result,
higher pressure 1s generated in the small gap portion R1.

Still further, 1n the radial fo1l bearing 10 described above,
the plurality of leaves may be formed of a single foil. For
example, a fo1l member 270 illustrated 1n FIGS. 34 and 35
1s formed by turning a single belt-like fo1l around the shaft
6 so as to radially overlap the foil 1n a spiral form. This
embodiment exemplifies a case where the foil member 270
1s turned twice and both ends 270b and 270c of the fo1l are
arranged at substantially the same position in the circum-
terential direction. With this, a double-layer foil portion W
1s formed substantially over the entire circumierence of the
fo1l member 270 in a manner that two foils are radially
overlapped with each other. In the double-layer fo1l portion
W, an outer foil 1s partially raised radially inward to form
first leaves 271 each having a radially inner edge provided
as a Ifree end, and an 1nner foil 1s partially raised radially
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inward to form second leaves 272 each having a radially
inner edge provided as a free end. The first leaves 271 and
the second leaves 272 are arranged alternately to each other
in the circumierential direction except a vicinity of both the
end portions 270b and 270c of the foil.

The first leaves 271 and the second leaves 272 each have
an 1ner peripheral surface that serves as a bearing surface
270d having a shape of a curved surface projected radially
outward. The radial bearing gap R having a shape of a wedge
that shrinks along the rotational direction of the shait 6 1s
formed between the bearing surfaces 270d and the outer
peripheral surface 6a of the shaft 6. The free ends of the
leaves 271 and 272 are each radially overlapped with
another adjacent leal on the forward side 1n the rotational
direction.

The foil member 270 illustrated 1n FIG. 35 1s manufac-
tured as follows. First, as illustrated in FIG. 36 A, a plurality
of L-shaped slits 273 are formed at appropriate intervals into
a lateral edge portion on one side of a metal flat-plate-like
to1l 270 through a wire cutting process, a pressing process,
and the like. At this time, a region 277 between a lateral edge
portion 276 on another side and adjacent one of the slits 273
1s left united without being cut ofl. Next, as illustrated 1n
FIG. 36B, tongue portions 274 formed of the slits 273 are
curved in the same direction, and then the flat-plate-like foil
2770 1s rolled 1nto a double-layer spiral form with the tongue
portions 274 being directed radially inward. At the time of
rolling a fo1l of a second turn, the tongue portions 274 of the
fo1l of the second turn are brought to a position between
adjacent tongue portions 274 of a fo1l of a first turn. At this
time, the tongue portions 274 have been cut and raised, and
hence the tongue portions 274 of the second turn are
introduced to the position between the tongue portions 274
of the first turn through opening portions 275 formed
through the foil 270 of the first turn. By the procedure
described above, the first leaves 271 and the second leaves
2772 are formed of the tongue portions 274. The leaves 271
and 272 are held to be elastically deformable by an annular
portion 270¢ integrally comprising the lateral edge portion
276 and the region 277 between the lateral edge portion 276
and the adjacent one of the slits.

One of the ends of the fo1l member 270 manufactured by
the procedure described above 1s mounted to the outer
member 211 under a state 1n which the foill member 270 1s
arranged on the radially mner side with respect to the outer
member 211. In this way, the fo1l member 270 1s fixed to the
outer member 211. Specifically, 1n the above-mentioned step
of manufacturing the foi1l member 270, a mounting portion
2'70a raised radially outward 1s formed at one end portion of
the belt-like fo1l, and the mounting portion 270a 1s fitted and
fixed 1into an axial groove 211b formed on an 1nner periphery
of the outer member 211. In this way, the foil member 270
can be fixed to the outer member 211.

In the embodiment described above, the leal foils are
mounted to the fixed members (thrust members 221 and
outer member 211). However, the leat fo1ls may be mounted
to the rotary members (shatt 6 and flange portion 240). In
this case, wedge-like thrust bearing gaps are formed between
the bearing surfaces provided to the leaf foils and the fixed
members. However, 1n this case, the leaf foils are rotated at
high speed together with the shaft 6, and hence the leaf foils
may be deformed due to the centrifugal force. In particular,
when the leaf foils of the thrust fo1l bearing 220 are rotated,
the leal foils are more liable to be deformed due to the
centrifugal force. Thus, in view of avoiding the deformation
of the leat foils, 1t 1s preferred that the leaf foils be mounted
to the fixed members.
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Further, 1n the configuration of the embodiment described
above, the thrust foil bearing 220 comprises the bearing
members 220a provided on both the axial sides with respect
to the flange portion 240 so as to support the tlange portion
240 1 both the thrust directions. However, the present
invention 1s not limited thereto, and the bearing member
220a may be provided only on one axial side with respect to
the tlange portion 240 so as to support the flange portion 240
only in one of the thrust directions. Such a configuration 1s
applicable, for example, to a case where the flange portion
needs not be supported 1n another of the thrust directions, or
a case where the flange portion 1s supported by another
structure 1n the another of the thrust directions.

Still further, 1n the embodiment described above, the foil
bearing according to the present invention 1s applied to a gas
turbine. However, the present invention 1s not limited
thereto, and the foil bearing may be applied, for example, to
the supercharger as illustrated 1n FIG. 14.

The foil bearing according to the present invention can be
used not only 1n the micro turbine or the supercharger, but
widely used also as bearings for vehicles such as an auto-
mobile, which are used under restrictions such as a difliculty
in lubricating with a liquid such as a lubricating o1l, a
difficulty 1n separately providing an auxiliary device of a
lubricating o1l circulatory system 1n view of energy efli-
ciency, or problems that may be caused by shearing resis-
tance of the liquid. The foil bearing according to the present
invention can be widely used also as bearings for industrial
devices.

Note that, the foil bearing described above 1s suited to a
case where air 1s used as a lubricant, but 1s applicable to
other gases, and 1s operated through intermediation of a
liguid such as water and an oil.

Now, description 1s made of embodiments of a fourth
invention of the present application with reference to FIGS.
40 to 52.

