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METHOD OF SUPPLYING A LUBRICANT TO A
ROLLING BEARING OF A HIGH-SPEED SPINDLE

BACKGROUND OF THE INVENTION

[0001] This application is a Continuation-in-Part of U.S.
patent application Ser. No. 09/522,909, filed on Mar. 10,
2001.

[0002] 1. Field of the Invention

[0003] The present invention relates to a lubricating
device which discharges lubricating oil to a spindle appa-
ratus provided in various high-speed rotary machines such
as a machine tool and, especially, to the bearing of the
spindle.

[0004] 2. Description of the Related Art

[0005] Conventionally, in lubricating the bearing of a
high-speed rotary spindle, normally, there are used lubricat-
ing devices of various types such as an oil mist type, an
oil-air type, and a jet type.

[0006] The lubricating device of an oil mist type com-
prises an oil tank, a pump, a plunger, a pressure divider,
compressed air, an electromagnetic valve, and a nozzle; and,
in this device, lubricating oil is turned into a fine mist-like
form, it is delivered through an air pipe using the com-
pressed air, and it is jetted out to the interior portion of the
bearing.

[0007] The lubricating device of an oil-air type comprises
an oil tank, a pump, a distributor, a compressed air source,
a plunger, and a nozzle; and, in this device, lubricating oil
drops (0.01-0.03 ml) adjusted to a given quantity by the
mechanical mechanism of the plunger is discharged into an
air pipe, is delivered up to the nozzle by the compressed air,
and is jetted out to the interior portion of the bearing.

[0008] The lubricating device of a jet type is a device
which does not use the air source but turns lubricating oil
into high pressure one using a high-pressure pump and jets
out the high-pressure lubricating oil at a high speed into the
interior portion of the bearing from a nozzle of which
discharge diameter is narrowed.

[0009] By the way, while a current trend requests an
increase in the rotation speed of the spindle device, in the
lubricating devices of various types used for lubrication of
the spindle device, there are found the following problems:

[0010] Firstly, in the lubricating device of an oil mist type,
due to use of the compressed air, not only there arises a noise
problem but also the mist-like lubricating oil scatters into the
air to worsen an operation environment. Also, because of the
scattering of the mist-like lubricating oil into the air, the
quantity of lubricating oil to be supplied to the interior
portion of the bearing is indefinite. Especially, in case where
the bearing is rotated at a high speed, due to the effect of an
air curtain, when dm-N is equal to or larger than 2000000
(dm expresses the pitch circle diameter of the bearing (mm),
and N expresses the rotation speed (min™") of the bearing),
the lubricating oil can be little supplied to the interior portion
of the bearing, thereby raising a fear that the bearing can
cause seizure.

[0011] In the lubricating device of an oil-air type, similarly
to the above-mentioned oil mist type lubricating device,
since the compressed air is used, not only there arises a noise
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problem but also the mist-like lubricating oil scatters into the
air to thereby worsen the operation environment. Also, in the
high-speed rotation of the bearing, as the result of the
rotation of the spindle, there is produced an air curtain.
Therefore, similarly, the lubricating oil can be little supplied
to the interior portion of the bearing, thereby raising a fear
that the bearing can cause seizure.

[0012] Also, in the lubricating device of an oil-air type,
because it is difficult to supply a fine amount of lubricating
oil continuously and stably, the lubricating oil must be
supplied intermittently and thus the lubricating oil is sup-
plied at a given quantity (normally, in the range of 0.01-0.03
ml) every given interval time (normally, in the rage of 8-16
min.) into the air pipe. Therefore, since the quantity of
lubricating oil to be supplied to the interior portion of the
bearing varies every given time, the lubricating condition of
the interior portion of the bearing varies all the time and,
especially, just after the lubricating oil is supplied, a large
quantity of lubricating oil enters the interior portion of the
bearing, thereby causing a phenomenon that the torque of
the bearing and the temperature of the bearing can vary.
There is a fear that this phenomenon can have ill effects on
the working precision of a machine tool.

[0013] On the other hand, in a lubricating device of a jet
type, when compared with the above lubricating devices of
oil mist and oil-air types, there is little found the effect of the
above-mentioned air curtain but, not only because there is
required an attendant device such as a high-pressure pump
but also because the quantity of lubricating oil to be supplied
to the bearing increases to thereby increase drag resistance,
there is necessary a large motor which is used to drive the
spindle, which results in the increased cost.

[0014] As a device which has solved the difficulty in the
above-mentioned fine quantity adjustment of a lubricant,
there are known devices which are respectively disclosed in
the following patent publications.

[0015] That is, in Japanese Patent Examined Publication
No. 2-15003 of Heisei, there is disclosed a device for
supplying a fine fixed quantity of liquid. In this supply
device, a piezo-electric element is used to allow the fine
quantity adjustment of the liquid and a lubricant is delivered
to a nozzle by compressed air.

[0016] Ina flow control valve disclosed in Japanese Patent
Examined Publication No. 7-65695, a diaphragm is disposed
in one end of a magnetostrictive element and an orifice is
adjusted by the expansion and contraction of the magneto-
strictive element to thereby adjust the flow quantity and
pressure of fluid.

[0017] In a giant magnetostrictive material pump dis-
closed in Japanese Patent Unexamined Publication No.
3-222877 of Heisei, the displacement of a giant magneto-
strictive material is enlarged by a lever, and a diaphragm is
driven by the lever to turn the pressure of the interior portion
of the pump into a negative pressure or a positive pressure,
thereby sucking or discharging a fluid.

[0018] In a magnetic precision pump (Magnetostrictive
Pump) disclosed in U.S. Pat. Nos. 4,795,318 and 4,804,314,
in the interior portion of a cylinder, there is disposed a piston
which is formed of a magnetostrictive material and a voltage
is applied to a coil, which is disposed in such a manner that
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it encloses the piston, to thereby expand and contract the
piston so as to discharge a fluid in the interior portion of the
cylinder.

[0019] In a giant magnetostrictive material type injection
pump disclosed in Japanese Patent Unexamined Publication
No. 4-81565 of Heisei, a needle valve is opened and closed
by a giant magnetostrictive material to thereby inject a fixed
quantity of high-pressure liquid.

[0020] However, in the above-mentioned pump using a
giant magnetostrictive material or flow control valve, there
are found the following problems.

[0021] The fine fixed quantity liquid supply device dis-
closed in Japanese Patent Examined Publication No.
2-15003 of Heisei has not solved yet a drawback caused by
delivering the lubricant to the nozzle using the high-pressure
air.

[0022] In the flow control valve disclosed in Japanese
Patent Examined Publication No. 7-65695, the diaphragm
area, to which the pressure of the liquid is applied, is larger
than the sectional area of the giant magnetostrictive material
and the liquid pressure is smaller than the pressure of the
giant magnetostrictive material.

[0023] In the giant magnetostrictive material pump dis-
closed in Japanese Patent Unexamined Publication No.
3-222877 of Heisei, since the displacement is enlarged by
the lever, the liquid pressure is smaller than the pressure of
the giant magnetostrictive material. The output of the giant
magnetostrictive material increases as a magnetic field by a
coil is increased. However, in case where the coil magnetic
field is increased, the required volume of the coil increases
accordingly. As a result of this, a device using such coil
increases in size.

[0024] In the magnetic precision pump disclosed in U.S.
Pat. Nos. 4,795,318 and 4,804,314, since the piston itself is
made of a drive element, the pressure of the lubricant cannot
be made larger than the pressure of the giant magnetostric-
tive material.

[0025] The giant magnetostrictive material type injection
pump disclosed in Japanese Patent Unexamined Publication
No. 4-81565 of Heisei does not have a function to turn the
pressure of the liquid into high pressure.

[0026] Further, in the oil-air lubricating method, there is
used a fixed-quantity valve which is capable of mixing
lubricating oil of the order of 0.01-0.03 ml per shot with air
at given time intervals. As an example of the fixed-quantity
valve, for example, there is known a valve which is dis-
closed in JP-B-8-2578U. This type of fixed-quantity valve is
conventionally structured such that a fixed quantity of
lubricating oil can be stored therein and can be discharged
therefrom by making use of the reciprocating motion of a
piston; specifically, the lubricating oil is stored in a cylinder
disposed on one side of the piston and the lubricating oil is
discharged on the opposite side of the piston. To reduce the
oil discharge quantity, there can be expected a technique of
reducing the diameter and stroke of the piston. However, in
the conventional oil-air lubricating method, there are dimen-
sional limits, for example, the sizes of sealing parts such as
an O-ring and the size of a return spring, which makes it
difficult to reduce the diameter and stroke of the piston. For
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this reason, it has been believed difficult to discharge a
quantity of less than 0.01 ml of lubricating oil.

[0027] In addition, since the conventional lubricating
apparatus employing the above-mentioned oil-air lubricat-
ing method is structured such that a given quantity of
lubricating oil is stored therein and is discharged therefrom
by use of the reciprocating motion of a single piston, a
supply oil quantity per shot is normally large, that is, of the
order of 0.03 ml and the lubricating oil is discharged at time
intervals of approx. 15 min., thereby raising a problem that
the temperature of the constantly rotating bearing can pul-
sate at the oil shot intervals. Also, in some cases, there are
generated whizzing sounds between the rolling bodies and
the mixed oil-air. The whizzing sounds between the rolling
bodies and the mixed oil-air, when their frequencies are in
the range of 2-3 KHz or less, in most cases, provide harsh
noises. This raises a problem even in the case of a spindle
which does not rotate at a very high speed, that is, when the
product (dm-N) of the shaft diameter [mm] and the shaft
rotation speed [min~*] is 1500000 or less.

[0028] On the other hand, regarding a pipe structure for
supply of a fine quantity of lubricating oil, FIG. 84 shows
a lubricating apparatus of an oil-air type using an air flow as
a medium. As the state of connection of the end faces of two
housings is shown in FIG. 85A, a pipe passage 902 serving
as an oil flow passage formed in a housing is sealed by
O-rings 904 which are disposed on the housing end faces.
Also, as the state of connection between the nozzle frame
906 and pipe passage 902 is shown in FIG. 85B, oil-air is
supplied to the nozzle frame 106 through the pipe passage
902. Howeyver, in the case of a fine quantity of lubricating oil
being supplied, in a pipe arrangement structure using such
O-rings 104, when the lubricating oil is jetted out, the
volume of the interior portion of the pipe passage is caused
to vary due to the elastic deformation of the O-rings 904,
which makes it impossible to supply a given quantity of
lubricating oil.

SUMMARY OF THE INVENTION

[0029] The present invention aims at eliminating the draw-
backs found in the above-mentioned circumstances. Accord-
ingly, it is an object of the invention to provide a lubricating
device which injects a high-precision set fine quantity of
lubricant onto the lubricating surface of a rotary body at a
high speed to thereby minimize an increase in torque and
bearing temperature so as to be able not only to provide high
torque stability and reduce the generation of noises but also
to reduce the size and cost thereof, and a spindle apparatus
using such lubricating device.

[0030] In attaining the above object, according to the
invention, there is provided a spindle apparatus comprising
a shaft, at least two bearings disposed spaced apart from the
shaft in the axial direction of the shaft, each of the bearings
having an inner race fitted with the shaft, and a housing fitted
with the outer races of the bearings, with the inner races and
outer races of the bearings being rotatable with respect to
each other with rolling elements between them, the spindle
apparatus further including: a lubricating device for supply-
ing lubricating oil to the bearings at a discharge speed in the
range of 10 m/sec. -100 m/sec. and in a fine discharge oil
quantity in the range of 0.0005 ml/shot -0.01 ml/shot.

[0031] According to the above structure, since the dis-
charge speed of the lubricating oil to be discharged from the
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nozzle is high, that is, 10 m/sec -100 m/sec., the lubricating
oil can be supplied to the interior portion of the bearing
positively without being influenced by an air curtain which
can occur in the high-speed rotation. Also, because the
discharge quantity of the lubricating oil is fine, that is, in the
range of 0.0005 ml/shot -0.01 ml/shot, an increase in the
temperatures of the bearings can be controlled down to a low
level. Further, since there are not used attendant devices
including a high-pressure pump such as a jet type, there is
eliminated an increase in drag resistance which could be
caused due to an increase in the quantity of the oil supplied
to the bearings, so that, as a motor for driving the spindle,
there can be used a motor which is inexpensive and compact.

[0032] Also, in addition to the above structure, there may
be disposed a shaft rotation speed detector (tachometer) for
detecting the shaft rotation speed. In this case, by controlling
the supply interval and supply quantity of the lubricating oil
discharged from the lubricating device based on the detect
results of the shaft rotation speed detector (tachometer), a
proper oil quantity of lubrication is possible with respect to
the spindle rotation regardless of the spindle rotation speed,
so that an ideal lubricating condition can be always obtained
in the interior portion of the bearing. Also, the increase in the
bearing temperature can also be controlled down to a further
lower level. Further, since the lubricating oil is supplied to
the interior portion of the bearing positively, a lubricating oil
supply efficiency can be enhanced and the lubricating oil
consumption can be reduced. Moreover, since compressed
air supplied by a compressor is not used as in the lubricating
device of an oil mist system or an oil-air system, the noise
level is low and the oil mist can be little produced.

[0033] And, in addition to the above structure, there may
be disposed a lubricating oil filter, an air bleeding sensor,
and a clogging detect pressure sensor. In this case, there can
be avoided troubles such as a clogged condition.

[0034] Further, in addition to the above structure, there
may be disposed a multi-branch piping device (a multi-
distribution mechanism) between a superfine quantity oil
lubricating pump and the nozzle, for distributively supplying
lubricating oil from the superfine quantity oil lubricating
pump to the plurality of bearings, so that the lubricating oil
is supplied to each bearing from the multi-branch piping
device.

[0035] With this structure, the lubricating oil supplied
from the superfine quantity oil lubricating pump is distribu-
tively supplied to each bearing stably without reducing the
discharge speed and the discharge quantity, and without
causing vibrations of the discharge speed and the discharge
quantity. Further, this structure provides a supply of the
lubricating oil for the spindle apparatus having a plurality of
bearings with only a lubricating apparatus.

[0036] That is, according to the present spindle lubricating
apparatus, thanks to the multi-distribution mechanism, not
only a fine quantity of lubricating oil can be distributively
supplied to the plurality of bearings at the discharge speed
of 10 m/sec. -100 m/sec. in a discharge quantity of 0.0005
ml/shot -0.01 ml/shot accurately and stably, but also the
structure of the spindle lubricating apparatus can be made
simple and compact. Therefore, an ideal lubricating state can
be always obtained in each of the bearings, the stability of
the bearing torque can be enhanced, and an increase in the
bearing temperature can be controlled down to a low level.
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[0037] Also, the multi-distribution mechanism includes a
distribution housing having such a number of lubricating oil
supply holes as to corresponds to the number of distribution
of the lubricating oil, a rotor valve which can be rotatably
contacted with the distribution housing to thereby bring a
flow passage into communication with the lubricating oil
supply holes sequentially, and a motor for rotating the rotor
valve.

[0038] More specifically, in the distribution housing, the
lubricating oil supply holes are disposed in a circular ring
manner, and a center flow passage is formed in the center of
this circular ring. The rotor valve has a groove serving as a
flow passage in such a manner that it extends from the center
of rotation thereof up to a diameter position larger than a
pitch circle diameter (PCD) at the positions of the lubricat-
ing oil supply holes.

[0039] According to this structure, in case where the rotor
valve is rotated, the center flow passage and lubricating oil
supply holes of the distribution housing are allowed to
communicate with each other by the groove of the rotor
valve sequentially, so that the lubricating oil can be supplied
to the respective lubricating oil supply holes.

[0040] Also, the distribution housing may also be struc-
tured such that such a number of longitudinal holes as to
corresponds to the number of bearings (number of distribu-
tions) are formed in the radial direction there of and lubri-
cating oil supply holes are formed so as to extend from the
thrust direction thereof as well as be in phase with and
penetrate through the longitudinal holes.

[0041] According to this structure, when the center flow
passage and lubricating oil supply holes of the distribution
housing are made to communicate with each other, the
lubricating oil can be supplied to the radial-direction longi-
tudinal holes.

[0042] Further, the distribution housing may also be struc-
tured in the following manner: that is, such a number of
lubricating oil supply holes as to corresponds to the number
of bearings (number of distributions) are formed such that
they can be made to communicate with the groove formed
in the rotor valve from a direction oblique with respect to the
axial direction of the distribution housing.

[0043] According to this structure, since the lubricating oil
supply holes are formed in the oblique direction with respect
to the axial direction of the distribution housing, the pro-
jecting amount of the distribution housing in the radial
direction is reduced, thereby being able to provide a struc-
ture which is excellent in space efficiency.

[0044] And, the multi-distribution mechanism may also be
composed of a distribution housing having such a number of
lubricating oil supply holes as corresponds to the number of
distributions, a rotor valve which can be rotatably contacted
with the distribution housing to thereby bring a flow passage
into communication with the lubricating oil supply holes
sequentially, a shaft for rotationally driving the rotor valve,
a spring member for energizing the shaft toward the rotor
valve side, and a thrust bearing for supporting the shaft in a
freely rotatable manner.

[0045] According to this structure, while reducing the
rotation resistance by the thrust bearing, the elastic com-
pression force of the spring member can prevent the lubri-
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cating oil from leaking from the contact portions between
the rotor valve and distribution housing, so that the lubri-
cating oil can be positively supplied from the groove of the
rotor valve to the lubricating oil supply holes of the distri-
bution housing.

[0046] By the way, the oil supply quantity to the interior
portion of the bearing, in case where dm-'N is equal to or
larger than 1000000, preferably, may be in the range of
0.0005 ml/min. -0.12 ml/min., and, more preferably, in the
range of 0.003 ml/min. -0.12 ml/min.

[0047] Also, the inside diameter of the nozzle outlet,
preferably, may be in the range of 0.08 mm -0.6 mm and,
more preferably, in the range of 0.1 mm-0.5 mm.

[0048] Further, a ratio of the length L (mm) of the pipe up
to the nozzle to the pipe diameter d (mm), preferably, may
be 5=L/d*=12000 mm~>, and, more preferably, S=L/
d*=10000 mm~>.

[0049] Still further, according to another aspect of the
invention, there is provided a lubricating device which uses
a magnetostrictive pump including a pump chamber for
pressurizing lubricant by means of the expanding and con-
tracting operations of a rod body formed of magnetostrictive
material to be executed by applying a magnetic field to the
rod body and removing the magnetic field therefrom,
thereby discharging the pressurized lubricant, the lubricating
device comprising: a check valve disposed in the interme-
diate portion of a flow passage for supplying the lubricant to
the magnetostrictive pump to prevent the lubricant from
flowing out from the magnetostrictive pump, and a nozzle
disposed on the lubricating discharge side of the magneto-
strictive pump and having a flow passage sectional area
smaller than the lubricant flow passage sectional area of the
check valve.

[0050] According to the present lubricating device, the rod
body can be expanded due to the application of the magnetic
field, and the lubricant within the magnetostrictive pump can
be thereby compressed. Due to the compression of the
lubricant, the pressure of the flow passage for supplying the
lubricant is increased, the check valve is closed, and the
lubricant is discharged externally at a high speed from the
nozzle. In case where the magnetic field application is cut
off, the rod body is contracted to thereby increase the
internal capacity of the pump, so that the lubricant is
supplied into the pump through the check valve. In this
operation, the air also flows in from the leading end of the
nozzle. However, since the flow-in quantity ratio of the
lubricant to the air is proportional to the square of the flow
passage sectional area ratio of the check valve to the nozzle,
the flow-in quantity of the lubricant becomes larger than that
of the air, so that, in the next operation as well, the lubricant
can be discharged similarly.

[0051] Further, according to the above lubricating device,
the one end side of the rod body is fixed, a piston is
connected to the other end side of the rod body, and the
piston is slidably disposed within a cylinder to thereby form
a pump chamber, while the cross sectional area of the inner
surface of the cylinder is set smaller than the cross sectional
area of the rod body.

[0052] In the present lubricating device, due to the expan-
sion and contraction of the rod body, the piston within the
cylinder is moved to thereby form the pump. And, the

Nov. 3, 2005

pressure of the lubricant within the cylinder is higher than
the pressure generated by the rod body, which makes it
possible to discharge the lubricant at a high speed.

[0053] Also, in the lubricating device, the decreased area
of the pump chamber due to the expansion of the rod body
is set equal to the sum of the quantity of the air flowing in
from the nozzle when the rod body is contracted, a decreased
volume due to compression of the lubricant that is present
within the internal capacity between the check valve and the
outlet of the nozzle, the increased capacity of the internal
capacity due to the pressure deformation of parts forming
the internal capacity, and a required discharge quantity of
lubricant.

[0054] In the lubricating device, the magnetic field to be
applied to the rod body is controlled while correcting it using
values with variable elements taken into account, while the
variable elements respectively relate to the quantity of air
flowing in from the nozzle, the decreased volume due to the
compression of the lubricant, and the increased capacity of
the internal capacity due to the pressure deformation of parts
forming the internal capacity. This can avoid a discharge
quantity error which could otherwise be caused by the
variable elements, so that a desired discharge quantity can be
obtained with high accuracy.

[0055] Further, in the lubricating device, the magnetostric-
tive pump includes a coil for applying a magnetic field and
a control device for controlling a current to be supplied to
the coil to thereby expand and contract the rod body; and, the
control device, in the initial excitation stage of the coil,
supplies a current until the lubricant within the pump
chamber reaches such a pressure as to allow the magneto-
strictive pump to obtain a desired discharge speed, after
reaching this pressure, supplies a current for maintaining the
pressure of the lubricant constant according to the discharge
quantity of the lubricant, and further, after a desired lubri-
cant discharge quantity is obtained, cuts off the supply
current.

[0056] According to the present lubricating device, when
the current is supplied to the coil from the control device, the
rod body is expanded to thereby allow the piston to com-
press the lubricant within the pump chamber. As a result of
this, the pressure within the cylinder is increased, the suction
valve is closed, and the lubricant is thereby discharged
externally at a high speed from the nozzle. At the then time,
the control device, for example, in the initial excitation stage
of the coil, supplies a current to the coil until the current
reaches such a current value for the magnetostrictive pump
as to be able to obtain a desired discharge speed, that is, the
control device raises the current up to this current value
quickly. During this, a high voltage is applied to the coil to
thereby raise the current quickly against the time constant of
the coil. And, after reaching the current value to be able to
obtain the desired discharge speed, in order to maintain the
pressure of the lubricant which decreases according to the
discharge quantity of the lubricant constant, the control
device supplies the current in such a manner that the
capacity of the cylinder decreases by a capacity equal to the
discharge quantity of the lubricant. During this, due to the
time constant of the coil, the voltage is switched over to a
voltage which can obtain a desired current increasing speed.
Next, after the desired lubricant discharge quantity is
obtained, the supply current to the coil is cut off. Thanks to
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this, a required lubricant pressure can be obtained in and
from the early discharge stage of the lubricant and, after the
start of discharge of the lubricant, the discharge speed can be
maintained constant, so that the discharge of the lubricant
can be carried out accurately and stably. Also, when the
current is cutoff, the rod body is contracted to thereby
increase the internal capacity of the pump chamber, so that
the lubricant can be supplied into the pump chamber through
the suction valve.

[0057] Also, the above lubricating device further includes
a measuring device for measuring any one of the value of a
current to be supplied to the coil, a voltage value propor-
tional to this current, and the value of a magnetic flux caused
by this current; and, an abnormal condition judging device
for comparing a measured value with respect to an elapsed
time measured by the measuring device with a measured
value in a normal condition time to thereby judge whether an
abnormal condition has occurred or not, whereby, when the
abnormal condition judging device judges that an abnormal
condition has occurred, the lubricating device issues an
abnormal signal.

[0058] According to the present lubricant device, for
example, assuming that a target to be measured is a current
value, in case where a current value measured at the time
when a certain time has passed after the start of the supply
of a current is larger than a current value (a design value) in
a normal operation time, that is, in case where a time
required for a current to increase up to a certain current value
is shorter than a design value, it can be judged that an
abnormal condition such as the clogged condition of the
nozzle has occurred. On the other hand, in case where the
current value measured at the time when a certain time has
passed after the start of the supply of the current is smaller
than the design value, that is, in case where the time required
for the current to increase up to a certain current value is
longer than the design value, it can be judged that an
abnormal condition such as lubricant leakage has occurred.
Also, assuming that the target to be measured is a voltage
value or a magnetic flux value, an abnormal condition can be
judged similarly. And, by issuing the abnormal signal at the
time when the abnormal condition occurs, feedback control
can be carried out, for example, the operation of the supply
target of the lubricant can be stopped.

[0059] Further, the above-mentioned lubricating device
further includes a measuring device for measuring any one
of the value of a current to be supplied to the coil, a voltage
value proportional to this current, and the value of a mag-
netic flux caused by this current; and, an air mixture judging
device for comparing a measured value with respect to an
elapsed time measured by the measuring device with a
measured value in an air non-mixture time to thereby judge
whether the air is mixed or not, whereby, in the start of the
operation of the lubricant device, until the air mixture
judging device judges that the air is not mixed, the lubricant
device increases the current to be supplied to the coil or
increases the supply frequency of the current.

[0060] According to the present lubricating device, assum-
ing that the target to be measured is a current, in case where
the air is mixed into the lubricant, the rising time of the
current to be measured is long, which makes it possible to
judge the presence or absence of the mixed air. Also,
assuming that the target to be measured is a voltage value or
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a magnetic flux value, an abnormal condition can be judged
similarly. And, in the start of the operation of the lubricating
device, until it is judged that the mixed air is not present, by
increasing the current to be supplied to the coil or by
increasing the supply frequency of the current, or by increas-
ing both the current and the supply frequency of the current,
the discharge quantity and discharge cycle of the magneto-
strictive pump can be increased, so that the lubricant can be
quickly sucked into the pump from the tank and the air bleed
can be completed in a short time.

[0061] To sum up the above facts, by using the super fine
quantity oil lubricating system, a lubricating oil forced
circulating device, a heat exchanger, a lubricating oil col-
lecting device, and other attendant devices such as com-
pressed air, which are used in the conventional lubricating
systems such as a lubricating system of an oil mist, a
lubricating system of an oil-air type and a lubricating system
of a jet type, can be simplified; the noise level can be
controlled down to a low level, which can be consideration
for environment. And, the consumption of the lubricating oil
can be reduced, the bearing torque can be enhanced in
stability, and the bearing temperature increase can be con-
trolled down to a low level, thereby being able to enhance
the rotation accuracy of the spindle. Therefore, according to
the present invention, there can be provided a spindle
apparatus which is more advantageous than the conventional
spindle apparatus using the related lubricating methods.

[0062] Further, the lubricating apparatus for discharging a
fine quantity of lubricating oil from a nozzle directly to the
interior portion of a bearing at given time intervals at a high
speed, may includes: a pump having a larger discharge
quantity than that from the nozzle; and, a switch valve
interposed between oil pipes for connecting together the
pump and nozzle and structured such that, in case where a
discharge oil pressure from the pump is less than a given
pressure, it shuts off the oil pipes to thereby stop the
discharging of the lubricating oil from the nozzle, in case
where the discharge oil pressure from the pump is equal to
or more than the given pressure, it opens the oil pipes to
thereby allow the lubricating oil supplied from the pump to
be discharged from the nozzle for a given period of time, and
it is capable of repeating the execution of this series of
operations.

[0063] According to the present lubricating apparatus, in
case where a discharge oil pressure from the pump is less
than a given pressure, the switch valve shuts off the oil pipes
to thereby stop the discharging of the lubricating oil from the
nozzle and, on the other hand, in case where the discharge
oil pressure from the pump is equal to or more than the given
pressure, the switch valve opens the oil pipes to thereby
allow the lubricating oil supplied from the pump to be
discharged from the nozzle for a given period of time.
Therefore, without using an expensive fine quantity lubri-
cating pump using an electromagnet or a giant-magneto-
strictive material, a sufficient discharge speed can be
obtained using an inexpensive pump and thus, in a spindle
which is rotated at a high speed, stable lubricating charac-
teristics, that is, enhanced seizure resistance and reduced
torque variations can be realized. Also, it is possible to
eliminate the generation of the whizzing noises of the rolling
bodies that raises a problem in the conventional oil-air and
oil mist lubricating methods. Further, in the portion of the
pipe that extends up to the switch valve, there can be used
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a resin-made pressure resisting tube, which can enhance the
design freedom of the pipe arrangement.

[0064] And, in the lubricating apparatus, preferably, the
discharge quantity of lubricating oil to be discharged from
the nozzle per shot may be in the range of 0.0001-0.01 ml.

[0065] In the lubricating apparatus, since the discharge
quantity of lubricating oil to be discharged from the nozzle
per shot is set larger than 0.0001 ml, it is possible to prevent
the lowered flow speed of the lubricating oil which could be
caused under the great influence of the compression char-
acteristic of the lubricating oil, the pressure deformation of
the pipes, and the response characteristic of the switch valve;
that is, a sufficient flow speed can be obtained. Also, since
the discharge quantity of lubricating oil to be discharged
from the nozzle per shot is set smaller than 0.01 ml, torque
variations occurring in the bearing can be prevented.

[0066] Also, the discharge speed of the lubricating oil to
bed is charged from the nozzle, preferably, may be set equal
to or more than 10 % of the peripheral speed of the inner ring
of the bearing.

[0067] According to the thus structure, since the discharge
speed of the lubricating oil to be discharged from the nozzle
is set equal to or more than 10 % of the peripheral speed of
the inner ring of the bearing, there can be secured a
discharge speed necessary for the lubricating oil to reach the
interior portion of the bearing. As a practical advantage, the
lubricating apparatus can use an inexpensive oil pressure
pump having a pump pressure of the order of 2.5 MPa.

[0068] Further, the opening time of the switch valve may
be preferably set in the range of 0.1-50 ms.

[0069] With the above structure, a required discharge
quantity of 0.0001-0.01 ml can be satisfied. That is, in case
where the pump pressure, lubricating oil and pipes are set
according to the following expressions, the relationship
between the opening time t of the switch valve and discharge
quantity can be determined and thus the opening time t of the
switch valve, which is requested to meet the required
discharge quantity of 0.0001-0.01 ml, can be set in the range
of 0.1-50 ms.

v=Cd-(2(p-Ap)/p)**

q=v-nd*>t/4

Ap=32u-L-d>v/D*
[0070] where, Cd expresses a flow coefficient, p: a pump
pressure (Pa), Ap: a pressure loss (Pa), p: a lubricating oil
density (kg/m>), d: a nozzle diameter (m), t: the opening
time (s) of the switch valve, p: a lubricating oil viscosity
coefficient (Pa-s), L: a pipe length (m), and D: a pipe inside
diameter (m), respectively.

[0071] Also, the lubricating apparatus may also be struc-
tured such that the switch valve includes a fixed member
having a fixed sliding contact surface and a rotary member
which has a movable sliding contact surface to be closely
contactable with the fixed sliding contact surface and rotates
the movable sliding contact surface in sliding contact with
the fixed sliding contact surface about an axial line perpen-
dicular to the fixed sliding contact surface. In the fixed
sliding contact surface of the fixed member, more specifi-
cally, on the circumference of the fixed sliding contact
surface with the axial line as the center thereof, there are
opened up a discharge hole to be connected to the pump and
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an oil feed hole to be connected to the nozzle. And, in the
movable sliding contact surface of the rotary member, more
specifically, on the circumference of the movable sliding
contact surface with the axial line as the center thereof, there
is formed an arc-shaped slit having a center angle larger than
at least a center angle formed between the discharge hole
and oil feed hole.

[0072] According to the thus-structured lubricating appa-
ratus, in case where the rotary member of the switch valve
is rotated with respect to the fixed member thereof and the
arc-shaped slit formed in the movable sliding contact surface
of the rotary member is matched to the discharge hole and
oil feed hole respectively formed in the fixed sliding contact
surface of the fixed member, the discharge hole and oil feed
hole are allowed to communicate with each other through
the arc-shaped slit. Therefore, only while the discharge hole
and oil feed hole are both matched to the arc-shaped slit at
the same time, the switch valve is opened (the oil pipes are
opened), so that the lubricating oil from the pump can be
discharged from the nozzle for a given period of time.

[0073] Also, the lubricating apparatus may be structured
such as to have: a motor for rotating the rotary member; a
pressure switch for detecting the discharge oil pressure of
the pump; and, a controller which sends a drive signal to the
pump, on receiving a detect signal from the pressure switch
issued when the discharge oil pressure is equal to or more
than a given pressure, sends a one-rotation drive signal to the
motor, after then, sends a drive stop signal to the pump, and
is capable of repeating the execution of this series of
operations at given time intervals.

[0074] According to the thus-structured lubricating appa-
ratus, in case where the pump is switched on by the
controller, the oil pressure is raised; and, in case where the
controller detects through the pressure switch that the oil
pressure is equal to or higher than a given pressure, the
controller rotates the motor once and, after then, the con-
troller switched off the pump. This series of operations are
executed repeatedly at given time intervals by the controller,
whereby the lubricating oil from the pump can be discharged
from the nozzle at given time intervals.

[0075] Also, the lubricating apparatus may be structured
as follows. That is, the switch valve includes a fixed member
having a fixed sliding contact surface and a rotary member
which has a movable sliding contact surface closely con-
tactable with the fixed sliding contact surface and rotates the
movable sliding contact surface in sliding contact with the
fixed sliding contact surface about an axial line perpendicu-
lar to the fixed sliding contact surface. In the fixed sliding
contact surface of the fixed member, more specifically, on
the circumference of the fixed sliding contact surface with
the axial line as the center thereof, there are opened up a
plurality of oil feed holes to be connected to the nozzle and,
at the position of the axial line, there is opened up a
discharge hole connected to the pump; and, in the movable
sliding contact surface of the rotary member, there is formed
a slit in such a manner that it extends from the axial line
position along the radial direction of the rotary member up
to the position of the oil feed hole.

[0076] According to the thus-structured lubricating appa-
ratus, in case where the rotary member of the switch valve
is rotated with respect to the fixed member thereof and the
slit formed in the movable sliding contact surface of the
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rotary member is matched to the oil feed hole formed in the
fixed sliding contact surface of the fixed member, the switch
valve is opened (the oil pipes are opened), with the result
that the lubricating oil from the pump can be discharged
from the nozzle for a given period of time. In this case, since
the plurality of oil feed holes are formed on the circumfer-
ence of the fixed sliding contact surface, each time the rotary
member is rotated, the lubricating oil from the discharge
hole is supplied to the respective oil feed holes, that is, one
rotation of the rotary member can supply the lubricating oil
to a plurality of portions.

[0077] And, the lubricating apparatus may be structured in
the following manner. That is, the switch valve includes a
fixed member having a fixed sliding contact surface and a
slide member which has a movable sliding contact surface
closely contactable with the fixed sliding contact surface and
reciprocates the movable sliding contact surface in the linear
direction in sliding contact with the fixed sliding contact
surface with respect to the fixed sliding contact surface. In
the fixed sliding contact surface of the fixed member, there
are opened up a plurality of discharge holes to be connected
to the pump in such a manner that they are spaced from each
other in the linear direction; and, in the movable sliding
contact surface of the slide member, there are opened up a
plurality of oil feed holes to be connected to the nozzle in
such a manner that they are arranged in the linear direction
at the same intervals as the discharge holes.

[0078] According to the thus-structured lubricating appa-
ratus, in case where the fixed member and slide member are
reciprocated in the linear direction in sliding contact with
each other and the plurality of discharge holes formed in the
fixed sliding contact surface of the fixed member and the
plurality of oil feed holes formed in the movable sliding
contact surface of the slide member are allowed to commu-
nicate with each other or are shut off from each other at the
same time, the lubricating oil from the pump can be dis-
charged from the nozzle for a given period of time. That is,
according to this lubricating apparatus, since the slide mem-
ber is reciprocated in the linear direction in a sliding contact
manner, a movable member of a solenoid serving as a drive
source and a linear drive device such as a cylinder can be
used as they are.

[0079] Still further, the lubricating apparatus may be struc-
tured in the following manner. That is, the switch valve
includes: a cylindrical-shaped stator having a fixed sliding
contact surface on the inner peripheral surface thereof; and,
a rotor which has a rotary sliding contact surface to be
closely contacted with the fixed sliding contact surface and
rotates while the rotary sliding contact surface is in sliding
contact with the fixed sliding contact surface. In the fixed
sliding contact surface of the stator, there are opened up a
plurality of oil feed holes to be connected to the nozzle in
such a manner that they are spaced from each other in the
inner peripheral circle direction; and, in the rotary sliding
contact surface of the rotor, there are formed a plurality of
discharge holes to be connected to the pump in such a
manner that they are arranged in the outer peripheral circle
direction at the same intervals as the oil feed holes.

[0080] According to the thus-structured lubricating appa-
ratus, in case where the rotor is rotated within the stator and
the plurality of oil feed holes formed in the fixed sliding
contact surface of the stator are matched to the plurality of
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discharge holes formed in the rotary sliding contact surface
of the rotor, the lubricating oil from the pump can be
discharged from the nozzle for a given period of time. The
stator and rotor can be structured in a movable fit manner, so
that high-speed switching can be realized easily using low
torque. For example, a rotary solenoid using a permanent
magnet and an electromagnet can be used, a high-speed
response characteristic can be obtained, a drive circuit can
be simplified when compared with an ordinary motor, and
the reduced cost of an actuator can be realized.

[0081] Moreover, the lubricating apparatus according to
the present invention may includes: a pump for switching on
and off the pressure of oil to be discharged to a hydraulic
main pipe; a discharge cylinder in which a discharge piston
is mounted, an oil supply chamber is formed on one end side
of the discharge piston in the moving direction thereof, and
a hydraulic chamber to be connected to the hydraulic main
pipe is formed on the other end side of the discharge piston,
while the discharge piston is disposed so as to be energized
toward the hydraulic chamber side by spring means; a
three-way valve connected to the hydraulic main pipe, an oil
supply passage to be connected to the oil supply chamber,
and an oil storage passage, for allowing the hydraulic main
pipe and oil storage passage to communicate with each other
when the oil pressure is switched on and, on the other hand,
when the oil pressure is switched off and the oil pressure
from the oil storage passage is given to the three-way valve,
for allowing the oil storage passage and the oil supply
passage to communicate with each other; and, an oil storage
cylinder in which an oil storage piston is mounted and, on
one end side of the oil storage piston in the moving direction
thereof, there is formed an oil storage chamber to be
connected to the oil storage passage, while the oil storage
piston is disposed so as to be engergized toward the oil
storage chamber side by spring means.