FIG. 40 illustrates a support structure for the rotor of the
micro gas turbine (refer to FIG. 1), specifically, a support
structure for the shaft 6 i1n the axial region between the
turbine 1 and the compressor 2. This region 1s adjacent to the
turbine 1 rotated by the high-temperature and high-pressure
gas, and hence an air dynamic pressure bearing, 1n particular,
a Toil bearing 1s suitably used 1n this region. Specifically, the
radial foil bearing 10 for supporting the shaft 6 in the radial
direction, and a thrust foil bearing 320 for supporting a
flange portion 340 provided to the shaft 6 1n both the thrust
directions support the rotor 1n a freely rotatable manner.

The radial fo1l bearing 10 has the same structure as that
illustrated 1 FIG. 3, and hence redundant description
thereof 1s omitted.

As 1llustrated 1n FIGS. 40 to 42, the thrust foil bearing 320
according to the embodiment of the present invention com-
prises the flange portion 340 (rotary member) provided to
project radially outward from the outer peripheral surface 6a
of the shaft 6, disc-like thrust members 321 (fixed members)
fixed to a casing 342, and foi1l members arranged between
the flange portion 340 and the thrust members 321. In this
embodiment, bearing members 320a are provided on both
axial sides with respect to the flange portion 340, and the
bearing members 320a each comprise the disc-like thrust
members 321 (fixed members), and the foill members fixed
to an end surface 321a of each of the thrust members 321.
In the 1llustrated example, the fo1l members each comprise
a plurality of leaves 330 fixed 1n an equiangular array to the
end surface 321a of each of the thrust members 321.

T'he leaves 330 are formed of a single metal foil made of
the same material and having the same thickness as those of
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the leaves 12 of the radial foil bearing 10, and are formed
into a fan shape along the circumiferential direction of the
thrust member 321. The leaves 330 each comprise a free end
331 formed of an end portion on the one side in the
circumierential direction (forward side in the rotational
direction of the shatt 6, that 1s, left side 1n the drawings), and
a fixed end 332 formed of an end portion on the another side
in the circumierential direction, which 1s fixed to the thrust
member 321. A surface of each of the leaves 330 on an
opposite side with respect to the thrust member 321 serves
as a thrust bearing surface 333 having a shape of a curved
surface projected to the flange portion 340 side. The shape
of the curved surface of the thrust bearing surface 333 is
smooth without pores or steps. Note that, springs 330a
schematically illustrate spring property of the leaves 330,
and hence are not actually provided.

As 1llustrated 1n FIG. 43, the free end 331 of each of the
leaves 330 comprises a plurality of cutout portions 331a, and
land portions 331b that are continuous with the thrust
bearing surface 333, and the cutout portions 331a and the
land portions 331b are arranged alternately to each other 1n
an extending direction of the free end 331 (radial direction
in this embodiment). In the illustrated example, the free end
331 1s formed into a zigzag shape so as to form the triangular
cutout portions 331a and the land portions 331b alternately
to each other.

The thrust bearing surface 333 of each of the leaves 330
comprises circumierentially long protrusions provided at a
plurality of positions spaced apart from each other in the
radial direction. In this embodiment, rectifying members
334 are fixed to the surface of each of the leaves 330, and
the rectifying members 334 form the protrusions. The rec-
tifying members 334 are each formed, for example, of an
clongated rectangular metal plate, and fixed to the surfaces
of the leaves 330 by appropriate methods such as bonding,
welding, and fusing. The rectifying members 334 are
arranged substantially along the circumierential direction. In
the 1llustrated example, the rectifying members 334 are each
arranged on a straight line parallel to a tangential direction
of a circumierence of an arbitrary point in a longitudinal
direction (for example, central portion in the longitudinal
direction) of each of the rectifying members 334. The
rectifying members 334 are provided on the large gap
portion T2 side of the thrust bearing gap T. In the 1llustrated
example, the rectifying members 334 are each provided on
the backward side 1n the rotational direction with respect to
a circumierential center of each of the leaves 330. The
rectifying members 334 are arranged at equal intervals 1n the
radial direction. Note that, the rectifying members 334 need
not be formed into a linear shape, and may be formed 1nto
a circular-arc shape parallel to the circumierential direction.
Further, the protrusions provided to the thrust bearing sur-
tace 333 are not limited to the protrusions descried above,
and may be formed, for example, through plastic working
(such as press forming) on the leaves 330. In this case, the
protrusions need to be formed without forming holes
through the leaves 330. This 1s because, when the holes are
formed through the leaves 330, the fluid 1n the thrust bearing
gaps T 1s released through the holes, and hence the pressure
1s reduced.

Along with the rotation of the shaft 6 to the one side 1n the

circumierential direction, the wedge-like radial bearing gap
R narrowed 1n the radial direction toward the one side 1n the
circumierential direction 1s formed between the radial bear-
ing surfaces 12¢ of the leaves 12 of the radial foil bearing 10
and the outer peripheral surface 6a of the shait 6 (refer to
FIG. 3). The flmd film (air film) 1s formed in the radial
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bearing gap R, and supports the shaft 6 in the radial direction
in a non-contact manner. Simultaneously, the thrust bearing
gaps 1T narrowed 1n the axial direction toward the one side
in the circumierential direction are formed between end
surfaces 341 on both axial sides of the flange portion 340 of
the thrust foil bearing 320 and the thrust bearing surfaces
333 of the foi1l members (leaves 330) provided on both the
axial sides with respect to the flange portion 340 (refer to
FIG. 41). The flud films (air films) are formed in the thrust
bearing gaps 1, and support the shaft 6 in both the thrust
directions 1in a non-contact manner. Note that, the widths of
the radial bearing gap R and the thrust bearing gaps T are
actually as fine as approximately several tens of microm-
eters, but are illustrated on an exaggerated scale 1n FIGS. 3
and 41.

At this time, as indicated by the arrow A 1n FIG. 41, the
fluid 1n the small gap portion T1 1n the thrust bearing gap T
flows toward a back side of the leal 330 via the cutout
portions 331a (lower side 1n FIG. 41). In this way, the fluid
in the entire large gap portion T2 1s allowed to dynamically
flow, and a larger amount of the fluid flows from the large
gap portion 12 1nto a subsequent small gap portion T1. As
a result, higher pressure 1s generated in the small gap
portions T1,and hence the load capacity in the thrust direc-
tions can be increased.