[0082] According to the present lubricating apparatus,
since the discharge cylinder and oil storage cylinder are
disposed separately, when compared with the conventional
lubricating apparatus in which oil is stored within a cylinder
disposed on one side end of a single piston and the oil is
discharged on the opposite side, the limits on the dimensions
of the seal member and return spring can be reduced, which
can facilitate the reduction of the diameters of the discharge
cylinder and oil storage cylinder. Also, due to provision of
two pistons, the oil operation area of the discharge piston can
be set larger than the oil pressurizing area, so that the
discharge piston can be pushed with a large force and thus
a high-speed stroke can be realized. As a result of this, when
compared with a lubricating apparatus using an electromag-
net or a giant-magnetostrictive material, a fine quantity of
the order of 0.001 ml of oil can be discharged at a high speed
using a low-cost and simple structure.

[0083] And, the lubricating apparatus may also be char-
acterized in that, when the discharge port is closed and the
oil pressure of the hydraulic main pipe is on, the oil pressure
of the oil supply chamber becomes larger than the oil
pressure of the hydraulic chamber.

[0084] According to the present lubricating apparatus,
when the discharge port is closed and the oil pressure of the
hydraulic main pipe is on, the oil pressure of the oil supply
chamber becomes larger than the oil pressure of the hydrau-
lic chamber, thereby being able to discharge oil at a high



US 2005/0241880 A1l

speed. That is, in the conventional lubricating apparatus
using a single piston, due to the influence of the return spring
for energizing the piston, the oil discharge pressure depend-
ing on the restitutive force of the return spring is always
lower than the oil supply pressure obtained when the return
spring is compressed. However, in the present lubricating
apparatus, the oil pressure of the oil supply chamber (that is,
oil discharge pressure) can be increased, with the result that
discharging of oil at a high speed can be realized.

[0085] Also, the lubricating apparatus may also be struc-
tured such that, on the hydraulic chamber side of the
discharge cylinder, there is mounted a drive piston movable
by the oil of the hydraulic chamber to thereby push and drive
the discharge piston, and the oil operation area of the drive
piston is larger than the oil pressurizing area of the discharge
piston.

[0086] According to the present lubricating apparatus,
since the oil operation area of the drive piston is larger than
the oil pressurizing area of the discharge piston, in case
where the oil pressure from the hydraulic main pipe is
applied to the drive piston, the discharge piston can be
driven with a large force. Thanks to this, the high-speed
stroke of the discharge piston can be realized and thus oil can
be discharged from the discharge cylinder at a high speed.

[0087] Further, the lubricating apparatus may also be
structured such that, between the discharge piston and drive
piston, there is formed an idling section where the drive
piston can be moved in a direction to approach the discharge
piston.

[0088] According to the present lubricating apparatus, in
case where the oil pressure from the hydraulic main pipe is
applied to the drive piston, the drive piston is allowed to
move the idling section by itself with no contact with the
discharge piston. That is, without a start load which is
otherwise generated in the start time of the drive piston due
to its contact with the discharge piston, the drive piston is
able to start under small movable resistance. Thanks to this,
while the drive piston is moving in the idling section, the
pressure of the oil pressure pump is raised up to a sufficient
level, and there is generated inertia in the drive piston, so
that the discharge piston can be driven with a large and
high-speed force.

[0089] And, the lubricating apparatus may also be struc-
tured such that an umbrella valve is mounted in the three-
way valve; and, the umbrella valve is structured such that,
when the oil pressure is switched on, the main body of the
umbrella valve closes the oil supply passage and a flexible
umbrella piece disposed on the outer periphery of the
umbrella valve main body is reduced in diameter to thereby
allow the hydraulic main pipe and oil storage passage to
communicate with each other and, on the other hand, when
the oil pressure is switched off and the umbrella valve
receives the oil pressure from the oil storage passage, the
umbrella valve main body is moved in a direction to open
the oil supply passage and the flexible umbrella piece is
enlarged in diameter to thereby allow only the oil storage
passage and oil supply passage to communicate with each
other.

[0090] According to the present lubricating apparatus, in
case where the oil pressure of the hydraulic main pipe
connected to the three-way valve is switched on, the
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umbrella valve main body closes the oil supply passage and
the flexible umbrella piece disposed on the outer periphery
of the umbrella valve main body is reduced in diameter due
to the present oil pressure, thereby allowing the hydraulic
main pipe and oil storage passage to communicate with each
other. Therefore, oil from the hydraulic main pipe reaches
the oil storage cylinder through the oil storage passage,
moves the oil storage piston against the energizing force of
spring means for energizing the oil storage piston, and then
flows into the oil storage chamber of the oil storage cylinder.
That is, storage of the oil into the oil storage cylinder is
completed. On the other hand, in case where the oil pressure
of the hydraulic main pipe is switched off, the diameter
reduced state of the flexible umbrella piece due to the oil
pressure is removed and thus the flexible umbrella piece is
enlarged in diameter, thereby shutting off the hydraulic main
pipe and oil storage passage from each other. At the same
time, due to the returning energizing force of the spring
means for energizing the oil storage piston, the umbrella
valve main body receives the oil pressure from the oil
storage passage is thereby moved in a direction to open the
oil supply passage. As a result of this, only the oil storage
passage and oil supply passage are allowed to communicate
with each other and the oil stored in the oil storage chamber
is supplied through the oil storage passage and oil supply
passage and is filled into the oil supply chamber of the
discharge cylinder, thereby completing the preparation for
the next discharging operation.

[0091] Also, the lubricating apparatus may also be struc-
tured such that, with the three-way valve, there is threadedly
engaged an air bleeding plug for moving the umbrella valve
in a direction to open the oil supply passage, or a stop plug
in such a manner it can be removed from the three-way
valve.

[0092] According to the present lubricating apparatus, on
the three-way valve, there is disposed the air bleeding plug
which can move the umbrella valve in a direction to open the
oil supply passage. This air bleeding plug is used to deflate
air within the portion of the pipe existing upstream of the oil
supply passage. In order to be able to discharge a fine
quantity of oil, it is important that the air within the pipe can
be deflated completely. That is, in case where the oil
discharge quantity is very small, it is difficult to deflate the
air within the pipe only by repeating normal oil discharg-
ings. Therefore, in case where the air bleeding plug having
a fine pin in the leading end thereof is threadedly engaged
with the three-way valve and oil when the oil pressure pump
is switched on due to the movement of the umbrella valve is
forced to flow into the oil supply passage, the air bleeding
can be achieved simply. After completion of the air bleeding,
the air bleeding plug is replaced with the stop plug and a
normal operation is executed.

[0093] Also, the lubricating apparatus may also be struc-
tured such that lubricating oil of 0.0005-0.01 ml per shot is
directly jetted to a rolling bearing at the discharge speed of
10% or more of the peripheral speed of the inner ring of the
rolling bearing.

[0094] According to the present lubricating apparatus, a
quantity of 0.0005-0.01 ml per shot of lubricating oil is
directly jetted to the rolling bearing at the discharge speed of
10% or more of the inner ring peripheral speed of the rolling
bearing. In lubrication of the rolling bearing, the discharge
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speed necessary for the lubricating oil to reach the interior
portion of the bearing is about 10% of the inner race
peripheral speed and, therefore, the discharge speed pro-
vided by the present lubricating apparatus is enough to
lubricate the interior portion of the bearing.

[0095] Additionally, in the spindle apparatus according to
the present invention, a pipe for supplying the lubricating oil
is set such that a pipe parameter (L-d_ */d*), which expresses
the relationship between the length L of the pipe, a nozzle
diameter d,, (m), and a pipe inside diameter d (m), is smaller
than 5x10* [m™], and also that, the sum of the quantity of
pipe expansion due to the pressure of lubricating oil in the
interior portion of the pipe and the compression volume of
the lubricating oil is equal to or less than the discharge
quantity of said lubricating oil.

[0096] According to the spindle apparatus of the inven-
tion, when supplying a fine quantity of lubricating oil to the
spindle apparatus, the pipe for the lubricating oil is set so as
to satisty the given conditions. Thanks to this, even when the
present invention is applied to a spindle apparatus which is
narrow and limited in the space for installation of a nozzle
and arrangement of the pipe, the nozzle and pipe can be
disposed in a compact structure, so that a fine quantity of
lubricating oil can be supplied accurately and stably and, at
the same time, generation of noises due to the whizzing
sounds and poor lubrication due to the air curtain, which
have been problems to be solved in the conventional oil-air
lubricating apparatus, can be prevented.

[0097] In more detail, the present spindle apparatus is
structured such that, the nozzle frame for jetting out the
lubricating oil to the given positions of the interior portion
of the spindle apparatus and the lubricating apparatus are
connected together by the pipe which satisfies the following
conditions:

[0098] pipe outside diameter D: 1.0x1073-3.2x107> [m]
pipe inside diameter d: 0.8x107>-2.0x107> [m] Young’s
modulus of pipe material: 3 [GPa] or more Pipe length L:
L>0.5[m]
L-d,?/d*<5x10* [m~*]
%-ps-]{n-dz/(4K)+n-d2-{(D2+d2)/(D2—d2)+v}/(2E)}<q
m

[0099] where, d,: nozzle diameter (0.08x1073-0.3x107>
[m])

[0100] K: bulk modulus [Pa] of lubricating oil
[0101] v : Poisson’s ratio of pipe material
[0102] p: average pressure [Pa] in pipe

[0103] q: discharge quantity [m>].

[0104] Also, the present spindle apparatus is a spindle
apparatus having a cooling function using a jacket cooling
system. In the jacket cooling system, as a thermal displace-
ment measure, cooling oil is charged into an outer housing
(outer cylinder) of a bearing (outer cylinder cooling system).

[0105] According to the present spindle apparatus, even in
the case of a spindle apparatus of a jacket cooling system
being narrow and limited in the space for arrangement of a
pipe for lubricating oil and installation of a nozzle, a fine
quantity of lubricating oil can be supplied.
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[0106] The present spindle apparatus may be structured
such as to include a spindle shaft, a plurality of rolling
bearings for supporting the spindle shaft in a freely rotatable
manner, an inner housing for covering the outside of the
rolling bearings, and an outer housing for covering the
outside of the spindle apparatus; and, a pipe is arranged so
as to extend from the lubricating apparatus up to a nozzle
frame disposed within the inner housing through a commu-
nication hole for supply of lubricating oil formed in the outer
housing along the axial direction thereof and also through an
opening formed in the inner housing.

[0107] And, the present spindle apparatus is also struc-
tured such that the pipe is connected to the nozzle frame in
the axial direction of the housing.

[0108] According to the present spindle apparatus, even in
a structure which cannot provide a space for arrangement of
a pipe in a direction perpendicular to the axial direction of
the housing, the pipe can be installed by arranging the pipe
in the axial direction of the housing.

[0109] Also, the pipe may also be connected from the
lubricating apparatus to the nozzle frame through an opening
formed in the inside diameter surface of the outer housing.

[0110] In this case, even in a structure which cannot
provide a space for arrangement of a pipe in the axial
direction of the spindle shaft, the pipe can be installed by
arranging it in a direction perpendicular to the axial direction
of the housing.

[0111] Further, in the present spindle apparatus, the inner
housing may includes a first inner housing to which the outer
races of the rolling bearings are to be fixed, and a second
inner housing including an insertion portion for storing
therein the first inner housing in the axial direction thereof,
while the inside diameter of the inner peripheral surface of
the insertion portion of the second inner housing is set larger
than the outside diameter of the outer peripheral surface of
the first inner housing.

[0112] According to this structure, when the first inner
housing is inserted into the second inner housing in the axial
direction thereof, since the pipe cannot be caught by and
between them, the first inner housing can be inserted
smoothly. Thanks to this, even in the deep and limited-space
portion of the spindle apparatus, the pipe can be arranged
while the spindle apparatus is structured so as to be easy to
assemble.

[0113] Also, in case where a cut-out groove for arrange-
ment of the pipe is formed in the insertion portion of the
second inner housing, when the first housing is slid in the
axial direction, the pipe can be stored in the cut-out groove,
so that the pipe can be inserted smoothly.

BRIEF DESCRIPTION OF THE DRAWINGS

[0114] FIG.1 is a section view of the internal structure of
a spindle apparatus according to a first embodiment of the
invention;

[0115] FIG. 2 is a structure view of a lubricating unit
employed in the spindle apparatus;

[0116] FIG. 3 is a section view showing a super fine
quantity lubricating oil pump;



US 2005/0241880 A1l

[0117] FIG. 4 is an enlarged view showing the angle and
position of a nozzle;

[0118] FIG. 5 a view of a time chart showing the time
relationship between currents to be applied to a coil and the
discharge of lubricating oil;

[0119] FIG. 6 is a block diagram showing a procedure for
a discharge quantity correction to be operated by a control
device in order to obtain a fixed discharge quantity;

[0120] FIG. 7 is a block diagram of an example of a
current control function by discharge quantity;

[0121] FIG. 8 is a circuit diagram of a coil control device
employed in a lubricating device;

[0122] FIG. 9 is an explanatory view showing coil current
waveforms in conjunction with the operation of a transistor;

[0123] FIG. 10is a graphical representation of an example
of variations in the coil current with respect to the lapse of
time;

[0124] FIG. 11 is an explanatory view of the rising
characteristic of the coil current in abnormal and normal
conditions;

[0125] FIG. 12 is a view of a structure for detecting the
coil current;

[0126] FIG. 13 is a block diagram of a schematic structure
of a judging device;

[0127] FIG. 14 is a time chart of the operation of the
judging device;

[0128] FIG. 15 is an explanatory view of the rising
characteristic of the coil current in an air mixing condition
and after an air bleed completed condition;

[0129] FIG. 16 is a view of a coil current detect condition
from the air mixing condition to the air bleed completed
condition;

[0130] FIG. 17 is a block diagram of a schematic structure
of an air bleed completion judging device;

[0131] FIG. 18 is a time chart of the operation of the air
bleed completion judging device;

[0132] FIG. 19 is a schematic view of an embodiment in
testing the performance of a super fine quantity oil lubri-
cating pump;

[0133] FIG. 20 is a schematic view of an embodiment of
a visualizing device used when testing the performance of a
super fine quantity oil lubricating pump;

[0134] FIG. 21 is a graphical representation of the rela-
tionship between the discharge inside diameter of a nozzle
outlet and discharge speed from a nozzle;

[0135] FIG. 22 is a graphical representation of the rela-
tionship between the parameter L/d* of pipe resistance and
the speed of oil discharged;

[0136] FIG. 23 is a graphical representation of the rela-
tionship between the parameter L/d* of pipe resistance and
the quantity of oil discharged;

[0137] FIG. 24 is a graphical representation of the rela-
tionship between the rotation speed of the spindle and the
torque of the bearing;
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[0138] FIG. 25 is a graphical representation of the rela-
tionship between the rotation speed of the spindle and
increases in the temperature in the outer race of the bearing;

[0139] FIG. 26 is a graphical representation of the results
obtained when the transitions of the bearing torque are
checked;

[0140] FIG. 27 is a graphical representation of a compari-
son of noise levels between a super fine quantity lubricating
oil pump according to the invention and a conventional
device;

[0141] FIG. 28 is a schematic view of the super fine
quantity lubricating oil pump, showing a state in which the
performance test of the multi-branch piping device is
executed;

[0142] FIG. 29 is a graphical representation showing the
comparison results of the lubricating oil discharge speeds
between a case where the multi-branck piping device is used
and a case where it is not used;

[0143] FIG. 30 is a graphical representation showing the
comparison results of the lubricating oil discharge quantities
between a case where the multi-branch piping device is used
and a case where it is not used;

[0144] FIG. 31 is a section view of a super fine quantity
lubricating oil pump employed in a spindle apparatus
according to a second embodiment of the invention;

[0145] FIG. 32 is a schematic view showing a structure of
a spindle lubricating apparatus according to a third embodi-
ment of the invention;

[0146] FIG. 33 is a view of a specific structure of a spindle
apparatus shown in FIG. 32;

[0147] FIG. 34 is a section view showing the structure of
a superfine quantity oil lubricating apparatus with a multi-
distribution mechanism shown in FIG. 32;

[0148] FIG. 35 is an enlarged view of the structure of a
multi-distribution mechanism shown in FIG. 34,

[0149] FIG. 36 is a section view taken along the arrow
lines A-A shown in FIG. 35;

[0150] FIG. 37 is a section view taken along the arrow
lines B-B shown in FIG. 35;

[0151] FIG. 38 is a typical view of a rotor valve, showing
its operating state;

[0152] FIGS. 39A and 39B are perspective views of a
pipe fixing joint;

[0153] FIG. 40 is a section view showing the structure of
a superfine quantity oil lubricating apparatus with a multi-
distribution mechanism according to a modification of the
third embodiment;

[0154] FIG. 41 is an enlarged view of the structure of a
multi-distribution mechanism shown in FIG. 40;

[0155] FIG. 42A is a front view of a rotor valve shown in
FIG. 41,

[0156] FIG. 42B is a section view of the rotor valve taken
along the arrow lines C-C shown in FIG. 42A;
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[0157] FIG. 43 is a section view of the multi-distribution
mechanism taken along the arrow lines D-D shown in FIG.
41,

[0158] FIG. 44 is a schematic view of an embodiment of
a test conducted on the performance of the superfine quan-
tity oil lubricating pump according to the third embodiment;

[0159] FIG. 45 is a graphical representation of variations
in the oil discharging quantity with respect to the pipe length
according to the third embodiment;

[0160] FIG. 46 is a block diagram of the principles of a
lubricating apparatus according to a fourth embodiment of
the invention;

[0161] FIG. 47 is a schematic view of the structure of a
lubricating apparatus according to a first example of the
fourth embodiment;

[0162] FIGS. 48A and 48B are plan views of the main
portions of the lubricating apparatus shown in FIG. 47;

[0163] FIG. 49 is a graphical representation of the rela-
tionship of the discharge speed with the pipe length with the
nozzle diameter as a parameter;

[0164] FIG. 50 is a graphical representation of the rela-
tionship of the discharge quantity with respect to the pipe
length with the nozzle diameter as a parameter;

[0165] FIG. 51 is a graphical representation of the rela-
tionship between the viscosity and the discharge speed with
the nozzle diameter as a parameter;

[0166] FIG. 52 is a graphical representation of the rela-
tionship between the viscosity and the discharge quantity
with the nozzle diameter as a parameter;

[0167] FIG. 53 is a graphical representation of the rela-
tionship between the pump pressure and the discharge speed
with the nozzle diameter as a parameter;

[0168] FIG. 54 is a graphical representation of the rela-
tionship between the pump pressure and the discharge
quantity with the nozzle diameter as a parameter;

[0169] FIG. 55 is a graphical representation of the rela-
tionship between the flow coefficient and the nozzle diam-
eter found from the measurement results shown in FIGS.
49-54,

[0170] FIG. 56 is a plan view of the main portions of a
lubricating apparatus according to a second example of the
fourth embodiment;

[0171] FIG. 57 is a plan view of the main portions of a
lubricating apparatus according to a modification of the
second example of the fourth embodiment;

[0172] FIG. 58 is a plan view of a lubricating apparatus
according to a third example of the fourth embodiment,
showing a state in which it is applied to an actually used
spindle;

[0173] FIG. 59A is a plan view of the structure of a
lubricating apparatus according to a fourth example of the
fourth embodiment;

[0174] FIG. 59B is a plan view of the main portions of a
switch valve used in the fourth example of the fourth
embodiment;
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[0175] FIG. 60A and 60B are views showing a stator and
a rotor of a lubricating apparatus according to a modification
of the fourth example of the fourth embodiment;

[0176] FIG. 61 is a plan view of the structure of a
lubricating apparatus according to a fifth example of the
fourth embodiment of the invention;

[0177] FIGS. 62A and 62B are plan views of a fixed
member and a rotary member respectively forming a switch
valve;

[0178] FIG. 63 is graphical representation of a speed
instruction to be outputted from a controller to a motor;

[0179] FIGS. 64A and 64B are graphical representations
of the results of a test (temperature record chart) conducted
on the rotation in the fifth example of the fourth embodi-
ment;

[0180] FIG. 65 is graphical representation of the results of
measured noises generated from a spindle apparatus accord-
ing to a conventional oil-air lubricating method and a
spindle apparatus according to the lubricating method
employed in the fifth example of the fourth embodiment;

[0181] FIG. 66 is a schematic view of the principles of a
lubricating apparatus according to a fifth embodiment of the
invention;

[0182] FIG. 67 is an explanatory view of the operation of
the lubricating apparatus shown in FIG. 66, showing a state
thereof when an oil pressure pump is on;

[0183] FIG. 68 is an explanatory view of the operation of
the lubricating apparatus shown in FIG. 66, showing a state
thereof when an oil pressure pump is off;

[0184] FIG. 69 is a schematic view of the structure of a
lubricating apparatus according to the fifth embodiment of
the invention;

[0185] FIG. 70A is an explanatory view of a stop plug
being a fitting;

[0186] FIG. 70B is an explanatory view of an air bleeding
plug being the fitting;

[0187] FIG. 71 is a graphical representation of the dis-
charge piston displacement quantity per unit time in a
lubricating apparatus including a drive piston having an
idling section;

[0188] FIG. 72 is a graphical representation of the dis-
charge piston displacement quantity per unit time in a
lubricating apparatus including a drive piston having no
idling section;

[0189] FIG. 73 is a schematic view of the structure of a
spindle apparatus according to a sixth embodiment of the
invention;

[0190] FIG. 74 is a schematic view of the structure of a
fine quantity lubricating apparatus according to the sixth
embodiment;

[0191] FIG. 75 is a section view of a nozzle frame
according to the sixth embodiment;

[0192] FIG. 76A is a perspective view of a joint formed
of resin material such as PEEK resin;
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[0193] FIG. 76B is a perspective view of a joint formed of
stainless steel;

[0194] FIG. 77 is a perspective view of a tool for fixing a
joint;

[0195] FIG. 78 is a graphical representation of the varia-
tions of the lubricating oil compression volume with respect
to the lengths of pipes, while the relationship between them
are plotted with respect to various inside diameters of the
pipes;

[0196] FIG. 79 is a graphical representation of the mea-
sured variations of the discharge speed of lubricating oil
with respect to the pipe lengths, with the pipe inside diam-
eters as a parameter;

[0197] FIG. 80 is a graphical representation of the results
shown in FIG. 79 with the pipe parameter L-d_/d* shown in
the abscissas axis thereof;

[0198] FIG. 81 is a graphical representation of the mea-
sured results of the variations of the discharge speed v
occurring when the Young’s modulus of the pipe is changed;

[0199] FIG. 82 is a partially enlarged section view of a
spindle apparatus according to a seventh embodiment of the
invention;

[0200] FIG. 83 is a section view of a housing according to
the seventh embodiment, showing the state of assembly
thereof;

[0201] FIG. 84 is a schematic view of a conventional
lubricating apparatus of an oil-air type using an air flow as
a medium; and,

[0202] FIG. 85A is a view explaining how the end faces
of two housings are connected together; and

[0203] FIG. 85B is a view explaining how a nozzle frame
and the pipe passages of the housings are connected
together.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS OF THE
INVENTION

[0204] Now, a description will be given below in detail of
the preferred embodiments of a spindle apparatus according
to the invention with reference to the accompanying draw-
ings.

[0205] (First Embodiment)

[0206] FIGS. 1 and 2 show the structure of a spindle
apparatus according to a first embodiment of the invention.
The spindle apparatus 1 comprises bearings for spindlel 164,
16b, 16¢, 16d and 17 respectively shown in FIG. 1 as well
as a lubricating oil tank 2, a lubricating oil filter 3, an air
bleed device 4, a super fine quantity lubricating oil pump 5,
a control device 6 for controlling the super fine quantity
lubricating oil pump 5, a clogging sensor (a pressure sensor)
8, a multi-branch piping device 9, and a pipe 10, respectively
shown in FIG. 2 and a tachometer 7 (see FIG. 1).

[0207] FIG. 1 s a longitudinal section view of the internal
structure of the spindle apparatus 1. As shown in FIG. 1, the
spindle apparatus 1 comprises a plurality of angular ball
bearings 16a, 16b, 16¢ and 164 respectively used to support
the front portion 154 of a spindle 15 horizontally in a freely
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rotatable manner, a cylindrical roller bearing 17 for support-
ing the rear portion 15b of the spindle 15, and a housing 18
for covering the respective outside portions of these bearings
16a, 16b, 16¢, 16d and 17. By the way, on a front cover 12,
there is mounted a cover 13.

[0208] Of the plurality of angular ball bearings, the outer
ring of the rear-most bearing 16d is secured to the inside
diameter stepped portion 18a of the housing 18, while the
outer ring of the front-most bearing 16a is secured to the
front cover 12 through an outer ring holder 14. Also,
between the respective outer rings of the angular ball
bearings 164, 16b, 16¢ and 16d, there are interposed cylin-
drical-shaped outer ring spacers 21 respectively. In this
manner, the respective outer rings of the angular ball bear-
ings 16a, 16b, 16c¢ and 16d are fixed to the inner peripheral
surface of the housing 18.

[0209] Referring now to the inner rings of the angular ball
bearings 16a, 16b, 16¢ and 16d, the front end of the inner
ring of the front-most bearing 164 is secured to the outside
diameter stepped portion 15¢ of the spindle 15. Between the
inner races of the angular ball bearings 16a, 16b, 16¢ and
164, there are interposed cylindrical-shaped inner ring spac-
ers 22 respectively, while the rear end of the inner ring of the
rear-most bearing 164 is secured to a hold ring-23 fitted with
the spindle 15 and is pressed forwardly (in FIG. 1, to the
left) in the axial direction thereof. The respective inner rings
of the angular ball bearings 164, 165, 16¢ and 164 are fixed
to the outside diameter surface of the spindle 15 in such a
manner that they can be rotated integrally therewith. By the
way, although the spindle 15 in the present embodiment is
supported horizontally, for example, when it is used in a
machining center, it can be used in such a manner that it is
supported vertically or inclinedly.

[0210] The front end of the outer ring of the cylindrical
roller bearing 17 is secured to the inside diameter stepped
portion 18b of the housing 18 through the outer ring spacer
24a, while the rear end of the outer ring is secured to a rear
cover 26 and is fixed to the inner peripheral surface of the
housing 18. Also, the front end of the inner ring is secured
to the outside stepped portion 15d of the spindle 15 through
the inner ring spacer 24b, while the rear end thereof is
secured to a hold ring 27 fitted with the spindle 15 and is
pressed forwardly in the axial direction thereof. The inner
ring of the cylindrical roller bearing 17 is fixed to the outside
diameter surface of the spindle 15 in such a manner that it
can be rotated integrally therewith.

[0211] To the angular ball bearings 16a, 16b, 16¢ and 16d
as well as to the cylindrical roller bearing 17, there is
supplied lubricating oil from the super fine quantity oil
lubricating pump 5 through nozzles 20 which are respec-
tively mounted within the housing 18. The respective
nozzles 20 are disposed in the interior portion of the housing
18, and are fixed in such a manner that they are inserted
through mounting holes extending through the respective
outer race spacers 21 from the outside diameter surface.
Also, the leading ends of the respective nozzles 20 extend
through the outer ring spacers 21 and project into a clearance
space formed between the inner ring spacers 22 and inter-
outer-ring seats 21. In the present embodiment, there are
disposed three nozzles 20 for each bearing. However, the
number of nozzles 20 is not limited.
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[0212] Next, description will be given below of the opera-
tion of the spindle apparatus 1 with reference to FIGS. 1 and
2.

[0213] Lubricating oil 25, which is filled into the lubri-
cating oil tank 2, flows through the lubricating oil filter 3 and
the air bleed device 4 into the super fine quantity oil
lubricating pump 5. The super fine quantity oil lubricating
pump 5 is controlled by the control device 6 for an inter-
mittent time adjustment, a lubricating oil quantity adjust-
ment, and a multi-branch piping mechanism respectively for
supply of the lubricating oil, so that the super fine quantity
oil lubricating pump 5 allows the multi-branch piping device
9 to feed the lubricating oil 25 to the respective pipes 10.
Also, the number of pipes 10 is not limited to the number of
bearings. When the number of pipes is equal to the number
of bearings, the control device 6 is used to control the flow
quantity of the lubricating oil flowing into the individual
pipes 10 and the oil discharging intervals, thereby adjusting
the quantity of the lubricating oil to be supplied to the
bearings. By the way, in case where the lubricating oil is
supplied to five pipes 10 in a quantity of 0.002 ml/shot at
2-second intervals from the super fine quantity oil lubricat-
ing pump 5 to thereby lubricate five bearings, the lubricating
oil is supplied in a quantity of 0.002 ml to each of the five
bearings at 10-second intervals.

[0214] Also, the quantity of the lubricating oil to be
supplied to the bearings and the oil supply intervals may also
be changed for every bearings and the lubricating oil may be
supplied from some or all of the pipes. Further, when the
number of pipes is larger than the number of bearings, the
quantity of the lubricating oil to be supplied to the bearings
is set equal to the sum of the pipes that are connected to the
bearings. Also, when the number of pipes is smaller than the
number of bearings, the pipes are made to branch from their
intermediate portions and then the lubricating oil is supplied
to the bearings through the branching portions of the pipes.

[0215] The lubricating oil 25, which is fed to the respec-
tive pipes 10, is positively supplied from the nozzles 20 into
the interior portions of the spindle bearings 16a, 165, 16c¢,
16d, and 17. In this case, the respective nozzles 20 are
adjusted to the optimum angles and positions, so that a
proper quantity of the lubricating oil 25 can be supplied into
the interior portions of the bearings for spindle 16a, 16b,
16¢, 16d, and 17. Also, the intermittent time adjustment and
lubricating oil quantity adjustment are made in accordance
with the output of the tachometer 7 for detection of the
rotation speed of the spindle. By the way, the lubricating oil
quantity can also be adjusted using a flow sensor of a super
fine quantity type.

[0216] In supplying the lubricating oil, the lubricating oil
filter 3 removes dust which gives rise to a clogged condition.
However, in case where dust is mixed into the lubricating oil
for some reason or other to thereby cause a clogged condi-
tion, that is, in case where the lubricating oil is not supplied
normally for some reason or other to thereby cause an
abnormal discharge, the clogging sensor (pressure sensor) 8
is actuated to thereby avoid the occurrence of a trouble.
Also, in case where the air is mixed, the air bleed device 4,
which is formed of porous material, removes the mixed air.

[0217] Next, description will be given below of the super
fine quantity oil lubricating pump 5.

[0218] FIG. 3 is a section view of the super fine quantity
oil lubricating pump 5. As shown in FIG. 3, there is disposed
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a rod body 30 which is made of giant magnetostrictive
material having a positive characteristic, and one end por-
tion 30ga of the rod body 30 in the axial direction thereof is
fixed to a case 32 through a preload adjust mechanism 31.
As the giant magnetostrictive material of the rod body 30,
for example, there can be suitably used material having a
trade name Terfenol-D manufactured by Edge Technologies
Co. (ETREMA division), or magnetostrictive material
manufactured by TDK Co. When a magnetic field is applied
to the rod body 30 by a coil (which will be discussed later)
disposed coaxially therewith, the rod body 30 is expanded in
the axial direction thereof due to a magnetostrictive phe-
nomenon (Joule effect).

[0219] The preload adjust mechanism 31 may provide, for
example, a screw mechanism which, when it is rotated, can
project in the axial direction of the rod body 30 to press
against one end portion 30a of the rod body 30. In the other
end portion 30b of the rod body 30 in the axial direction
thereof, there is disposed a pressure transmission member 34
which can energize the rod body 30 to the preloadad just
mechanism 31 side by a belleville spring 33 to transmit the
pressure without producing a clearance with respect to the
axial direction of the rod body 30, while the rod body 30 is
connected to a piston 35 through the pressure transmission
member 34. The piston 35 is slidably disposed in the interior
portion of a cylinder 36. The cylinder 36 is formed in such
a manner that the transverse area S of its piston sliding space
in a direction extending at right angles to the axial direction
thereof is set smaller than the transverse area A of the rod
body 30 in a direction extending at right angles to the axial
direction thereof; and, in the interior portion of the cylinder
36, there is formed a pump chamber 37. The cylinder 36 is
connected through a pipe 38 to the clogging sensor 8 (see
FIG. 2). Here, although a check valve is not interposed
between the pump chamber 37 and clogging sensor 8, the
check valve may also be provided.

[0220] Also, in the cylinder 36, there is formed a suction
port 39 which is used to suck the lubricating oil 25 into the
pump chamber 37. In the suction port 39, there is disposed
a suction valve 40; and, the suction valve 40 provides a
check valve which prevents the lubricating oil 25 from
flowing externally of the pump chamber 37. Also, the flow
passage sectional area Y of the suction valve 40 is set larger
than the sectional area of the discharge opening 20a of the
nozzle 20 enlargedly shown in FIG. 4, while the suction port
39 is pipe-connected through a lubricating oil delivery pipe
41 to the lubricating oil tank 2. Therefore, the lubricating oil
25 can be delivered from the lubricating oil tank 2 to the
pump chamber 37 through the lubricating oil delivery pipe
41, whereas the lubricating oil 25 is prevented from flowing
reversely from the pump chamber 37 to the lubricating oil
tank 2.

[0221] On the outer periphery of the rod body 30, there is
coaxially disposed a coil 43 and, further, on the outer
periphery of the coil 43, there is disposed a yoke 44 which
is formed of magnetic material and forms a magnetic circuit
in conjunction with the rod body 30. The yoke 44, the base
end of the cylinder 36 on the rod body 30 side thereof, and
part of the lubricating oil delivery pipe 41 are stored in the
interior portion of the case 32.

[0222] To the coil 43, there is electrically connected the
control device 6. The control device 6 outputs to the coil 43
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a current which is used to generate a magnetic field. Due to
application of this current to the coil 43, the rod body 30
receives the magnetic field generated from the coil 43 and is
thereby expanded, so that the lubricating oil 25 within the
pump chamber 37 is passed through the pipe 38 and is
discharged out from the nozzle 20.

[0223] Referring to the shape of the nozzle 20, as shown
in FIG. 4, the discharge opening portion 20a of the nozzle
20 in the leading end of the flow passage is formed in an
inclined manner, so that a pipe can be arranged even in a
narrow space. In case where there is room in the pipe
installation space, the nozzle can be formed in a straight
manner and the pipe can be installed obliquely or horizon-
tally at an oil supply target position. Referring to the
lubrication in the interior portion of the bearing, since the oil
supply quantity is very fine, the oil supply target position is
important. As the oil supply target position, as shown in
FIG. 4, the contact portion between the inner race and ball
is preferred. Thanks to this, a retainer and outer race way
surface can be lubricated by the lubricating oil 25 which is
allowed to flow outside due to a centrifugal force generated
with respect to the inner raceway surface. For example, the
diameter H of the oil supply target position can be set such
that H=(dc1+Dil)/2. Here, dc1 expresses the inside diameter
of the retainer, and Dil expresses the outside diameter of the
inner race. In this manner, by designing the angle and
position of the nozzle 20 optimally, the lubricating oil can be
accurately supplied at a desired position in the interior
portion of the bearing in a pin-spot supply manner.

[0224] Next, description will be given below of the opera-
tion of the super fine quantity oil lubricating pump 5.

[0225] FIG. 5 shows a time chart representing the time
relationship between currents to be applied to the coil 43 and
the discharge of the lubricating oil, and FIG. 6 shows a
block diagram displaying the procedure for the discharge
quantity correction to be operated by the control device 6 in
order to obtain a fixed quantity of oil discharge.

[0226] In case where a current is output from the control
device 6 to the coil 43 in accordance with a pattern (61)
shown in (a) of FIG. 5, the coil 43 generates a magnetic field
to thereby expand the rod body 30 formed of giant magne-
tostrictive material. Since one end portion 30a side of the
rod body 30 is fixed, the rod body 30 is expanded in the axial
direction thereof on the other end portion 30b side thereof;
and, the piston 35 follows this expanding operation and thus
moves in a pattern (62) similar to a current shown in (b) of
FIG. 5.

[0227] As the piston 35 moves, the lubricating oil 25
within the pump chamber 37 is compressed and, as shown
in a pressure increase pattern in (c) of FIG. 5, the pressure
within the cylinder 36 is increased. Due to such increase in
the pressure, the suction valve 40 in the suction port 39 is
closed so that the air accumulated in the leading end portion
of the nozzle 20 in the previous discharge was discharged
from the nozzle 20 in such a manner as shown by a discharge
pattern (64) in (d) of FIG. 5. After then, the lubricating oil
25 is discharged out to the outside from the nozzle 20 at high
speed in such a discharge pattern (65) as shown in (e) of
FIG. 5. And, in case where the current to the coil 43
becomes steady, the expansion of the rod body 30 is caused
to stop and the pressure of the pump chamber 37 is lowered
due to the discharge of the lubricating oil 285.
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[0228] After then, in case where the output of the current
from the control device 6 to the coil 43 is stopped, the
expanded rod body 30 contracts so as to return back to its
original condition, so that the internal capacity of the pump
chamber 37 is increased. At the then time, as shown by a
pressure pattern (66) in (c) of FIG. 5, the pump chamber 37
becomes negative in pressure, with the result that, as shown
in a discharge pattern (67) in (e) of FIG. 5, the lubricating
oil 25 is supplied through the suction valve 40 to the pump
chamber 37. At the same time, as shown by a discharge
pattern (68) in (d) of FIG. 5, a slight quantity of air also
flows in from the leading end of the nozzle.