Further, the centrifugal force generated along with the
rotation of the shaft 6 may cause the fluid 1n the thrust
bearing gap T to tlow radially outward. The fluid hits against
the rectitying members 334 provided to the surfaces of the
leaves 330, with the result that the flmid flows along the
circumierential direction (refer to the arrows B 1n FIG. 43).
By this rectifying effect, an amount of the fluid that flows
radially outward through the thrust bearing gap T 1s reduced.
As a result, a larger amount of the fluid flows into the small
gap portion T1, and the pressure can be increased. Note that,
the centrifugal force applied to the fluid 1n the thrust bearing
gap T becomes greater toward the radially outer side. Thus,
it 1s preferred that the circumierentially long protrusions
(rectitying members 334) be provided at least on the radially
outer side on the thrust bearing surtace 333 (radially outer
side with respect to a central portion in the radial direction).
In the 1illustrated example, the protrusions are provided at
equal intervals over the entire region 1n the radial direction
of the thrust bearing surface 333. Further, 1n this embodi-
ment, the cutout portions 331a are provided to the free end
331 of each of the leaves 330 so that the fluid 1n the thrust
bearing gap T tlows toward the back side of the leaf 330 via
the cutout portions 331a. Thus, the fluid 1s lhable to be
disturbed in the large gap portion T2. In view of this, the
rectifying eflect obtained by providing the protrusions (rec-
tifying members 334) to each of the leaves 330 1s particu-
larly advantageous.

Further, at this time, the leaves 12 of the radial fo1l bearing
10 and the leaves 330 of the thrust foil bearing 320 are
flexible, and hence the bearing surfaces 12¢ and 333 of the
leaves 12 and 330 are arbitrarily deformed in accordance
with operating conditions such as a load, a rotation speed of
the shaft 6, and an ambient temperature. Thus, the radial
bearing gap R and the thrust bearing gaps T are automati-
cally adjusted to have appropriate widths 1n accordance with
the operating conditions. As a result, even under severe
conditions mvolving high temperature and high speed rota-
tion, the radial bearing gap R and the thrust bearing gaps T
can be managed to have optimum widths, and hence the
shaft 6 can be stably supported.

It 1s desired that the radial bearing surfaces 12¢ and the
thrust bearing surfaces 333 of the fo1l bearings 10 and 320
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be provided with coating for reducing friction of the sur-
faces. As the coating of this type, there may be used, for
example, a DLC film, a titanium aluminum nitride film, or

a molybdenum disulfide film. Such coating may be formed
not only on the radial bearing surfaces 12c¢ and the thrust 5
bearing surfaces 333 but also on the opposed side, that 1s, the
outer peripheral surface 6a of the shaft 6 and the end
surfaces 341 of the tlange portion 340. Further, the coating
described above may be formed on one of or both of the back
surfaces of the leaves 12 and 330, and parts in contact 10
therewith, that 1s, the inner peripheral surface 11a of the
outer member 11 (refer to FIG. 3) and the end surface 321a
of each of the thrust members 321 (refer to FIG. 42) so as

to enhance abrasion resistance.

The present invention i1s not limited to the embodiment 15
described above. Note that, in the following description,
parts having the same functions as those 1n the embodiment
described above are denoted by the same reference symbols,
and redundant description thereof 1s omuitted.

For example, 1n the embodiment described above, the 20
protrusions (rectifying members 334) are provided on the
surface of each of the leaves 330. However, the present
invention 1s not limited thereto. For example, as 1llustrated
in FIGS. 44 to 46, the surface of each of the leaves 330 may
comprise circumierentially long grooves 335. The grooves 25
335 are formed through the plastic working (such as press
forming) on the surface of each of the leaves 330. The
grooves 335 are formed without passing through the leaves
330 (refer to FIG. 45). Further, 1n the illustrated example,
groove widths (radial widths) of the grooves 335 are gradu- 30
ally reduced toward the forward side in the rotational
direction (free end 331 side) (refer to FIG. 44). Further,
groove depths of the grooves 335 are gradually increased
toward the forward side 1n the rotational direction (refer to
FIG. 45). In other words, as illustrated in FIG. 46, the 35
grooves 335 are large 1 groove width and small 1n groove
depth on a fluid inlet side (fixed end 332 side of the leaves
330), and small 1n groove width and large 1n groove depth
on a fluid outlet side (iree end 331 side of the leaves 330).
Note that, 1n FIG. 46, for the sake of simplicity of 1llustra- 40
tion, the leaves 330 having a circular-arc shape 1n plan view
are 1llustrated 1n a rectangular shape, and the free end 331 of
cach of the leaves 330 1s illustrated 1n a linear shape.

In this way, the circumferentially long grooves 335 are
formed 1n the leaves 330. Thus, along with the rotation of the 45
shaft 6, the fluid flowing 1n the thrust bearing gaps T enters
the grooves 3335, and hits against lateral walls of the grooves
335. As a result, the fluids tlows along the circumierential
direction (refer to the arrows C 1n FIG. 44). In particular, the
grooves 335 in the illustrated example are large 1n groove 50
width and small 1n groove depth on the fluid inlet side, and
hence the fluid easily enters the grooves 3335. Further, the
grooves 335 are gradually reduced in groove width toward
end portions on the forward side 1n the rotational direction,
and hence directionality of the fluid that flows out via 55
leading ends of the grooves 335 can be enhanced.

Note that, the shape of the grooves 335 1s not limited to
the shape described above. For example, the grooves 335
may be configured to have a uniform groove depth or a
uniform groove width (not shown). Alternatively, the 60
grooves 335 may be formed 1nto a circumierentially long
rectangular shape, or a circular-arc shape parallel to the
circumierential direction.