[0229] The flow-in quantity of this air is sufficiently small
when compared with the supply quantity of the lubricating
oil 25. Referring further to the flow-in quantity of the
lubricating 0il 25 and the flow-in quantity of the air, because
the sectional area of the nozzle flow passage in a direction
at right angles to the axial direction of the nozzle is suffi-
ciently smaller than the sectional area of the suction valve
flow passage in a direction at right angles to the axial
direction of the suction valve 40, and also because the
suction valve 40 is situated closer to the piston 35 than the
nozzle 20, the negative pressure transmission time is short-
ened, with the result that the quantity of the lubricating oil
from the suction valve 40 becomes larger than the flow-in
quantity of the air. Therefore, in the next discharge operation
time as well, similarly, the lubricating oil discharge is
possible.

[0230] Preferably, the volume of the nozzle hole of the
nozzle 20 may be equal to or greater than the volume of the
air flowing from the nozzle hole in the above-mentioned
suction step. The reason for this is as follows: that is,
because the resistance of the air when the air passes through
the nozzle hole is smaller than the resistance of the lubri-
cating oil 25 when it passes through nozzle hole, in case
where the nozzle hole is completely filled with the air, the
fluid resistance of the nozzle hole is smaller than that of the
suction side check valve, which raises a fear that the
lubricating oil 25 is difficult to be sucked in from the suction
side check valve.

[0231] There may also be interposed a check valve
between the pump chamber 37 and the discharge side pipe.
By the way, in this case as well, due to delay in the response
of the discharge side check valve as well as due to the
closing operation of the valve, a slight quantity of air flows
in through the nozzle hole; that is, it can be expected to avoid
a fear that the lubricating oil 25 can drip down from the
leading end of the nozzle, but the oil dripping preventive
effect is lowered.

[0232] Now, since there are present the flow-in of the air
from the nozzle 20 when the rod body 30 is contracted, a
decrease in the volume of the lubricating oil 25 caused by
the compression of the lubricating oil 25 within the internal
capacity between the suction valve 40 and the exit of the
nozzle, and an increase in the internal capacity caused by the
pressure deformation of parts defining the internal capacity
such as a cylinder and a pipe, although they are respectively
very small in quantity. In order to be able to discharge the
lubricating oil 25 in a desired quantity from the nozzle 20
with accuracy, it is necessary to set the discharge quantity
with these variable elements taken into account.

[0233] In view of this, the super fine quantity oil lubri-
cating pump 5 according to the present embodiment is
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characterized in that a current is applied to the coil 43 from
the control device 6 with these variable elements taken into
account. That is, in the present embodiment, as shown in
FIG. 6, “the volume decrease quantity of the lubricating oil
when compressed”, “increase in the internal capacity”, and
“air suction quantity when the rod body is contracted” are
regarded as main variable elements; and, the current is set
with these variable elements taken into account. The vari-
able elements may further include other elements such as the
temperature of the lubricating oil 25 and the viscous resis-
tance of the lubricating oil 25.

[0234] A decrease in the capacity of the pump chamber 37
caused when the rod body 30 is expanded, as shown in an
equation (1), is equal to the sum of the quantity of the air
flowing in from the nozzle 20 when the rod body 30 is
compressed, the volume decrease quantity of the lubricating
oil 25 within the internal capacity between the suction valve
40 and nozzle exit when the lubricating oil 25 is compressed,
an increase in the internal capacity due to the pressure
deformation of the parts defining the internal capacity, and
a required discharge quantity of the lubricating oil 25 to be
discharged from the nozzle 20.

Decrease in the capacity of the pump chamber 37 (L
(piston cross sectional area X piston movement length) =
(quantity of the air flowing in from the nozzle when
the rod body is contracted) + (volume decrease
quantity of the lubricating oil due to high pressure) +
(increase in the internal capacity due to high pressure) +

(required discharge quantity Qrf)

[0235] By controlling the current to be applied to the coil
43 in such a manner as to satisfy the equation (1), a very
small quantity, that is, of the order of 0.0005-0.01 ml of the
lubricating oil 25 can be discharged out intermittently at the
high speeds of approx. 10 m/sec. -100 m/sec.

[0236] By the way, as the values of the respective items in
the equation (1), the measured or set values can be used
depending on a spindle apparatus used.

[0237] The discharge quantity of the lubricating oil 25 can
be found according to an equation (2).

Qr=Af @

[0238] Here, Qr[ml/sec.] expresses a required discharge
quantity (a set discharge quantity), Alml/shot] expresses a
discharge quantity per operation when a rated current is
supplied, and f[shot/sec.] expresses an operation frequency
(a supply frequency) to be applied to the coil 43.

[0239] The set discharge quantity Qr is classified to three
conditions shown in FIG. 7 according to the value thereof,
then can be controlled as follows.

[0240] At first, in case where the set discharge quantity Qr
is equal to or smaller than a discharge quantity when the
minimum shot is carried out at the highest operation fre-
quency, that is, in the case of (51) where Qr=Amin-fmax, a
discharge quantity A per operation and an operation fre-
quency f are respectively set in the following manner:
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That is, A=Amin, f=Qr/Amin.

[0241] Here, A min[ml/shot] expresses the minimum dis-
charge quantity per operation at the minimum current that
can be controlled, in the present embodiment, it is set as
0.001 [ml/shot]. Also, fmax[shot/sec.] expresses the highest
operation frequency that can be output in the present appa-
ratus.

[0242] Therefore, a final set discharge quantity (a required
discharge quantity) Qrf in this case is set according to an
equation (3).

Qrf=Aminx(Qr/Amin) (©)]

[0243] Also, in the case of (52) where a set discharge
quantity Qr is Amin-fmax<Qr=Amax-fmax (here, A max
[ml/shot] is the maximum discharge quantity per operation
at the controllable maximum current), a discharge quantity
A per operation and an operation frequency f in a position
operation are respectively set in the following manner:

That is, A=Qr/fmax, f=fmax.
[0244] Therefore, a final set discharge quantity (a required
discharge quantity) Qrf in this case is set according to an
equation (4).

That is, Qrf=(Qr/fmax)xfmax €]

[0245] And, in the case of (53) where a set discharge
quantity Qr is set such that Amax-fmax<Qr, since this
quantity is exceeds the discharge ability of the present

apparatus, a discharge disapproval signal is output from the
control device 6 (see FIG. 6).

[0246] As a result, according to the above-mentioned
super fine quantity oil lubricating pump 5, there can be
provided the following effects.

[0247] That is, in the contracted condition of the rod body
30, since the air flows in from the nozzle 20 and the leading
end of the liquid surface of the lubricating oil is there by
moved to the interior portion of the nozzle, the lubricating
oil can be prevented from dripping down when the present
pump is out of operation.

[0248] Also, in the expanded condition of the rod body 30,
during the time when the air in the leading end of the nozzle
is pushed out, the pressure of the lubricating 0il 25 within the
cylinder 36 is increased. For this reason, there is produced
a slight delay in the time necessary for the lubricating oil 25
to be discharged from the nozzle end. However, this delay
time is cancelled by the time necessary for the lubricating oil
25 to be increased up to a given pressure. As a result of this,
at the discharge time of the lubricating oil 25, there can be
obtained a high discharge speed which is close to a given
speed, which makes it possible to reduce a possibility that
the lubricating oil 25 can be discharged at a speed less than
the given speed.

[0249] Further, since the cross sectional area S of the
cylinder 36 in a direction at right angles to the axial direction
thereof is set smaller than the cross sectional area A of the
rod body 30, the pressure of the lubricating oil 25 within the
cylinder can be made higher than the pressure generated in
the rod body 30 itself, which makes it possible to discharge
the lubricating oil 25 at a higher pressure.

[0250] And, by bringing the lubricating oil 25 into direct
contact with the surface to be lubricated, there is eliminated
the need for provision of an air pump which is used to
deliver the lubricating oil 25.
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[0251] Also, when increasing the pressure of the lubricat-
ing oil 25 within the cylinder up to a high pressure, the
compression of the lubricating oil 25 and the expansion of
the cylinder 36 cannot be neglected; however, because the
current to be applied to the coil 43 is corrected by these
variable elements, a desired discharge quantity can be
obtained with high accuracy.

[0252] Further, since the coil current is controlled to
thereby be able to adjust the lubricating surface contact
quantity of the lubricating oil 25 easily, there is no need for
provision of a fixed quantity valve. This makes it possible to
realize a lubricating device which is simple in structure and
compact in size.

[0253] Also, the control device 6 may also be a device
which detects the rotation speed of a rotary body to be
lubricated, and supplies to the coil 43 a current having a
current value corresponding to the detect signal and/or a
current supply frequency corresponding to the detect signal,
thereby adjusting a lubricating oil discharge quantity. In this
case, the lubricating oil 25 can be supplied in the optimum
quantity that can vary according to the rotation speed of the
rotary body. This not only can prevent the excessive supply
of the lubricating oil 25 but also can always provide the
optimum lubricating effect.

[0254] For example, the rotation speed of a shaft (a rotary
body) of a bearing, to which the lubricating oil is to be
supplied, is detected by an encoder, and the thus obtained
rotation speed is input to the control device 6. The control
device 6 outputs a coil current while adjusting the current
value and operation frequency of a drive current to be
applied to the coil 43 in such a manner that, when the
rotation speed is high, the lubricating oil 25 can be supplied
in a large quantity and, for the slow rotation speed, the
lubricating oil 25 can be supplied in a small quantity.

[0255] Now, FIG. 8 shows the circuit configuration of the
coil control device employed in the lubricating device
according to the present embodiment. The control device
according to the present embodiment is connected to the coil
43 which is used to expand the rod body 30 made of the giant
magnetostrictive element shown in FIG. 3, and controls the
application of a current to the coil 43.

[0256] Asshown in FIG. 8, the control device 6 comprises
a high voltage source 161 for causing an applying current to
rise suddenly, a low voltage source 162 for obtaining a
required lubricant discharge quantity after the rise of the
applied current, and two transistors (FET) Tr1 and Tr2 which
are respectively used to switch these voltage sources 161
and 162 according to the outputs of two comparators 163
and 164.

[0257] Referring now to the operation of the control
device 6, in case where Trl and Tr2 are both firstly turned
on, a current is supplied to the coil by the high voltage
source 161 and low voltage source 162. At the then time, as
shown by a current waveform in FIG. 9, the coil current
rises suddenly up to an initial pressure set level (a first
current value). The rising characteristic of the coil current is
shown by an equation (5).

I(t)=E/r [1-exp {-#1/L}] Q)

[0258] where, I: current, E: voltage, r: resistance, and L:
inductance.
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[0259] For example, assuming that the coil resistance r is
1.7 [], the inductance L is 5 [mH] and the voltage is 200
[V], the current I(t) reaches 5[ A] with the passage time t of
128 [ s] according to the above equation.

[0260] As shown in FIG. 9, in case where 5[A] is set as
the initial pressure set level, the control device 6 detects that
the current reaches 5[A] and thus the control device 6 turns
off Trl. In response to this, the current is supplied to the coil
only from the low voltage source side thereof. The then
voltage E of the low voltage source can be found in the
following manner.

[0261] If the sectional area of the nozzle is expressed as Sn
[mm?], the cross sectional area of the cylinder internal
capacity is expressed as Sc [mm?] and the expansion of the
giant magnetostrictive element is expressed as AL [mm/A],
then the expansion speed v [mm/s] of the giant magneto-
strictive element necessary to obtain a required discharge
speed v [mm/s] can be expressed by an equation (6).

vm=v Sn/Sc (6)

[0262] Also, the required increase speed ITA/s] of the
current can be expressed by an equation (7).

I'=vm/AL @

[0263] Forexample, assuming that the sectional area Sn of
the nozzle is 0.008 [mm?], a required discharge speed v is
50,000 [mm/s], and the cross sectional area Sc of the
cylinder internal capacity is 30 [mm?], the required expan-
sion speed vm of the giant magnetostrictive element is 13.3
[mm/s].

[0264] At the then time, assuming that the expansion AL
of the giant magnetostrictive element is 0.01 [mm/A], the
required increase speed Al of the current is 1330 [A/s].

[0265] Also, assuming that the discharge quantity is 1
[mm3], the required current increase Al can be obtained in
the following manner: that is,

Al =1/(Sc-AL) = 3.3[Al

[0266] A required time T necessary to reach this current
value can also be obtained in the following manner: that is,

T =3.3/1330 =2.48x107%[s].

[0267] 1If the above respective parameters are substituted
into the equation (5), then the voltage E is 18.3 [V].
Therefore, under the above condition, this voltage E may be
set as the voltage value of the low voltage source 162.

[0268] In this manner, by setting the voltage of the low
voltage source as a voltage value to be determined according
to the discharge speed, there can be obtained a desired
discharge speed in a given pump. And, when the time T
passes after the current value reaches an initial stress set
level, that is, when a desired discharge quantity is obtained,
Tr2 is also turned off to thereby cut the coil current. In case
where the generation of the coil current due to the on and off
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operations of Trl and Tr2 is achieved at a given operation
frequency, the lubricant can be discharged intermittently
from the lubricating device.

[0269] According to the present system, when compared
with a dropper system in which a current is controlled by
feeding back the current, and a pulse width control system,
the circuit of the control device can be configured in such a
manner that power can be saved and the cost thereof can be
reduced.

[0270] By the way, the circuit according to the present
embodiment is a circuit in which the voltage value can be
switched and turned off automatically according to the
current value of the coil. However, the voltage value may
also be switched and turned off by a timer.

[0271] Also, in FIG. 9, the current is turned off after the
current value reaches a required discharge quantity level. In
this case, preferably, the current value may be lowered little
by little in order to prevent cavitation from occurring within
the pump chamber.

[0272] Now, FIG. 10 is a graphical representation of an
example of variations in the coil current with respect to the
elapsed time. By the way, in this case as well, the inductance
L of the coil is 5 [mH] and the resistance r is 1.7 [Q].

[0273] As shown in FIG. 9, by turning on both of Trl and
Tr2 of the control device 6 to thereby apply a high voltage,
the coil current is caused to rise suddenly.

[0274] Next, Trl is turned off to thereby discharge the
lubricant at a given discharge speed only by the low voltage
source. In FIG. 10, the voltage values of the low voltage
source is shown in three kinds, that is, 24 [V], 18 [V], and
12 [V]; and, the voltage E in the above-mentioned calcula-
tion example, which is 18.3 [V], is almost equal to the
present calculation example which is 18 [V].

[0275] Also, the lubricating device according to the
present embodiment is structured in such a manner that it
can detect a trouble such as lubricant leakage or a clogged
condition to thereby monitor the operating condition of the

pump.

[0276] At first, description will be given below of the
properties of the magnetostrictive element. As the typical
properties of the magnetostrictive element, there can be
given the following two properties.

[0277] One of them is a property which is referred to as a
Joule effect due to which the magnetostrictive element can
be distorted by a magnetic field acting on the magnetostric-
tive element. As described above, the magnetostrictive pump
is structured such that it applies a magnetic field to a
magnetostrictive element using this property to thereby
expand the magnetostrictive element so as to be able to drive
a piston.

[0278] The other is a property which is referred to as a
Villari effect. The Villari effect is an effect in which the
permeability of a magnetostrictive element is changed
according to stresses applied to the magnetostrictive ele-
ment. When a coil for driving is disposed in a magnetostric-
tive element, the inductance of the coil can be varied due to
the Villari effect. Generally, in giant magnetostrictive mate-
rial, in case where the stress increases up to about 1 [MPa],
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the inductance decreases about 30% with respect to the
inductance when the stress is zero.

[0279] Trouble detection is possible by using this Villari
effect in the following manner. That is, assuming that when
a lubricating device is in normal operation, the pressure
within a cylinder is, for example, about 4 [MPa] and the
cross sectional area of a piston is % of the cross sectional
area of a giant magnetostrictive element, the stress of the
giant magnetostrictive element is about 1 [MPa]. In this
case, the decrease rate of the inductance of the coil including
the giant magnetostrictive element is equal to a decrease rate
corresponding to the present stress, that is, about 30%.

[0280] Here, in case where a trouble occurs in the lubri-
cating device and the nozzle is thereby clogged, the pressure
within the cylinder increases up to a high pressure in the
range of 30-40 [MPa], and the stress of the giant magneto-
strictive element also increases correspondingly to this cyl-
inder pressure, with the result that the decrease rate of the
inductance of the coil is about 40%. On the other hand, in
case where lubricant leakage occurs within the giant mag-
netostrictive material pump, the pressure within the cylinder
and the stress of the giant magnetostrictive element are both
almost zero, and the decrease rate of the inductance of the
coil is also almost zero.

[0281] In this manner, in case where any trouble occurs in
the operating condition of the giant magnetostrictive mate-
rial pump of the lubricating device, the decrease rate of the
inductance of the coil varies greatly from 0% to 40%.

[0282] By the way, the rising characteristic of a current
flowing in a coil, as described above, can be expressed by
the equation (5).

[0283] According to the equation (5), as shown in FIG. 11,
when the decrease in the inductance of the coil is small, a
current I flowing in the coil rises later than a design value;
and, on the other hand, when the decrease in the inductance
of the coil is large, the current I rises earlier than the design
value.

[0284] In this manner, by detecting the rising time of the
current flowing in the coil, the decrease rate of the induc-
tance of the coil, that is, the stress of the giant magneto-
strictive element can be detected.

[0285] Thanks to the rising characteristic of the current, as
shown in FIG. 12, by monitoring a current flowing in the
coil 43 using a detecting resistance 167 and a current judging
device 168, it is possible to judge whether the operating
condition of the giant magnetostrictive material pump is
good or not. The detecting resistance 167 and current
judging device 168 respectively correspond to a current
measuring device and a trouble judging device.

[0286] That is, in case where the rising time of the current
flowing in the coil 43 is almost equal to the design value, it
can be found that the giant magnetostrictive material pump
is operating properly. In case where the rising time of the
current is earlier than the design value, it can be found that
the pressure within the cylinder 36 is caused to increase, for
example, due to the clogged condition of the nozzle 20 and
a great stress has been generated in the giant magnetostric-
tive element. Also, in case where the rising time of the
current is later than the design value, it can be found that
there has occurred a trouble such as the leakage of the
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lubricant form the lubricant flow passage and only a small
stress has been generated in the giant magnetostrictive
element.

[0287] Now, FIG. 13 is a block diagram of the schematic
structure of the judging device 168, and FIG. 14 is a time
chart showing pulse signals respectively generated in cor-
respondence to discharge intervals as well as sensor outputs
in steady and abnormal operations of the lubricating device.
In this case, signals in the time when the lubricating device
is in the discharging condition and detect signals are differ-
ent in the normal and abnormal conditions, that is, signals in
the time corresponding to the pulse issuing time ta shown in
FIG. 14 are detected.

[0288] When detecting the abnormal condition occurrence
during the steady operation of the lubricating device, at first,
whether the present operating condition is in an air bleed
condition in the start stage or not is judged by comparing the
cycle number and stroke of the piston 35 with their respec-
tive set values. When it is found that the present operating
condition is not in the start stage, the output of the coil
current is compared with a set value 1 which is a set value
for the normal operation. In case where the output of the coil
current falls within the range of the lower to upper limits of
the set value 1, the current operation continues on as it is;
and, on the other hand, in case where it is out of the range
of the set value 1, the judging device 168 issues a stop signal
for stopping the operation of the lubricating device. Due to
this, the detection of the abnormal condition occurrence in
the steady operation and the stop of the lubricating device
are possible.