Further, 1n the embodiment described above, the {ree end
331 of each of the leaves 330 extends along the radial 65
direction. However, the present invention 1s not limited
thereto. For example, as illustrated in FIGS. 47 and 48,
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radially outer edges of the free ends 331 of the leaves 330
may be inclined radially inward to the forward side in the
rotational direction of the shait 6. With this, along with the
rotation of the shait 6, air on the radially outer side of the
thrust fo1l bearing 320 1s fed to the radially inner side along
the leaves 330 (refer to dotted-line arrows 1n FI1G. 47). Thus,
a larger amount of air can be fed into the thrust bearing gaps
T, and hence higher pressure can be generated 1n the thrust
bearing gaps 1. Specifically, as illustrated, for example, in
FIG. 47, the free ends 331 of the leaves 330 can be arrayed
in a spiral pattern of a pump-in type. Alternatively, as
illustrated 1n FIG. 48, the free ends 331 of the leaves 330
may be arrayed in a herringbone pattern. Note that, the
herringbone pattern refers to a substantially V-shape in
which the radially outer edges and radially inner edges of the
free ends 331 are inclined to a radial center and to the
forward side 1n the rotational direction of the shaft 6.

Still further, in the embodiment described above, the
plurality of leaves are formed separately one by one. How-
cver, the present invention 1s not limited thereto. For
example, a plurality of leaves may be provided to a single
fo1l. Specifically, FIG. 49 illustrates an embodiment 1n
which two foils 360 and 360' each comprising a plurality of
leaves 361 and 361' are combined with each other so as to
form a foil member 350, and the foil member 350 1s fixed to
cach of the thrust members 321.

Here, description 1s made of a configuration of each of the
foils 360 and 360'. Note that, the foils 360 and 360' have
completely the same configuration, and hence description 1s
made only of the configuration of one foil 360, and descrip-
tion of another foil 360" 1s omitted (in FIG. 49, single
quotation marks are added to reference symbols of parts of
the another foi1l 360', which correspond to those of the one
to1l 360).

The foil 360 1s formed into a circular shape, and com-
prises a circular hole 363 that 1s formed at a center thereof
so as to allow the shaft 6 to pass therethrough. In this
embodiment, a plurality of (four in the 1llustrated example)
equiangularly arranged leaves 361 and a coupling portion
362 are formed by forming substantially L-shaped slits into
a single foil 360 through a wire cutting process, a pressing
process, and the like. Specifically, at a plurality of equian-
gular positions (four 1n the illustrated example) on the
circular foil 360, there are provided radial slits 364 that
extend radially outward from the hole 363 1n a zigzag pattern
toward a position short of a radially outer rim of the foil 360.
Then, circumierential slits 365 extend from radially outer
ends of the slits 364 toward the another side 1n the circum-
terential direction (backward side in the rotational direction
of the shaft 6, that 1s, counterclockwise direction 1n FIG. 50).
When those radial slits 364 and circumierential slits 365 are
formed into the foil 360, the plurality of leaves 361 each
having an end portion 361a on the one side 1n the circum-
terential direction, which 1s provided as the free end that 1s
freely movable upward and downward 1n the axial direction,
and the coupling portion 362 for coupling the leaves 361 to
cach other can be formed integrally with each other. The
coupling portion 362 comprises an annular portion 362a
surrounding outer peripheries of the plurality of leaves 361,
and a plurality of (four 1n the 1llustrated example) extending
portions 362b extending radially mnward from the annular
portion 362a. The extending portions 362b are continuous
with end portions 361b on the another side in the circum-
ferential direction of the leaves 330 (indicated by dotted
lines 1 FIG. 50). In the illustrated example, the extending
portions 362b of the coupling portion 362 and the leaves 361
are equal to each other 1n circumiferential length, and pro-
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vided alternately to each other in the circumierential direc-
tion. The free end 361a of each of the leaves 361 1s formed
into a zigzag shape comprising a plurality of cutout portions
361al and land portions 361a2 formed alternately to each
other. Each of the leaves 361 comprises circumierentially
long protrusions or grooves 366 that are formed at a plurality
of positions spaced apart from each other in the radial
direction.

The two foils 360 and 360' are assembled to each other by
the method 1illustrated in FIG. 7, and hence redundant
description thereof 1s omitted here.

Further, the shape of the free end 331 of the leat 330 1s not
limited to the shape described above. For example, as
illustrated 1n FIG. 51, the free end 331 of the leat 330 may
be formed into a corrugated shape. Alternatively, as 1llus-
trated 1 FIG. 52, the free end 331 of the leal 330 may
comprise a plurality of cutout portions 331a provided at a
plurality of positions spaced apart from each other 1n the
radial direction. Further, the cutout portions 331a and the
land portions 331b may be formed not only into the trian-
gular shape (refer to FIG. 43), the corrugated shape (refer to
FIG. 51), or the circular-arc shape (refer to FIG. 52), but also
into a rectangular shape or a trapezoidal shape (not shown).
In addition, the free end 331 may be formed i1nto a linear
shape (not shown).

Still further, 1n the embodiment described above, the foil
member 1s fixed to the fixed member (thrust member 321,
outer member 11). However, reversely, the fo1l member may
be fixed to the rotary member (flange portion 140, shatt 6).
In this case, a wedge-like thrust bearing gap or radial bearing
gap 1s formed between the bearing surfaces provided to the
foi1l member and the fixed member. However, 1n this case,
the fo1l member 1s rotated at high speed together with the
shaft 6, and hence the fo1l member may be deformed due to
the centrifugal force. In particular, when the foil member of
the thrust fo1l bearing 320 1s rotated, the foil member 1s more
liable to be deformed due to the centrifugal force. Thus, 1n
view ol avoiding the deformation of the foi1l member, it 1s
preferred that the foil member be fixed to the fixed member.

Yet further, in the configuration of the embodiment
described above, the bearing members 320a are provided on
both the axial sides with respect to the flange portion 340 so
as to support the flange portion 340 in both the thrust
directions. However, the present invention 1s not limited
thereto, and the bearing member 320a may be provided only
on one axial side with respect to the flange portion 340 so as
to support the flange portion 340 only 1n one of the thrust
directions. Such a configuration 1s applicable, for example,
to a case where the flange portion needs not be supported in
another of the thrust directions, or a case where the flange
portion 1s supported by another structure in the another of
the thrust directions.

Yet further, in the embodiment described above, the
present invention 1s applied to a leal-type thrust foil bearing.
However, the present invention 1s not limited thereto. For
example, the present invention 1s applicable also to a thrust
fo1l bearing of a bump foil type comprising a top foil having
a thrust bearing surface and a corrugated back foil arranged
between the top foi1l and a thrust member, and to a thrust foil
bearing using a combination of the leal type and the bump
to1l type (arranging the back foil between leaves and the
thrust member).

Yet further, in the embodiment described above, the thrust
to1l bearing 320 according to the present invention 1s applied
to a gas turbine. However, the present invention 1s not
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limited thereto, and the thrust foil bearing 320 may be
applied, for example, to a supercharger as illustrated in FIG.
14.

The foil bearing according to the present invention can be
used not only 1n the micro turbine or the supercharger, but
widely used also as bearings for vehicles such as an auto-
mobile, which are used under restrictions such as a difliculty
in lubricating with a liquid such as a lubricating oi1l, a
difficulty 1n separately providing an auxiliary device of a
lubricating o1l circulatory system 1n view of energy efli-
ciency, or problems that may be caused by shearing resis-
tance of the liquid. The foil bearing according to the present
invention can be widely used also as bearings for industrial
devices.

Note that, the foi1l bearing described above 1s suited to a
case where air 1s used as a lubricant, but 1s applicable to
other gases, and 1s operated through intermediation of a
liquid such as water and an oil.

Now, description 1s made of embodiments of a fifth
invention of the present application with reference to FIGS.
53 to 57.

FIG. 53 illustrates a support structure for the rotor of the
micro gas turbine (refer to FIG. 1), specifically, a support
structure 1n the axial region between the turbine 1 and the
compressor 2. This region 1s adjacent to the turbine 1 rotated
by the high-temperature and high-pressure gas, and hence an
airr dynamic pressure bearing, in particular, a foil bearing
410 1s applied.

The foil bearing 410 according to an embodiment of the
present invention comprises a lirst bearing portion 420 and
a second bearing portion 420" arranged 1n an axial alignment.
As 1llustrated in exploded view 1n FI1G. 34, the first bearing
portion 420 comprises an annular projecting portion 421
provided to project from the shait 6 to an outer periphery, an
annular outer member 422 provided around the projecting
portion 421, and a foil member 423 provided between the
projecting portion 421 and the outer member 422. The
second bearing portion 420" has a structure corresponding to
an axial inverse of the first bearing portion 420, and com-
prises a projecting portion 421', an outer member 422", and
a Toil member 423'. Note that, in the example 1llustrated 1n
FIG. 54, the foil bearing 410 1s partially cut away 1n the
circumierential direction. However, actually, as illustrated 1in
FIG. 55, the projecting portions 421 and 421, and the outer
members 422 and 422" are each formed 1nto an annular shape
that 1s continuous over the entire circumference, and the foil
members 423 and 423' are each provided substantially over
the entire periphery.

The projecting portion 421 of the first bearing portion 420
1s fixed to the outer peripheral surface 6a of the shait 6, and
the outer member 422 1s fixed to an inner periphery of a
casing 430 (refer to FIG. 53). The first bearing portion 420
has a pair of first tapered surfaces facing each other. In the
illustrated example, the first bearing portion 420 has a first
tapered outer peripheral surface 421a provided to the pro-
jecting portion 421, and a first tapered inner peripheral
surface 422a provided to the outer member 422. The first
tapered outer peripheral surface 421a and the first tapered
inner peripheral surface 422a are inclined at the same angle
with respect to the axial direction.

The fo1l member 423 has a flexible bearing surface A, and
1s arranged 1n a tapered space between the first tapered outer
peripheral surface 421a of the projecting portion 421 and the
first tapered inner peripheral surface 422a of the outer
member 422. In this embodiment, as illustrated in FIG. 55,
the foi1l member 423 1s fixed to the first tapered inner
peripheral surface 422a of the outer member 422 provided
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on the fixed side, and a bearing gap S 1s formed between the
first tapered outer peripheral surface 421a of the projecting
portion 421 provided on the rotary side and the bearing
surface A of the foi1l member 423. Note that, a width of the
bearing gap S 1s actually as fine as approximately several
tens of micrometers, but are illustrated on an exaggerated
scale 1n FIG. 55.

The foil member 423 in this embodiment 1s of what 1s
called a bump foil type comprising a metal top foil 423a
having the bearing surface A, and a metal back foil 423b for
clastically supporting the top foi1l 423a (refer to FIG. 54).
The top fo1l 423a 1s formed of a single tapered foil, and has
an 1ner peripheral surface that serves as the bearing surface
A (refer to FIG. 55). The bearing surface A has a smooth
tapered shape without pores and steps. The top foil 423a
comprises one end 423al fitted and fixed to a groove 422b
formed 1n the mner peripheral surface 422a of the outer
member 422. The back foil 423b 1s formed of a single foil
tormed overall into a tapered shape, and 1s arranged between
the top foil 423a and the outer member 422. The back foil
423b comprises bent portions 423b1 projected radially out-
ward from a plurality of positions in the circumierential
direction. The back foi1l 423b has one end 423b3 fitted and
fixed to the groove 422b of the inner peripheral surface 422a
of the outer member 422. The bent portions 423b1 of the
back foil 423b each comprise a radially outer end that abuts
against the first tapered mner peripheral surface 422a of the
outer member 422, and the back foil 423b has an inner
peripheral surface 423b2 that abuts against an outer periph-
eral surface of the top foil 423a. In this way, the back foil
423b elastically supports the top foil 423a from therearound.