[0289] A pulse generator 140 shown in FIG. 13 links a
signal for controlling the intermittent operation of the lubri-
cating device with the judging device 168, or links such
signal with a timer built in the judging device 168 or a
separately provided timer to thereby be able to monitor an
output signal from a sensor corresponding to the pulse
issuing time ta shown in FIG. 14. Also, as the judging device
168, there can be used not only the lubricating device but
also a computer which controls the operation of a machine
in which the lubricating device is used.

[0290] As described above, since there is a close relation-
ship between the pressure of the interior portion of the
cylinder 36 and the discharge of the lubricant from the
nozzle 20, when the rising of the current of the coil 43 is
shifted from the designed target value, it is supposed that the
discharge of the lubricant from the nozzle 20 is also out of
order.

[0291] Here, referring to an example where the lubricating
device according to the invention is used as a device for
supplying the lubricant to the rolling bearing of a high-speed
spindle, when it is detected that the rising characteristic of
the coil current is shifted from the target value, the current
judging device 168 is allowed to issue an abnormal signal to
thereby be able to enforce a feed back control, for example,
to stop the rotation of the high-speed spindle urgently.

[0292] Also, the present embodiment is structured such
that completion of air bleed from the nozzle can be detected.

[0293] As described before, thanks to the Villari effect that
is one of the main properties of a magnetostrictive element,
with respect to the inductance when a stress given to a giant
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magnetostrictive element is zero, the inductance when the
stress is 1 [MPa] decreases about 30%.

[0294] Due to the above relationship, the quickness of the
rising of a current flowing in a coil shown in FIG. 15 is
connected with a stress which a giant magnetostrictive
element receives, that is, is connected with the pressure in
the interior portion of a cylinder. Therefore, by detecting a
current flowing in a coil as shown in FIG. 16 using the
detecting resistance 167 and current judging device 168
(which respectively correspond to a current measuring
device and an air mixture judging device) shown in FIG. 12,
completion of air bleed of a giant magnetostrictive material
pump can be judged.

[0295] In other words, when detecting the air bleed
completion in the start time of the operation of the lubri-
cating device, when the rising characteristic of the current is
compared with the characteristic of the current in the normal
state thereof, in case where the current rising time is longer
than a given steady time, that is, when the current value after
the time t is small, it is judged that the air remains within the
cylinder 36 and within the lubricant flow passage. When the
air remains still, in order to remove the air in a short time,
the giant magnetostrictive material pump is operated by the
control device 6 shown in FIG. 3 in such a manner that the
piston 36 can be driven at a faster cycle than the steady state
thereof as well as with a large stroke. After then, when the
air bleed is completed, that is, when the current value
becomes the steady value, the giant magnetostrictive mate-
rial pump is returned back to its steady state operation.

[0296] Due to this, for example, when the lubricating
device is operated for the first time or when the operation of
the lubricating device is started in the morning, the air bleed
can be automatically completed in a short time.

[0297] Now, FIG. 17 is a block diagram of the schematic
structure of the judging device 168 which is used to judge
the air bleed completion, and FIG. 18 is a time chart pulse
signals to be generated correspondingly to discharge inter-
vals as well as sensor outputs in the air mixing time and in
the air bleed completion time when the lubricating device is
started. In this case, the judging device 168 detects a signal
which corresponds to the time when not only the lubricating
device is in the discharge state but also there is a difference
in a detect signal between the normal state and the air mixed
state, that is, a signal which corresponds to the pulse issuing
time ta shown FIG. 18. Similarly to the above, in case of
detecting the completion of air bleed, whether the present
operating state is the air bleed state in the start time of the
lubricating device or not is judged by comparing the number
of cycles and strokes of the piston 35 with their respective
set values. When the operating state is the start time, the
output of the pressure sensor is compared with the set value
2 that is a set value in the normal state. In case where the
output of the pressure sensor is smaller than the set value 2
and out of the set range, the current operation is allowed to
continue on. On the other hand, in case where it is equal to
or larger than the set value 2, there is generated a signal
which shows that the operation is in the steady state.

[0298] In this manner, whether the air bleed is completed
or not can be detected as well as the cycle number and stroke
of the piston 5 can be switched to the steady operating state.

[0299] A pulse generator 140 shown in FIG. 17 links a
signal for controlling the intermittent operation of the lubri-
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cating device with the judging device 168, or links such
signal with a timer built in the judging device 168 or a
separately provided timer to thereby be able to monitor an
output signal from a sensor corresponding to the pulse
issuing time ta shown in FIG. 18. Also, as the judging device
168, there can be used not only the present lubricating
device but also a computer which controls the operation of
a machine in which the lubricating device is used.

[0300] Next, description will be given below of a perfor-
mance test conducted on the super fine quantity oil lubri-
cating pump 5.

[0301] FIGS. 19 and 20 are respectively schematic views
of an embodiment in which the performance of the super fine
quantity oil lubricating pump 5 was conducted. Here,
description will be given of the results obtained by checking
the influence of an air curtain on the nozzle 20 in the
high-speed rotation of the spindle when the discharge state
of the lubricating oil 25 was visualized by a CCD camera 56
and videotape recorded, the relationship of the pipe inside
diameter and length with the discharge speed, and the
relationship between the pipe inside diameter and discharge
oil quantity, respectively. By the way, as the pipe material,
there are used metal such as austenite stainless steel SUS
316, and plastics such as PEEK (polyether-ether-keton).
However, there can also be used other material such as
ordinary iron/steel material, aluminium/copper non-metallic
material, plastic material, and ceramic material.

[0302] The present performance test was conducted under
a severer condition (that is, under a condition that is easy to
be influenced by the air curtain) by setting the distance
between the nozzle leading end and the bearing as about 50
mm which is much longer than the normal distance (about
10 mm).

[0303] Supply of the lubricating oil to the interior portion
of the bearing was set such that the lubricating oil can
lubricate the contact portion between the inner race and
rolling elements, while the lubricating oil supply state was
visualized and was videotape recorded. A visualizing appa-
ratus is composed of a strobe 55, a CCD camera 56, a control
device 57 for controlling the strobe 55 and CCD camera 56,
a videotape recorder 58 for recording video signals from the
CCD camera 56, and a monitor 59 for displaying the images
that have been recorded by the videotape recorder 58.

[0304] The visualizing apparatus was used to strobe
observed the lubricating state in which the lubricating oil 25
was discharged from the nozzle 20. As the lubricating oil,
there was used mineral oil VG22 (kinematic viscosity: 22
mm?/s at a temperature of 40° C).

[0305] Inthis manner, the discharge state of the lubricating
oil 25 was visualized and was tested under various condi-
tions. As a result of this, it could be confirmed that the
lubricating oil 25 can be supplied in a fine quantity by the
super fine quantity lubricating pump 5 without being influ-
enced by an air curtain which occurs in the interior portion
of the bearing. Also, the optimum discharge condition could
also be found out. Here, the discharge speed that is free from
the influence of the air curtain occurring in the interior
portion of the bearing was set equal to or more than 10% of
the inner ring shoulder peripheral speed based on previous
results. For example, in a bearing with an outer ring outside
diameter of 160 mm, an inner ring inside diameter of 100
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mm, and a rolling element pitch circle diameter dm=132.5
mm, a peripheral speed at a position of the rolling element
pitch circle diameter dm provides 131.8 m/sec. in the case of
the rotational speed N=19000 min~'. That is, the discharge
speed 13 m/sec., which is about 10% of the peripheral speed,
provides a standard and, as this value is larger and the
discharge quantity is larger, the discharge condition can be
set more widely.

[0306] Now, FIGS. 21 to 23 respectively show the test
results of the discharge state of the lubricating oil.

[0307] FIG. 21 is a graphical representation of the rela-
tionship between the discharge inside diameter of the nozzle
20 and the discharge speed, showing the results obtained by
conducting the test with the discharge inside diameter of the
nozzle as a parameter. As shown in FIG. 21, the smaller the
discharge inside diameter of the nozzle is, the smaller the
discharge quantity is and the larger the discharge speed is.
And, as a result of the test, in case where the discharge
diameter of the nozzle was smaller than 0.08 mm, variations
in the discharge oil quantity increased; and, in the case of the
nozzle discharge diameter being larger than 0.6 mm, the
discharge speed showed an insufficient value which is equal
to or less than 13 m/sec. Therefore, it is preferred that the
effective range value of the discharge diameter of the nozzle
may range from 0.08 to 0.6mm. In this range, the lubricating
oil is discharged at a discharge speed of 13-70 m/sec., and
in a discharge oil quantity of 0.0008-0.004 ml per shot.
Further, when balance between a discharge speed and a
discharge oil quantity at a high speed is taken into account,
it is especially preferred that the nozzle discharge diameter
may be set in the range of 0.1-0.5 mm. In this case, the
lubricating oil is discharged at a discharge speed of 25-68
m/sec., and in a discharge oil quantity of 0.001 ml -0.003 ml
per shot.

[0308] Also, the discharge speed and discharge oil quan-
tity are also influenced by the kinematic viscosity charac-
teristic of lubricating oil; for example, in lubricating oil
having a kinematic viscosity of 5 mm?/s -50 mm?®/s at a
temperature of 40° C., the discharge speed is in the range of
10 m/sec. -100 m/sec., while the discharge oil quantity is in
the range of 0.0005 ml per shot -0.01 ml per shot.

[0309] Now, FIG. 22 show the results obtained when the
discharge state of the lubricating oil 25 from the nozzel 20
was visualized and the discharge speed thereof was checked.
Here, the respective discharge speeds, which were obtained
when the pipe inside diameter d was set in the range of
0.5-1.5 mm and the pipe length L was set in the range of 100
mm -3000 mm, are graphically represented with the param-
eter L/d* of the pipe resistance as the abscissa. As can be
seen from this graphical representation, in the case of
L/d*=12000 (mm™), the discharge speed is equal to or more
than 13 m/sec., which satisfies the required discharge speed.

[0310] FIG. 23 is a graphical representation of the rela-
tionship between the parameter L/d* of the pipe resistance
and the discharge oil quantity. As can be seen from this
graphical representation, in the range of I/d*<=12000 (mm~
3), a fine oil quantity of 0.0008 ml/shot or more can be
supplied; and, in the range of L/d*<10000 (mm~>), a fine oil
quantity of 0.001 ml/shot or more can be supplied. There-
fore, by combining L with d in the range of L/d*=12000
(mm™), it is possible to set the discharge speed equal to or
larger than 13 m/sec. and the discharge oil quantity equal to
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or larger than 0.0008 ml/shot. Further, in the range of
L/d*=10000 (mm~), it is possible to set the discharge speed
equal to or larger than 13 m/sec. and the discharge oil
quantity equal to or larger than 0.001 ml/shot. Also, L/d* is
restricted by the fact that the pipe length cannot be shortened
due to the condition of the apparatus and thus L/d*=5
(mm™) is the practical range. In case where the pipe
diameter is changed on the way, as d, there is used a mean
diameter for the whole pipe length.

[0311] Next, a rotation test was conducted using a spindle
apparatus according to the present embodiment; and, the
performance of the angular ball bearing 162 when using the
super fine quantity oil lubricating pump 5 was compared
with the performance thereof when using a conventional
oil-air lubricating system.

[0312] As the test bearing, there was used a bearing which
has the following contents: that is, outer ring outside diam-
eter: 160 mm, inner ring inside diameter: 100 mm, rolling
element pitch circle diameter d,: 132.5 mm, outer/inner race
groove radius of curvature: 52-56% of the ball diameter,
contact angle: 20 degrees, inner/outer ring material: SUJ2,
and rolling element material: Si;N,. And, under the condi-
tions of lubricating oil: mineral oil VG22 (kinematic vis-
cosity: 22 mm?/s at a temperature of 40° C.), axial load:
980N, nozzle number per bearing: in the case of the con-
ventional oil-air lubrication, three nozzles and, in the case of
the super fine quantity oil lubricating pump, one nozzle, and
0-15000 min~" (in part, 19000 min~", dm-N=2500000), there
were conducted tests respectively on the relationship
between the spindle rotation speed and bearing torque, the
relationship between the spindle rotation speed and outer
ring temperature rise, a comparison of bearing torque varia-
tions, a comparison of noise levels, and observation of
visualization (videotape recorded images) of the state of the
super fine quantity oil lubricating pump.

[0313] FIG. 24 is a graphical representation which shows
the relationship between the spindle rotation speed and
bearing torque. In FIG. 24, the oil-air lubricating system
corresponds to the data obtained when three nozzles respec-
tively discharge lubricating oil of 0.03 ml per shot at the
interval of 8 min.; the super fine quantity oil lubricating
system corresponds to the data obtained when one nozzle
discharges lubricating oil of 0.002 ml per shot at the
intervals of 10 sec., 40 sec., and 1 sec.; and, discharged oil
quantities per unit time are respectively 0.01125 ml/min.,
0.012 ml/min., 0.003 ml/min., and 0.12 ml/min.

[0314] In the conventional oil-air lubricating system, at
the rotation speed of 15000 min~"' (d,,-N=2000000), the
bearing torque is 0.18 N-m, whereas, in the super fine
quantity oil lubricating system according to the invention,
the bearing torque is 0.14 N-m which is lower than in the
conventional system. Further, at the rotation speed of 19000
min~" (d,,-N=2500000) as well, the bearing torque accord-
ing to the invention is 0.16 N'm. That is, the apparatus
according to the invention is lower in the bearing torque than
the conventional apparatus.

[0315] From the torque characteristics shown in FIG. 24,
in case where the supply oil quantity is in the range of 0.003
ml/min. -0.12 ml/min., the torque in the case of the super
fine quantity oil lubrication, at a rotation speed equal to or
higher than the rotation speed of 12000-15000 min™?,
becomes smaller as the supply interval is shorter, that is, as
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the supply oil quantity per unit time is larger. This is
because, in order that the lowering of the oil film forming
performance due to an increase in the temperature at a high
speed can be prevented, there is required a certain degree of
lubricating oil quantity. That is, for the respective rotation
speeds used, there are present the optimum lubrication oil
quantity, the optimum lubricating oil supply interval, and the
optimum discharge oil quantity. The optimum lubrication oil
quantity, lubricating oil supply interval and discharge oil
quantity at the highest rotation speed can also be set accord-
ing to the highest rotation speed. However, in case where the
lubricating oil quantity is large, in the low speed rotation, the
bearing torque can be too large. In this case, it is preferable
that the control device may supply the lubricating oil in such
a manner that it selects the optimum lubrication oil quantity,
lubricating oil supply interval and discharge oil quantity to
each of the rotation speeds.

[0316] By the way, in the case of the cylindrical roller
bearing 17, not only because there is no spin as in the
angular ball bearing but also because the contact surface
pressure thereof is smaller than the angular ball bearing,
even when the supply oil quantity is small, the bearing 17
can keep its oil film forming performance, while a range of
0.0005 ml/min. -0.12ml/min. is the optimum condition of
the supply oil quantity.

[0317] Next, FIG. 25 is a graphical representation of the
relationship between the spindle rotation speed and outer
race temperature increase.

[0318] As can be scen from this graphical representation,
with respect to the outer ring temperature rise, the super fine
quantity oil lubricating system is low in temperature when
compared with the conventional oil-air lubricating system.
In the present FIG. 25 and in the previous FIG. 24, in the
case of the oil-air lubricating system, there are shown only
the data up to the rotation speed of 15000 min~". This is
because, when the temperature was increasing into the range
of 15000 min~'-17000 min~', the gradient of the tempera-
ture rise was steep and the outer ring temperature rise
exceeds 60° C., so that the test was interrupted. That is,
when compared with the conventional oil-air lubricating
system, the super fine quantity oil lubricating system pro-
duces less torque, can restrict the temperature increase, and
can rotate the spindle at a high speed. By the way, in case
where, in the low speed rotation, the bearing temperature
and torque increase due to the excessive supply of the
lubricating oil provides a problem, as a counter measure
against this, in the case of the super fine quantity lubricating
oil pump §, it is able to control lubricating oil supply
quantity.

[0319] Next, FIG. 26 is a graphical representation of the
results obtained by checking the changes of the bearing
torque and bearing temperature when the lubricating oil is
supplied. Here, in the oil-air lubricating system of FIG.
26A, there are shown data obtained when three nozzles
respectively discharged the lubricating oil in a quantity of
0.03 ml per shot at the intervals of 8 min., a total of 0.01125
ml/min. And, in the super fine quantity oil lubricating system
of FIG. 26B, there are shown the data obtained when a
single nozzle discharged the lubricating oil in a quantity of
0.002 ml of per shot at the interval of 10 sec., a total of 0.012
ml/min.

[0320] In the conventional oil-air lubricating system, the
three nozzles respectively supply the lubricating oil in a
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quantity of 0.03 ml per shot at the intervals of 8 min.
However, as shown in FIG. 26A, after the lubricating oil is
supplied, the bearing torque varies outstandingly and, in
response to this, the bearing temperature increases. On the
other hand, in the super fine quantity oil lubricating system,
although the lubricating oil quantity per unit time is almost
equal to the conventional oil-air lubricating system, the
supply oil quantity per shot is extremely small and the
supply interval is short, so that the bearing torque and
bearing temperature vary in such a slight manner that the oil
supply time cannot be distinguished.

[0321] Next, FIG. 27 is a graphical representation of the
results obtained by comparing the noise levels of the super
fine quantity oil lubricating pump according to the present
embodiment with those of the conventional device. The
lubricating conditions in this comparison are also the same
as in FIG. 26. As can be seen from this graphical represen-
tation, in the spindle apparatus according to the present
embodiment, since there is not used compressed air, the
noise level thereof is low when compared with the conven-
tional oil-air lubricating system.

[0322] Next, description will be given below of the results
of a test conducted on the performance of the spindle
apparatus a multi-branch piping device in a case where there
is disposed, in a spindle apparatus including a plurality of
bearings according to the invention, a multi-branch piping
device for supplying the lubricating oil from the superfine
quantity lubricating oil pump 5 distributively to the plurality
of bearings.

[0323] Now, FIG. 28 is a schematic view of an embodi-
ment of the super fine quantity lubricating oil pump 5,
showing a state in which the performance test of the multi-
branch piping device is executed. In this embodiment, there
is employed a structure in which lubricating oil from the
superfine quantity lubricating oil pump 5 is distributed and
supplied to the plurality of bearings using a multi-branch
piping device 9 interposed between the superfine quantity
lubricating oil pump 5§ and a nozzle 20. And, in this
performance test, the discharge states of the lubricating oil
were visualized and video recorded and the multi-branch
piping device 9 was checked for its performance, specifi-
cally, the relationship between the pipe length and the
discharge speed of the nozzel 20 as well as the relationship
between the pipe length and the discharge quantity of the
nozzel 20 when the spindle is rotated at a high speed.

[0324] In the present test, as the multi-branch piping
device 9, there was used a six-way valve which belong to the
“AUTOMATIC VALVE UNIT 401 SERIES” manufactured
by LABO SYSTEM Mfg. Co. and as a pile 10, there was
used a pipe which is formed of stainless steel and has an
outside diameter of the order of 1.59 mm (%is inch) and an
inside diameter of 1 mm. The multi-branch piping device 9
is structured such that six units of the pipe 10 can be
connected thereto. In case where one nozzle is used for one
bearing, one unit of the multi-branch piping device 9 can
cope with up to six bearings. By the way, the selection of the
pipes 10 used to supply lubricating oil is made by a
controller 11 which is connected to the multi-branch piping
device 9.