The top fo1l 423a and the back fo1l 423b are each formed
of a thin film foil made of a metal that 1s excellent 1n
resiliency and processability, such as a steel material or a
copper alloy. As 1n this embodiment, 1n the air dynamic
pressure bearing that uses air as a fluid film, a lubricating o1l
does not exist in an atmosphere, and hence a rust inhibiting
ellect by an o1l cannot be expected. A carbon steel and brass
can be taken as typical examples of the steel material and the
copper alloy. However, general carbon steel 1s hable to
corrode due to rust, and brass may be subjected to delayed
cracking due to processing strain (this lhability becomes
higher 1n proportion to a Zn content in brass). Thus, 1t 1s
preferred that the belt-like fo1l be made of stainless steel or
bronze.

The second bearing portion 420' has a pair of second
tapered surfaces facing each other. In this embodiment, as
illustrated 1n FIG. 33, the second bearing portion 420' has a
second tapered outer peripheral surface 421a' provided to the
projecting portion 421', and a second tapered inner periph-
eral surface 422a' provided to the outer member 422'. The
first tapered surfaces of the first bearing portion 420 each
comprise a large diameter portion arranged on one side 1n
the axial direction (turbine 1 side, that 1s, the right side in
FIG. 53), and the second tapered surfaces of the second
bearing portion 420' each comprise a large diameter portion
arranged on another side 1n the axial direction (compressor
2 side, that 1s, the left side 1n FIG. 53). As a result, the large
diameter portion of each of the first tapered surfaces and the
second tapered surfaces 1s arranged on an inner side in the
axial direction, and the small diameter portion thereof is
arranged on an outer side in the axial direction. Note that,
components of the second bearing portion 420' correspond
to an axial inverse of the components of the first bearing
portion 420. Thus, single quotation marks are added to
reference symbols of the corresponding components, and
detailed description thereof 1s omitted.
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In the foil bearing 410, along with the rotation of the shaft
6 to the one side 1n the circumierential direction, the bearing
gaps S and S' are formed between the bearing surfaces A and
A' of the first bearing portion 420 and the second bearing
portion 420' and the tapered outer peripheral surfaces 421a
and 421a' of the projecting portions 421 and 421'. Fluid films
are formed 1n the bearing gaps S and S' and support the shaft
6 1n the radial direction and both the trust directions in a
non-contact manner (refer to FI1G. 53). In particular, as in the
illustrated example, when the shait 6 1s rotated parallel to the
ground, the shaft 6 1s decentered downward by its own
weight with respect to the outer members 422 and 422'.
Thus, the bearing gaps S and S' are each formed therebe-
tween 1nto a shape of a wedge narrowed toward the one side
in the circumierential direction. Then, along with the rota-
tion of the shait 6, the fluid 1n the wedge-like bearing gaps
S and S' 1s forced into the narrow side. As a result, pressure

of the fluid films 1s 1ncreased.
At this time, the top foils 423a and 423a' and the back foils

423b and 423b' are flexible, and hence the bearing surfaces
A and A' of the top foils 423a and 423a' are arbitrarily
deformed in accordance with operating conditions such as a
load, a rotation speed of the shaft 6, and an ambient
temperature. Thus, the bearing gap S 1s automatically
adjusted to have an appropriate width in accordance with the
operating conditions. As a result, even under severe condi-
tions mvolving high temperature and high speed rotation,
the bearing gap Scan be managed to have an optimum width,
and hence the shaft 6 can be stably supported.

In this way, when the bearing gaps S and S' are formed
between the tapered bearing surfaces A and A' and the
tapered outer peripheral surfaces 421a and 421a', the flmid
films can be formed 1n the bearing gaps S and S' and support
the shaft 6 i the radial direction and the thrust directions.
Further, the first tapered surfaces and the second tapered
surfaces are provided 1n axial symmetry, and hence the shaft
6 can be supported 1n both the thrust directions.

Further, the bearing gaps S and S' are formed 1n directions
inclined with respect to the thrust directions (normal direc-
tions of the tapered bearing surfaces A and A'). Thus, 1n
comparison with a case where the bearing gaps are formed
in the thrust directions, an allowable moving amount 1n the

thrust directions of the shatt 6 can be reduced (refer to FIGS.
58 and 59). With this, as illustrated in FIG. 53, a thrust gap
T1 between the turbine 1 and a housing 431 that recerves the
turbine 1 on an iner periphery thereot, and a thrust gap T2
between the compressor 2 and a housing 432 that receives
the compressor 2 on an mner periphery thereof can be set to
be small. As a result, a rate of conversion by the turbine 1
and a rate of compression by the compressor 2 can be
increased.

It 1s desired that the bearing surfaces A and A' of the foil
bearing 410 be provided with coating for reducing friction of
the surfaces. As the coating of this type, there may be used,
for example, a DLC film, a titanium aluminum nitride film,
or a molybdenum disulfide film. Such coating may be
formed not only on the bearing surfaces A and A' but also on
the opposed side, that 1s, the tapered outer peripheral sur-
faces 421a and 421a' of the projecting portions 421 and 421",

Further, during an operation of the bearing, slight sliding
occurs not only between a back surface of the top foil 423a
(surface on an opposite side with respect to the bearing
surface A) and the inner peripheral surface 423b2 of the back
to1l 423b, but also between bent portions 423b1 of the back
to1l 423b and the tapered 1inner peripheral surfaces 422a and
422a' of the outer members 422 and 422'. Thus, the coating
described above may be formed also on those sliding parts
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so as to enhance abrasion resistance. Note that, in order to
achieve a greater vibration damping eflect, generation of a
frictional force at those sliding portions to some extent may
be preferred. Thus, the coating on those parts needs not have
significantly low irictional property. For those reasons, it 1s
preferred that the DLC film, the titanium, or aluminum
nitride film be used as the coating on those parts.

The present invention i1s not limited to the embodiment
described above. Note that, in the following description,
parts having the same functions as those 1n the embodiment
described above are denoted by the same reference symbols,
and redundant description thereof 1s omitted.

For example, 1n the embodiment 1llustrated 1n FIG. 56, the
first bearing portion 420 and the second bearing portion 420
are arranged so as to locate the large diameter portions of the
first tapered surfaces and the second tapered surfaces on the
outer side 1n the axial direction. With this, an axial distance

between the large diameter portions of the bearing gaps S

and S' can be set to be larger than that in the embodiment
illustrated 1n FIG. 53. A peripheral speed of the shaft 6

(projecting portions 421 and 421') with respect to the outer
members 422 and 422' 1s higher on a large diameter side of
cach of the first tapered surfaces and the second tapered
surfaces. Therefore, the pressure of the fluid films formed 1n
the bearing gaps S and S' 1s highest on the large diameter
portions of the first tapered surfaces and the second tapered
surfaces. Thus, as 1illustrated in FIG. 56, when the axial
distance between the large diameter portions of the bearing
gaps S and S' (bearing span) 1s set to be large, a bearing
rigidity, 1n particular, a moment rigidity of the foil bearing
410 can be increased.

Further, 1n the embodiment described above, the first
tapered surfaces and the second tapered surfaces are formed
in axial symmetry. However, the present invention is not
limited thereto, and inclination angles thereol may be set to
be different from each other.

Still further, in the embodiment described above, the first
bearing portion 420 and the second bearing portion 420" of
the foil bearing 410 each comprise the foil bearing of the
bump foil type. However, the present invention 1s not limited
thereto, and one of or both of the first bearing portion 420
and the second bearing portion 420' may comprise a foil
bearing of what 1s called a leal type comprising a plurality
of leaf foils arranged 1n a circumierential array.

Specifically, as illustrated, for example, 1n FIG. 57, a
plurality of leaf foils (leaves 424) as fo1l members can be
arranged 1n a circumierential array along the tapered inner
peripheral surface 422a of the outer member 422. The leaves
424 are each formed of a metal thin film foil, and each
comprise an end portion 424a on the one side in the
circumierential direction (forward side in the rotational
direction of the shaft 6 (refer to the arrow)), and an end
portion 424b on another side in the circumierential direc-
tion, the end portion 424a being provided as a free end, the
end portion 424b being fixed to the outer member 422. The
fixed end 424b of the leat 424 1s fitted and fixed to a groov
422¢ formed 1n the inner peripheral surface 422a of the outer
member 422. A partial region on the free end 424a side of
the leat 424 1s arranged to overlap 1n the radial direction with
another leal 424. The plurality of leaves 424 each have a
radially 1nner surface that serves as the smooth bearing
surface A without pores or steps, and the wedge-like bearing
gaps S narrowed in the radial direction toward the one side
in the circumierential direction are formed between the
bearing surfaces A of the leaves 424 and the outer peripheral
surface 421a of the projecting portion 421.
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By the way, 1n the foi1l bearing of the bump foil type, when
the shatt 6 1s rotated parallel to the ground (refer to FIG. 53),
the shait 6 1s decentered downward by 1ts own weight with
respect to the outer members 422 and 422' as described
above. As a result, the wedge-like bearing gaps are formed
therebetween. However, for example, when the shaft 6 1s
rotated perpendicular to the ground, the shait 6 i1s seli-
aligned by 1ts own weight with a bearing center along the
tapered surfaces. Thus, the wedge-like bearing gaps are not
formed, and hence the pressure of the fluid films 1s diflicult
to mncrease. Meanwhile, 1n the leal type foil bearing illus-
trated 1n FI1G. 57, the wedge-like bearing gaps S are formed
even under a state 1n which the shaft 6 i1s arranged at the
bearing center. Thus, higher pressure can be generated
irrespective of a decentered state of the shatit 6. In this way,
in view of feasibility of reducing the number of components,
and feasibility of easily adjusting spring property of the back
fo1l, 1t 1s preferred to employ the foil bearing of the bump
fo1l type. Meanwhile, when the shait 6 1s perpendicular to
the ground, or when thrust loads are higher than a radial
load, 1t 1s preferred to employ the leafl type foil bearing.

Further, 1n the embodiment described above, the foil
bearing 410 comprises the first bearing portion 420 and the
second bearing portion 420' for supporting the shait 6
respectively 1n one of the thrust directions and the another of
the thrust directions. However, the present invention 1s not
limited thereto, and the foil bearing 410 may comprise

merely one of the bearing portions.

Still further, in the embodiment described above, the foil
members 423 and 423’ are fixed to the members on the fixed
side (outer members 422 and 422"). However, reversely, the
fo1l members 423 and 423' may be fixed to the members on
the rotary side (projecting portions 421 and 421' of the shaft
6). In this case, the bearing gaps S and S' are formed between
the bearing surface A of each of the foil members 423 and
423' and the tapered inner peripheral surfaces 422a and 4224
of the outer members 422 and 422'. However, when the foil
members are fixed to the members on the rotary side, the foil
members are rotated at high speed, and hence the foils may
be deformed due to the centrifugal force. Thus, 1n view of
avoilding the deformation of the foils, 1t 1s preferred that the
fo1l members be mounted to the members on the fixed side
as 1n the embodiment described above.

Yet further, 1n the embodiment described above, the foil
bearing 410 according to the present invention 1s applied to
a gas turbine. However, the present invention 1s not limited
thereto, and the foil bearing 410 may be applied, for
example, to a supercharger as illustrated in FIG. 14.

The foil bearing according to the present invention can be
used not only 1n the micro turbine or the supercharger, but
widely used also as bearings for vehicles such as an auto-
mobile, which are used under restrictions such as a difliculty
in lubricating with a liquid such as a lubricating oil, a
difficulty 1n separately providing an auxiliary device of a
lubricating o1l circulatory system in view of energy efli-
ciency, or problems that may be caused by shearing resis-
tance of the liquid. The foil bearing according to the present
invention can be widely used also as bearings for industrial
devices.

Note that, the foil bearing described above 1s suited to a
case where air 1s used as a lubricant, but 1s applicable to
other gases, and 1s operated through intermediation of a
liquid such as water and an oil.

The structures according to the embodiments of the first
to fifth inventions of the present application described above

may be appropriately combined with each other.
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1 turbine

2 compressor

3 power generator
4 combustor

> regenerator
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7. The thrust foil bearing according to claim 1, further
comprising a coating provided on a surface on an opposite
side with respect to the thrust bearing surface of each of the
plurality of leaves.