[0325] A visualizing apparatus 120 includes the electronic
flash 55, the CCD camera 56, a control unit 57 for control-
ling the electronic flash 55 and CCD camera 56, the video-
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tape recorder 58 for recording image signals given from the
CCD camera 56, and the monitor 59 for displaying the
image signals that are recorded by the videotape recorder 58.

[0326] To evaluate the performance of the multi-branch
piping device 9, the lubricating oil discharge state from the
nozzel 20 was visualized and the lubricating oil discharge
speed and discharge quantity from the nozzel 20 were
compared between a case where the multi-branch piping
device 9 is used and a case where it is not used. In this
comparison, as the comparison conditions, a nozzle dis-
charge diameter was set at 0.2 mm and a pipe length was set
in the range of 0.5-4.0 m.

[0327] In this comparison test, a total of six pipes were
connected to the first to sixth ports (not shown) of the
multi-branch piping device 9, the lengths of these six pipes
were varied in the range of 0.5-4.0 mm, and the lubricating
oil discharge speeds and lubricating oil quantities from the
nozzel 20 connected to the pipes were measured respec-
tively. Also, referring to the lubricating oil supply positions
into the interior portions of the bearings, in this test, the
contact portions between the rolling bodies and the raceways
of the inner rings of the bearings were set as aiming
positions.

[0328] Now, FIG. 29 shows the comparison results of the
lubricating oil discharge speeds between a case where the
multi-branch piping device 9 is used and a case where it is
not used (a pump and a nozzle are directly connected to each
other using a pipe). Here, the term “pipe length” used in the
abscissa axis of FIG. 29 expresses a length from the exit of
the pump to the entrance of the nozzle. According to FIG.
29, it can be found that there is few difference in the
lubricating oil discharge speeds between the case where the
multi-branch piping device 9 is used and the case where it
is not used.

[0329] Now, FIG. 30 shows the comparison results of the
lubricating oil discharge quantities between a case where the
multi-branch piping device 9 is used and a case where it is
not used. In this comparison, the evaluation conditions
thereof were set so as to be similar to those in FIG. 29.
According to FIG. 30, it can be found that there is few
difference in the lubricating oil discharge quantities between
the case where the multi-branch piping device 9 is used and
the case where it is not used. Therefore, use of the multi-
branch piping device 9 can generate little loss in supply of
lubricating oil within the pipes.

[0330] The above test results show that, due to use of the
multi-branch piping device 9, a single lubricating apparatus
is able to supply lubricating oil sufficiently to a spindle
apparatus including a plurality of bearings, and also that,
even when compared with the case where the multi-branch
piping device 9 is not used, there is found no difference in
the lubricating oil discharge speeds from the nozzle and in
the lubricating oil discharge quantities from the nozzle. That
is, use of a multi-branch piping device makes it possible not
only to execute stable lubricating oil distributive supply but
also to provide equivalent performance to the case where the
multi-branch piping device is not used.

[0331] By the way, in the above-mentioned multi-branch
piping device 9 of the spindle apparatus, there is used a
six-way valve which belong to the “AUTOMATIC VALVE
UNIT 401 SERIES” manufactured by LABO SYSTEM
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Mfg. Co. However, this is not limitative but, for example, as
other commercial automatic valve device, there can also be
used a twelve-way valve belonging to the “AUTOMATIC
VALVE UNIT 401 SERIES” manufactured by LABO SYS-
TEM Mfg. Co., or a valve called “LabPRO 6 and a valve
called “LabPRO 10” both manufactured by SHIMAZU Mfg.
Co. Also, as a multi-branch piping device, the above-
mentioned multi-branch piping device 9 is not limitative but
any other device may also be used, provided that it has
similar mechanism and performance to the multi-branch
piping device 9.

[0332] As has been described heretofore in detail, accord-
ing to the spindle apparatus of the present embodiment,
since there is provided the super fine quantity oil lubricating
pump 5 and the angle and position of the nozzel 20 are
designed optimally, the lubricating oil 25 can be pin-spot
supplied in a super fine quantity (0.0005-0.01 ml/shot)
directly to a desired portion within the bearing at the
intervals of dozens of seconds.

[0333] Also, because the discharge speed (10-100 m/sec.)
from the nozzel 20 is fast, the lubricating oil 25 can be
supplied to the interior portion of the bearing accurately
without being influenced by the air curtain which can occur
when the spindle apparatus rotates at a high speed.

[0334] And, since the lubricating oil supply interval and
lubricating oil quantity can be changed by the control device
in accordance with the rotation speeds, the lubricating oil
can be always supplied in a proper quantity for the rotation
of the spindle regardless of the spindle rotation speed.

[0335] This can always provide an ideal lubricating con-
dition in the interior portion of the bearing, which in turn
makes it possible to provide a structure which is very
excellent in torque stability. Also, an increase in the bearing
temperature can also be controlled to a low level. Further,
since the lubricating oil 25 is positively supplied to the
interior portion of the bearing, there can be obtained a good
lubricating oil supply efficiency and the quantity of con-
sumption of the lubricating oil can be reduced. Therefore,
the super fine quantity oil lubricating system allows rotation
up to a higher speed area than that in the conventional oil-air
lubricating system.

[0336] Also, because no compressed air is used, the noise
level is low and an oil mist can occur little. And, since the
lubricating oil discharge sensor and nozzle clogging sensor
are built into the main body of the apparatus, the occurrence
of a trouble can be avoided.

[0337] To sum up the above facts, by using the super fine
quantity oil lubricating system, a lubricating oil forced
lubricating device, a heat exchanger, a lubricating oil col-
lecting device, and other attendant devices such as com-
pressed air, which are used in the conventional lubricating
systems including an oil mist lubricating system, an oil-air
lubricating system and a jet lubricating system, can be
simplified; the noise level can be controlled down to a low
level; the consumption of the lubricating oil can be reduced
to thereby be consideration for the environment; the bearing
torque can be reduced down to a low torque level and can be
enhanced in stability; and, the bearing temperature increase
can be controlled down to a low level, thereby being able to
enhance the rotation accuracy of the spindle. Therefore,
according to the present super fine quantity oil lubricating
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system, there can be provided a spindle apparatus which is
more advantageous and more compact than a spindle appa-
ratus using the conventional lubricating methods.

[0338] By the way, in the present embodiment, in the
super fine quantity lubricating oil pump 5, there is used a
giant magnetostrictive element. However, the giant magne-
tostrictive element is not limitative but, even in other super
fine quantity lubricating systems respectively using a piezo-
electric element or a combination of an electromagnet and a
belleville spring, provided that the lubricating oil is dis-
charged in a fine quantity of 0.0005-0.01 ml/shot is dis-
charged at the discharge speed of 10-100 m/sec., a spindle
apparatus is able to obtain a rotation performance equivalent
to the spindle apparatus using the giant magnetostrictive
element.

[0339] Also, besides the giant magnetostrictive material
having a positive characteristic, even magnetostrictive mate-
rial having a positive and negative characteristic can also be
similarly used to form a pump which uses the expansion and
contraction of the rod body.

[0340] Further, the use of the above-mentioned lubricating
device is not limited to the spindle apparatus shown in FIG.
1, but it can also be used in a spindle apparatus of high speed
rotation which is required to be small in various torque
variations and temperature increase.

[0341] (Second Embodiment)

[0342] Next, description will be given below of a second
embodiment of a spindle apparatus including a super fine
quantity lubricating oil pump composed of an electromagnet
and a belleville spring according to the invention. By the
way, a structure employed in the present embodiment is
similar to that of the spindle apparatus according to the first
embodiment except for a lubricating device, and thus the
duplicate description thereof is omitted here.

[0343] In the case of a super fine quantity lubricating oil
pump according to the first embodiment, as a drive source
for driving a piston which is used to increase the pressure
within a pressurizing chamber (pump chamber), as shown in
FIG. 3, there is used the rod-shaped giant magnetostrictive
material. As the material of this rod-shaped body, piezo-
electric element can also be used depending on the lubri-
cating conditions. A magnetic field or a voltage is applied to
the giant magnetostrictive material or piezo-electric element
which is connected to the piston 35 to thereby strain the
giant magnetostrictive material or piezo-electric element,
the giant magnetostrictive material or piezo-electric element
is pressed against the piston 35 due to its strain to thereby
increase the pressure within the pressurizing chamber (pump
chamber) 37, whereby a super fine quantity of lubricating oil
is discharged intermittently from the nozzle. Here, to obtain
desired discharge speed and discharge oil quantity, there is
required a given strain quantity of the rod body. For
example, in case where the desired discharge speed and
discharge oil quantity of lubricating oil discharged from a
nozzle, which is connected to a pump and having an opening
with an inside diameter of 0.1 mm, are respectively set
approximately in the range of 10-100 mm/sec. and of the
order of 0.0005-0.01 ml/shot, there is required giant mag-
netostrictive material which is formed in a cylindrical shape
and has an outside diameter: 12 mm and a length: about 100
mm (the rod body produces a strain of about 100 yum, while
the strain of the giant magnetostrictive material is about
1000 ppm).
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[0344] Now, in the present embodiment, instead of the
element formed of the magnetostrictive material or piezo-
electric element, an electromagnet and a spring are used to
drive a piston, thereby being able to provide a structure
which is reduced in both size and cost.

[0345] FIG. 31 is a section view of a super fine quantity
lubricating oil pump 260 employed in a spindle apparatus
according to the second embodiment of the invention. As
shown in FIG. 31, the super fine quantity lubricating oil
pump 260 comprises an electromagnet 261, a first housing
262 for storing the electromagnet 261 therein, a movable
body (piston) 263 including a collar in the cylindrical-
shaped intermediate portion thereof, and a second housing
265 for storing the movable body and a movable body
pressing belleville spring 264 therein; and, the super fine
quantity lubricating oil pump 260 further includes a pres-
surizing chamber 266 interposed between the movable body
263 and the second housing 265, a suction-side flow passage
267 and a discharge-side flow passage 268 respectively
communicating with the pressurizing chamber 266, and
check valves 269 and 270 respectively disposed on the
suction-side flow passage 267 and discharge-side flow pas-
sage 268.

[0346] In the above-structured super fine quantity lubri-
cating oil pump 260, the belleville spring 264, which is used
to push out the movable body 263 to the pressurizing
chamber 266 side, is interposed between the collar end face
263a of the movable body 263 and the end face 265a of the
second housing 265. The movable body 263, when a current
is supplied to the coil of the electromagnet 261 from a coil
drive circuit 275, can be attracted toward the electromagnet
261 side and can be thereby contacted with an electromagnet
portion 271 formed within the first housing 262. In this state,
since the belleville spring 264 is contracted, there is gener-
ated a compression force.

[0347] After then, in case where the supply of the current
from the control device 275 is cut off, the attracting force of
the electromagnet 261 disappears and the movable body 263
is pushed out toward the pressurizing chamber 266 side due
to the repulsive force of the belleville spring 264. As a result
of this, the pressurizing chamber 266, in which the lubri-
cating oil 25 is stored, is pressurized so that the lubricating
oil 25 stored within the pressurizing chamber 266 is dis-
charged from the nozzel 20 through the check valve 270 on
the discharge-side oil passage 268. At the then time, the
belleville spring 264 is adjusted in the clearance thereof in
such a manner that it can be used in the 10-60% area of the
whole flexing quantity of the belleville spring 264.

[0348] On the other hand, in the suction process, by
supplying a current to the coil of the electromagnet 261 from
the control device 275, there is generated a magnetic field in
the electromagnet 261, so that the movable body 263 is
attracted by the magnetic field. As a result of this, the
pressurizing chamber 266 is expanded and thus the lubri-
cating oil 25 is sucked in from the lubricating oil tank 2
through the check valve 269 on the suction-side flow pas-
sage 267. Also, as the movable body 263 is attracted, the
belleville spring 264 is contracted to thereby generate a
compression force which can generate such a pressuring
chamber pressure as can obtain a desired discharge speed.

[0349] By repeating the above-mentioned suction and
discharge operations, the lubricating oil 25 is discharged
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intermittently from the nozzle 20. Also, the electromagnet
261 is formed of a ferromagnetic body and, of course, the
attracting force of the electromagnet 261 is set larger than
the compression force that is generated by the contraction of
the belleville spring 264.

[0350] In the present embodiment, assuming that, for the
nozzle diameter of 0.1 mm, the discharge speed is set of the
order of 60 m/sec., the discharge oil quantity is set 0.006 ml
per shot, the pressure of the pressurizing chamber 266 is set
on the order of 4 MPa, the outside diameter of the movable
body 263 in the pressurizing chamber portion is set 10 mm,
and the movable body stroke length is set 80 um, as the
belleville spring 64, there may be used a belleville spring for
a heavy load which has a nominal size of 12 or larger, which
is under the classification of JIS B 2706.

[0351] Also, when designing generally the electromagnet
261 suitable for this arrangement, the dimensions of the
electromagnet portion thereof are set such that outside
diameter: 50 mm and length: about 40 mm; and, the size of
the movable portion drive mechanism portion is about 40%
of that obtained when the giant magnetostrictive element
according to the first embodiment is used, so that the
electromagnet 261 can be made compact. Also, to drive the
electromagnet 261, a small power of a direct current having
6 V and about 0.1 A may be supplied. Therefore, in case
where the electromagnet 261 is designed in this manner, the
present embodiment can have the same function as the first
embodiment as well as can reduce the size and cost of the
spindle apparatus. Also, in case where a mechanically-
operated movable stopper mechanism is disposed in the
spindle apparatus, the power supply to the electromagnet
261 may be executed only when contracting the movable
body 263, which can save the power consumption as well.

[0352] By the way, in the present embodiment, although
no pipe is connected to the spindle apparatus, in case where
a pipe is connected, a pipe to be connected, provided it has
an inside diameter of about 1 mm and a length of 2 m or less,
is sufficiently able to fulfill such performance as about 50%
of the above-mentioned discharge speed.

[0353] In this manner, the super fine quantity lubricating
oil pump 260 employed in a spindle apparatus according to
the present embodiment, using the compression force to be
generated by compressing the belleville spring 264, drives
the movable body 263 disposed within the cylinder to
compress the capacity of the pressurizing chamber 266 to
thereby discharge the lubricating oil 25 and, on the other
hand, in order to return the movable body 263, the attracting
force of the electromagnet 261 is used. Since the super fine
quantity lubricating oil pump 260 does not use expensive
elements such as magnetostrictive material and piezo-elec-
tric element but uses the belleville spring and electromagnet,
the spindle apparatus can be manufactured at a low cost and
simply, so that the size and cost thereof can be reduced.

[0354] By the way, the super fine quantity lubricating oil
pumps 5 and 260 respectively employed in the spindle
apparatus according to the above-mentioned first and second
embodiments can also be suitably applied to, for example, a
machining center of which high precision and high-speed
rotation are required.

[0355] Also, in the first embodiment, by detecting the coil
current, the abnormal condition and air bleed completion
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can be judged. However, the abnormal condition and air
bleed completion can also be detected by the following
methods:

[0356] (1) A voltage value proportional to a current value
is detected by measuring the voltage drop of a detecting
resistance using a voltage meter and the current value is
detected based on the thus obtained voltage value.

[0357] (2) The intensity of a magnetic field proportional to
a current value is measured using a Hall element and the
current value is detected based on the thus obtained mag-
netic field value. In this case, the Hall element may prefer-
ably be disposed in the vicinity of the rod body, which makes
it possible to detect the expansion and contraction operation
of the rod body more directly, thereby being able to enhance
the measuring accuracy.

[0358] (3) A pressure sensor is installed within a cylinder
and the pressure of the interior portion of the cylinder is
detected by the pressure sensor.

[0359] (4) Using a displacement meter for measuring the
displacement of a piston, the displacement quantity is
detected.

[0360] (5) Using a vibration sensor, vibrations in accor-
dance with the reactive force of a piston are detected.

[0361] Also, as the other use of the spindle apparatus
according to the first and second embodiments, for example,
there is available the supply of cutting oil in semi-dry work.

[0362] According to the spindle apparatus of the inven-
tion, since it includes a super fine quantity oil lubricating
pump, a lubricating oil forced circulating device, a heat
exchanger, a lubricating oil collecting device, and other
attendant facilities such as compressed air, which are used in
the conventional lubricating systems such as an oil mist
lubricating system, oil-air lubricating system and jet lubri-
cating system, can be simplified; and, the noise level can be
controlled down to a low level, the lubricating oil consump-
tion can be reduced to thereby be consideration for the
environment, the bearing torque stability can be enhanced,
and the bearing temperature increase is small, thereby being
able to enhance the rotation accuracy of the spindle.

[0363] (Third Embodiment)

[0364] Now, description will be given below in detail of a
third embodiment of a spindle lubricating apparatus with
reference to the accompanying drawings.

[0365] Here, FIG. 32 is a schematic view of a spindle
lubricating apparatus according to a third embodiment of the
invention, and FIG. 33 is a specific structure of a spindle
apparatus shown in FIG. 32.

[0366] A spindle lubricating apparatus 300 according to
the present embodiment includes a spindle apparatus 314, a
superfine quantity oil lubricating apparatus with a multi-
distribution mechanism 322 and a controller 324. The
spindle apparatus 314 includes a plurality of bearings 310q,
310b, 310c¢, 3104 for rotationally supporting a shaft 305 and
a plurality of nozzles 312a, 312b, 312¢, 312d respectively
for discharging lubricating oil to their associated bearings
3104, 3105, 310c, 310d. The superfine quantity oil lubricat-
ing apparatus with a multi-distribution mechanism 322
includes a multi-distribution mechanism 320 for distributing
lubricating oil, which is supplied from a superfine quantity
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oil lubricating pump (lubricating oil supply device) 316, to
pipes 318 which are connected to the plurality of bearings
310a, 3106, 310c¢, 310d. The controller 324 controls the
number of times of supply shots (intermittent times) of the
lubricating oil to be supplied to the respective bearings 3104,
3105, 310c, 310d, and also selects the pipes 318 to supply
the lubricating oil.

[0367] The lubricating oil discharged from a superfine
quantity oil lubricating apparatus with a multi-distribution
mechanism 322 flows through the pipes 318 connected to
the multi-distribution mechanism 320 and is then supplied
from the nozzles 312a, 312b, 312¢, 312d to the respective
bearings 310a, 310b, 310c, 3104 within the spindle appa-
ratus 314 in a superfine quantity (0.0005-0.01 ml/shot).

[0368] As described above, in the present embodiment,
since the lubricating oil is supplied to the respective bearings
310a, 310b, 310c, 3104, there is required a lubricating
apparatus which includes a multi-distribution mechanism.

[0369] As a specific example of the spindle apparatus 314,
FIG. 33 shows a spindle apparatus which is employed in an
ordinary machine tool. The spindle apparatus 314 includes a
shaft 305, a plurality of bearings 310a, 3105, 310c¢, 310d (in
the illustrated example, four angular ball bearings in total)
for supporting the shaft 305 in a freely rotatable manner, and
a housing 328 for covering the outer surfaces of the respec-
tive bearings.