8. The thrust foil bearing according to claim 1, wherein
the thrust foil bearing 1s used for supporting a rotor of a gas
turbine.

6 shaft 9. The thrust foil bearing according to claim 1, wherein
7 air-intake port the thrust foi1l bearing 1s used for supporting a rotor of a
8 inverter 10 supercharger.

9 exhaust heat recovery device
10 radial fo1l bearing

20 thrust fo1l bearing
21 thrust member

10. A foil bearing, comprising:
a fixed member comprising a flat end surface;
a rotary member comprising a flat end surface opposed to

the flat end surface of the fixed member;

22 foil member a a plurality of leaf foils formed separately from each other
30 fo1l and the fixed member, each of the plurality of leaf foils
31 leat being independently attached to the flat end surface of
31a free end the fixed member, the plurality of leaf foils forming an
31b end portion 20 equiangular array, each of the plurality of leaf foils
31c thrust bearing surface comprising a free end on one side thereof in a circum-
32 coupling portion Jferential divection, and each of the plurality of leaf foils
40 flange portion having a bearing surface opposed to the flat end
42 casing surface of the rotary member; and
R radial bearing gap 25 a plurality of thrust bearving gaps, each of the plurality of
T thrust bearing gap thrust bearving gaps being formed between the bearving
surface of each of the plurality of leaf foils and the flat
The invention claimed is: end surface of the votary member, and
1. A thrust foil bearing comprising: . wherein the free end of each of the plurality of leaf foils
a thrust member; and coOmprises.
a foil member mounted to an end surface of the thrust a plurality of cutout portions; and
member and having a thrust bearing surface that forms a plurality of land portions that ave continuous with the
a thrust bearing gap, bearing surface, and
wherein the foil member comprises a plurality of foils, ;5 wherein the plurality of cutout portions and the plurality

cach of the plurality of foils integrally comprising a
plurality of leaves and a coupling portion for coupling
the plurality of leaves to each other,

wherein each of the plurality of leaves comprises a free
end on one side 1n a circumierential direction, and the
thrust bearing surface,

wherein each of the plurality of foils has slits formed
therein to form the plurality of leaves and the coupling
portion, and

wherein the plurality of leaves of one of the plurality of
foils are inserted through the slits of another of the
plurality of foils so as to arrange the plurality of leaves
of the one of the plurality of foils and the plurality of

40
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of land portions alternate with vespect to each other.
11. The foil bearing according to claim 10, wherein the
plurality of cutout portions and the plurality of land portions
of the free end of each of the plurality of leaf foils form a
zigzag shape.
12. The foil bearing according to claim 10, wherein the
plurality of cutout portions and the plurality of land portions

of the free end of each of the plurality of leaf foils form a

corrugated shape.
13. The foil bearing according to claim 10, further
comprising a coating provided on the bearing surfaces of the

plurality of leaf foils.
14. The foil bearing according to claim 10, further

comprising a coating provided on surfaces of the plurality of
50 leaf foils that are on an opposite side of the plurality of leaf
Jfoils with vespect to the bearing surfaces.

leaves of the another of the plurality of foils alternately
to each other in the circumfierential direction.
2. The thrust foil bearing according to claim 1, wherein

the free end of each of the plurality of leaves comprises a
radially outer edge inclined radially inward to a forward side
in a rotational direction of a rotary member.

3. The thrust foil bearing according to claim 2, wherein
the free ends of the plurality of leaves are arranged 1n a spiral
pattern that feeds air into the thrust bearing gap.

4. The thrust foil bearing according to claim 2, wherein
the free ends of the plurality of leaves are arranged in a

55

15. The foil bearing according to claim 13, wherein the
coating comprises any one of a DLC film, a titanium
aluminum nitvide film, or a molybdenum disulfide film.

16. The foil bearing according to claim 13, whervein each
of the plurality of thrust bearing gaps comprises.

a small gap portion formed near the free end of the

bearing surface of each of the leaf foils; and

a large gap portion formed at another side in the civcum-

herringbone pattern. 60 Jferential divection with respect to the small gap portion,
5. The thrust foi1l bearing according to claim 1, further and
comprising support portions arranged to respectively sup- wherein, as the rotary member rotates, a part of air in the
port the plurality of leaves from an opposite side with small gap portions passes toward back sides of the
respect to the thrust bearing surface. plurality of leaf foils through the cutout portions.
6. The thrust foil bearing according to claim 1, further 65  17. A foil bearing, comprising:

comprising a coating provided on the thrust bearing surface
of each of the plurality of leaves.

a fixed member comprising a cylindrical inner peripheral
surface;
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a rotary member comprising a cvlindrical outer periph-
eral surface opposed to the cvlindvical inner pervipheral
surface of the fixed member;

a plurality of leaf foils formed separately from each other
and the fixed member, each of the plurality of leaf foils
being independently attached to the cylindrical inner

peripheral surface of the fixed member, the plurality of
leaf foils forming an equiangular array, each of the

plurality of leaf foils comprising a free end on one side
thereof in a circumferential divection, and each of the
plurality of leaf foils having a bearing surface opposed
to the cylindrical outer peripheral surface of the rotary
member; and

a plurality of radial bearing gaps, each of the plurality of
radial bearing gaps being formed between the bearing
surface of each of the plurality of leaf foils and the
cvlindrical outer peripherval surface of the rvotary mem-
ber, and

10
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wherein the free end of each of the plurality of leaf foils

comprises.:

a plurality of cutout portions; and

a plurality of land portions that are continuous with the
bearing surface,

wherein the plurality of cutout portions and the plurality
of land portions alternate with vespect to each other.

18. The foil bearing accovding to claim 17, wherein each

of the plurality of radial bearing gaps comprises:

a small gap portion formed nearv the free end of the
bearing surface of each of the leaf foils; and

a large gap portion formed at another side in the civcum-

ferential divection with respect to the small gap portion,
and

wherein, as the rotary member rotates, a part of air in the
small gap portions passes toward back sides of the
plurality of leaf foils through the cutout portions.

Gx s * o e
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