[0370] The bearings 310a, 3105, 310c, 3104 are disposed
at given intervals in the axial direction of the shaft 305 so
that they form in two sets of two bearings respectively
support the front and rear sides of the shaft 305. The outer
races of the respective bearings are fixed to the inner
peripheral surface of the housing 328, the outer ring of the
bearing 310z disposed in the front-most position is con-
tacted with and is secured to a front cover 332 through an
outer race holder 330, and the outer ring of the bearing 3104
disposed in the rear-most position is secured to the housing
328 through an outer ring holder 334 while it is elastically
energized in the axial direction of the shaft 305 by a spring
336. Also, between the respective bearings, there are inter-
posed cylindrical-shaped outer ring spacers 338 which are
respectively used to fix their associated bearings in the axial
direction.

[0371] On the other hand, the inner rings of the respective
bearings are fitted with the outer peripheral surface of the
shaft 305; and, between the respective bearings, there are
interposed cylindrical-shaped inner ring spacers 340 which
are respectively used to fix their associated bearings in the
axial direction.

[0372] The lubricating oil is supplied to the spindle appa-
ratus 314 having the above-mentioned structure in the
following manner. That is, the four pipes 318, which are
connected to the superfine quantity oil lubricating apparatus
with a multi-distribution mechanism 322 through a supply-
side pipe fixing joint 326, are respectively penetrated
through pipe guide grooves 342a, 342b formed in the
housing 328 of the spindle apparatus 314 and are then
connected through their associated discharge-side pipe fix-
ing joints 344 to nozzles 312a, 312b, 312¢, 312d respec-
tively disposed in the vicinity of their associated bearings
3104, 3105, 310c, 310d. These nozzles 312a, 3125, 312c,
3124 are respectively inserted through and fixed to mounting
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holes, which are respectively formed so as to penetrate
through their associated outer ring spacers 338, from the
outer peripheral surface side of the housing 328, while the
leading ends of the respective nozzles are penetrated through
the outer ring spacers 338 and are projected out into gap
spaces existing between the outer ring spacers 338 and inner
ring spacers 340.

[0373] In this case, the four nozzles are disposed for the
four bearings, one to one, and thus supply of the lubricating
oil is distributed to four sections by the superfine quantity oil
lubricating apparatus with a multi-distribution mechanism
322. By the way, the number of distributions (the number of
pipes) may be equal to or more than the number of bearings
used in the spindle apparatus 314. In the present embodi-
ment, the shaft 305 is supported in the horizontal direction
but, for example, in case where the shaft 305 is used in a
machining center, the shaft 305 can be used in such a manner
that it is supported in the vertical direction or in an inclined
manner.

[0374] Next, description will be given below of the spe-
cific structure of the superfine quantity oil lubricating appa-
ratus with a multi-distribution mechanism 322. Here, FIG.
34 is a section view of the structure of the superfine quantity
oil lubricating apparatus with a multi-distribution mecha-
nism 322 according to the present embodiment.

[0375] As shown in FIG. 34, the superfine quantity oil
lubricating pump 316 of the superfine quantity oil lubricat-
ing apparatus with a multi-distribution mechanism 322
includes a rod body 346 which is formed of a giant-
magnetostrictive material having a positive characteristic,
while one end portion 3464 of this rod body 346 in the axial
direction thereof is fixed through a preload adjust mecha-
nism 348 to a case 350. In case where a magnetic field is
applied to the rod body 346, the rod body 346 is expanded
in the axial direction due to a magnetic strain phenomenon
(Joule effect)

[0376] As the preload adjust mechanism 348, there can be
used a screw mechanism which is structured such that, for
example, in case where it is rotated, it is projected out in the
axial direction of the rod body 346 to thereby be able to press
against one end portion 3464 of the rod member 346. On the
other end portion 3465 of the rod body 346 in the axial
direction thereof, there is disposed a pressure transmission
member 352 which energizes the rod body 346 toward the
preload adjust mechanism 348 to thereby transmit pressure
without producing a gap (play) in the axial direction of the
rod body 346; and, the rod body 346 is connected to a piston
354 through the pressure transmission member 352. The
piston 354 is slidably disposed in the interior portion of a
cylinder 356, while the cylinder 356 and piston 354 coop-
erate together in defining a pump chamber.

[0377] In the cylinder 356, there is formed a suction flow
passage 358 which is used to supply the lubricating oil to the
pump chamber and, in the intermediate portion of the
suction flow passage 358 to a suction opening 359, there is
disposed a suction-side check valve 360 consisting of a
check valve which prevents the lubricating oil from flowing
out from the pump chamber.

[0378] Also, in the cylinder 356, there is formed a dis-
charge flow passage 362 for discharging the lubricating oil
which is discharged from the pump chamber and, in the
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intermediate portion of the discharge flow passage 362 to the
multi-distribution mechanism 320, there is disposed a dis-
charge check valve 364 consisting of a check valve which
prevents the lubricating oil from flowing in to the pump
chamber.

[0379] On the outer periphery of the rod body 346, there
is disposed a coil 366 coaxially with the rod body 346 and
also, on the outside of the coil 366, there is disposed a
cylinder body 367 which is formed of magnetic material and
cooperates with the rod body 346 in completing a magnetic
circuit. The cylinder body 367 is secured by a front cover
368 and a rear cover 369. Also, to the coil 366, there is
electrically connected a drive circuit 377, while the drive
circuit 377 outputs a current which is used to generate a
magnetic field. In case where this current is applied to the
coil 366, the rod body 346 receives a magnetic field gener-
ated from the coil 366 and is thereby expanded, so that the
lubricating oil within the pump chamber supplied through
the suction flow passage 358 can be guided into the multi-
distribution mechanism 320 through the discharge flow
passage 362. In this case, the discharge quantity of the
lubricating oil per shot is a fine quantity, that is, a quantity
in the range of 0.0005 [ml]-0.01 [ml], and the discharge
pressure of the lubricating oil is equal to or higher than 1
[MPa]; and, the lubricating oil is discharged intermittently.
And, the lubricating oil discharged from the superfine quan-
tity oil lubricating pump 316 is distributed to the respective
nozzles 312a, 312b, 312¢, 312d by the multi-distribution
mechanism 320, and the lubricating oil is supplied from the
leading ends of these nozzles to their respective bearings at
a discharge speed of 10 [m/sec]-100 [m/sec].

[0380] Here, description will be given below in detail of
the multi-distribution mechanism 320. FIG. 35 is an
enlarged view of the structure of the multi-distribution
mechanism 320 shown in FIG. 34. The multi-distribution
mechanism 320 is a mechanism which is used to distribute
lubricating oil discharged using a valve of a revolver type.
Specifically, the multi-distribution mechanism 320 includes
a distribution housing 370 in which the discharge flow
passage 362 is formed, a rotor valve 372, a rotor valve fixing
ring 374, a shaft 376, a shaft housing 378, a belleville spring
380 and a thrust bearing 382. The rotor valve fixing ring 374
has an inner periphery with which the rotor valve 372 can be
fitted. The shaft 376 has a flange portion 376a in the leading
end portion thereof and is capable of rotationally driving the
rotor valve 372. The shaft housing 378 supports the shaft
376. The belleville spring 380 presses against the flange
portion 376a of the shaft 376 toward the distribution housing
370. The thrust bearing 382 supports the shaft 376 in the
axial direction thereof through the belleville spring 380
within the shaft housing 378 in such a manner that the shaft
376 can be rotated.

[0381] Also, the shaft 376 of the multi-distribution mecha-
nism 320 is connected through a coupling 384 to a motor
386. As the motor 386, there can be used any type of motor,
provided that it is able to control a rotation phase (rotation
angle); for example, a stepping motor, a DC motor, a
synchronous motor and an induction motor can be used. The
motor 386 is controlled by the controller 324 (see FIG. 32)
and can be indexingly rotated at an equal distribution angle
(360°/number of distributions) according to the number of
distributions.
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[0382] In the distribution housing 370, as shown in FIG.
36 which is a section view of the distribution housing 370
taken along the arrow marks A-A shown in FIG. 35, a proper
number (a number equal to the number of distributions) of
mounting holes 390, which are used to mount a pipe fixing
joint 388, are formed in the radial direction of the distribu-
tion housing 370 according to the number of distributions of
lubricating oil. In the structure shown in FIG. 36, since the
lubricating oil is distributed to six bearings, six mounting
holes 390 are formed. In each mounting hole 390, there are
formed a screw portion 390z for tightening, a taper portion
390b and a longitudinal hole 390c in this order from the
outer periphery of the distribution housing 370 to the axis
thereof. Also, the longitudinal holes 390c of the respective
mounting holes 390 are respectively allowed to communi-
cate with transverse holes 379 (see FIG. 35); and, each of
the transverse holes 379 is formed at a position of a radius
r; from the center of the distribution housing 370 in such a
manner that it extends a long the thrust direction from the
surface of the distribution housing 370 contacted with the
rotor valve 372 in phase with the longitudinal hole 390c¢. On
the other hand, in the center of the distribution housing 370,
there is formed a center flow passage 363 which is connected
to the discharge flow passage 362 from the pump chamber
and extends linearly along the thrust direction.

[0383] The rotor valve 372, as shown in FIG. 37 which is
a section view of the distribution housing 370 taken along
the arrow marks B-B shown in FIG. 35, is a cylindrical-
shaped valve and, on the side of the rotor valve 372, which
can be contacted with the distribution housing 370, there is
formed a groove 372a which extends outwardly in the radial
direction from the central portion of the rotor valve 372.

[0384] Here, the half value r; of the PCD (pitch circle
diameter: 2r,) at the positions of the transverse holes 379
formed in a circle in the distribution housing 370 is set such
that it is substantially equal to the length r, of the groove
3724 in the radially outward direction of the rotor valve 372
(to=r,). Thanks to this, the lubricating oil exit portion of the
groove 372a is substantially coincident with the transverse
hole 379. That is, in the distribution housing 370, the
transverse holes 379, which provide the lubricating oil
supply holes, are formed in a circle and, in the center of the
circle, there is formed the center flow passage 363; and, in
the rotor valve 372, from the center of rotation thereof up to
the diameter position which is equal to the pitch circle
diameter (PCD) at the position of the lubricating oil supply
hole (transverse hole 379), there is formed the groove 372a
which serves as a flow passage.

[0385] Also, the contact surface of the distribution hous-
ing 370 with the rotor valve 372 is polish finished and, as the
surface roughness thereof is smaller, the contact surface is
more advantageous in a wetted condition; however, in case
where the center line average roughness thereof is of the
order of 0.4 um or less, no problem can arise.

[0386] The rotor valve 372 is structured such that, as the
operation state thereof is typically shown in FIG. 38, the
lubricating oil is guided from the center flow passage 363 to
the central portion of the groove 372 and the thus guided
lubricating oil can be discharged through the transverse hole
379 from the terminal end portion of the groove 3724
existing outside in the radial direction of the groove 372a.
And, since the rotor valve 372 is indexingly rotated in the
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direction of an arrow mark shown in FIG. 38, the transverse
holes 379 formed in the distribution housing 370 and
communicating with the terminal portion of the groove 372a
are sequentially switched over to one another, so that the
lubricating oil can be distributed to the respective transverse
holes.

[0387] Also, while the shaft 376, belleville spring 380 and
thrust bearing 382 are respectively inserted into the shaft
housing 378, the shaft housing 378 and distributing housing
370 are respectively fixed to a cylinder housing (not shown).
Therefore, because of compression of the belleville spring
380, the rotor valve 372 and distributing housing 370 can be
contacted with each other with a desired pressing pressure.
This can prevent the lubricating oil from leaking from the
contact portions between the rotor valve 372 and distributing
housing 370. Also, the pressing pressure can be adjusted not
only by the rigidity of the belleville spring 380 but also by
a gap adjusting intermediate spacer and can be controlled by
measuring the rotation torque of the shaft 376. Further,
provision of the thrust bearing 382 reduces the rotation
resistance of the shaft 376.

[0388] In the case of the present embodiment, the rotor
valve 372 is formed in a cylindrical shape having an outside
diameter of 15 mm and a thickness of 3 mm, on the surface
of the rotor valve 372 that can be contacted with the
distribution housing 370, there is formed the groove (having
a key groove shape) 372¢ having a depth of 1 mm and a
width of 1 mm. The lubricating oil exit portion of the groove
3724 is set so as to coincide in position with the PCD (pitch
circle diameter) of the transverse hole 379 formed in the
distribution housing 370. By the way, the dimensions of the
rotor valve 372 and groove 372a are not limited to the
above-described dimensions but can be determined properly
according to the size of the rotor valve 372 and the number
of distributions of the lubricating oil.

[0389] Also, the rotor valve 372 is formed of PEEK
(polyether ether-ketone). However, as the material of the
rotor valve 372, there can be used another material, provided
that it has a low coefficient of friction and is excellent in the
deformation resistance, friction resistance and oil resistance.
For example, polymer material such as polyamide-imide can
be used.

[0390] By the way, as the pipe fixing joint 388, as shown
in FIG. 39A, there can be used a joint which is formed of
resin material such as PEEK resin, or, as shown in FIG. 39B,
there can be used a joint which is formed of stainless steel
material. In the case of the PEEK resin joint 388 shown in
FIG. 39A, when the male nut portion 388a thereof is
threadedly engaged with the screw portion 390a of the
mounting hole 390, a ferrule portion 388 formed in the
leading end portion of the joint 388 is tightened, so that the
joint 388 can be sealed. On the other hand, In the case of the
stainless steel joint 388 shown in FIG. 39B, a ferrule portion
388b consisting of an elastic body formed of stainless steel
or PEEK resin is manufactured as a separate body and is
then mounted onto the leading end portion of the male nut
portion 388a of the joint 388; and, by tightening the ferrule
portion 388b by the male nut portion 3884, the joint 388 can
be sealed. Thanks to this, up to the pressure of 20 MPa (200
kgf/cm?), there is eliminated the fear that the lubricating oil
can leak in the connecting portions between the joint 388
and mounting hole 390.



US 2005/0241880 A1l

[0391] Next, description will be given below of the pro-
cess for supplying the lubricating oil to the bearings 3104,
310b, 310c, 3104 using the spindle lubricating apparatus 300
according to the present embodiment.

[0392] Firstly, the pipe, to which the lubricating oil is to be
supplied, is selected by the controller 324. That is, the rotor
valve 372 is driven or rotated by the motor 386 so that the
exit portion of the groove 372a of the rotor valve 372 is
allowed to coincide in position with the transverse hole 379
of the distribution housing 370 that communicates with the
selected pipe. And, with the forward movement of the piston
354 disposed within the cylinder 356, the pressure of the
lubricating oil within the cylinder 356 increases, so that the
lubricating oil is guided through the discharge-side check
valve 364, the center flow passage 363 of the distribution
housing 370, the groove 372a of the rotor valve 372, the
selected pipe of the distribution housing 370 (the transverse
hole 379 for supply of the lubricating oil, mounting hole
390), and the pipe fixing joint 388 in this order up to the
nozzles; and, the lubricating oil is supplied from the respec-
tive nozzles 312a, 312b, 312¢, 3124 to the target positions
of the interior portions of the bearings 310a, 3105, 310c,
3104 in a pin spot manner.

[0393] By the way, this series of operations is controlled
by the controller 324. Also, it is also possible to control the
lubricating oil discharge interval to a desired interval
according to the rotation speed of the spindle apparatus 314.
Therefore, the lubricating oil supply interval can be varied
according to the rotation speed of the shaft 305, so that ideal
supply of the lubricating oil to the interior portions of the
bearings can be always realized.

[0394] As described above, according to the spindle lubri-
cating apparatus 300 of the present embodiment, the super-
fine quantity oil lubricating apparatus with a multi-distribu-
tion mechanism 322 is simple and compact in structure as
well as it is positively connected to the pipes so as to be free
from leakage of the lubricating oil, so that the superfine
quantity oil lubricating apparatus with a multi-distribution
mechanism 322 is able to make full use of its ability. Also,
the place to which the lubricating oil should be supplied can
be selected freely by the controller 324 connected to the
superfine quantity oil lubricating apparatus 322, and the
lubricating oil can be supplied to the respective bearings
3104, 3105, 310c, 310d at the desired intermittent time (at
the desired supply intervals). Further, the lubricating oil
supply intervals can be varied according to the rotation
speed of the shaft 305 and thus the interior portions of the
bearings can be always kept in an ideally lubricated state.
Therefore, the present spindle lubricating apparatus 300 is
very excellent in the stability of the bearing torque, can
control an increase in the bearing temperature down to a low
level, and can reduce the noise level. And, in the spindle
apparatus 314 that is actually used, when the number of
bearings used is taken into consideration, a single unit of the
superfine quantity oil lubricating apparatus with a multi-
distribution mechanism 322 is able to sufficiently cover the
lubricating oil supply that corresponds to a single unit of the
spindle apparatus 314.

[0395] Next, description will be given below of a modi-
fication of the superfine quantity oil lubricating apparatus
with a multi-distribution mechanism according to the
present embodiment.
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[0396] Here, FIG. 40 is a section view of a superfine
quantity oil lubricating apparatus with a multi-distribution
mechanism according to the present modification, and FIG.
41 is an enlarged view of the structure of a multi-distribution
mechanism shown in FIG. 40. By the way, in the present
modification, parts thereof having the same functions as
those described in the above embodiment shown in FIGS. 32
to 39 are given the same designations and thus the descrip-
tion thereof is omitted here.

[0397] The multi-distribution mechanism 321 of the
superfine quantity oil lubricating apparatus with a multi-
distribution mechanism 323 according to the present modi-
fication is also a mechanism which is used to distribute the
lubricating oil that is discharged by a valve of a revolver
type: that is, in a rotor valve 373 employed in the present
modification, there are formed a groove 3734 and a trans-
verse hole 373b to be connected to the groove 373a; and, the
lubricating oil guided from the front surface side of the rotor
valve 373 is discharged from the opposite side, that is, the
rear surface side of the rotor valve 373.

[0398] Specifically, the multi-distribution mechanism 321
includes: a discharge housing 392, the rotor valve 373, a
rotor valve guide ring 375, a distribution housing 371, a
distribution housing fixing ring 394 and a plurality of
positioning pins 396. The discharge housing 392 is con-
nected to a discharge flow passage 362 formed on the
opposing side of a piston 354 in a pump chamber formed
inside a cylinder 356 and also includes a center flow passage
363 formed at the center position of the discharge housing
392 so as to extend along the axial direction of the discharge
housing 392. The rotor valve guide ring 375 has the inner
periphery of which the rotor valve 373 can be fitted. The
distribution housing 371 fixes a pipe fixing joint 388
obliquely with respect to the axial direction thereof and also
supports a shaft 376 in the interior portion thereof. The
distribution housing fixing ring 394 holds the rotor valve
guide ring 375 between the cylinder 356 and distribution
housing 371. The plurality of positioning pins 396 are used
to position flow passages respectively formed in the dis-
charge side housing 392 and in the distribution housing 371
and also can be inserted into holes opened up in the
discharge side housing 392 and the distribution housing 371
as well as holes opened up in the rotor valve fixing ring 3785.
In the illustrated structure, the positioning pins 396 are
disposed at two portions; however, it is also possible to
employ a structure in which the positioning pins 396 are
disposed at three or more portions.

[0399] Here, FIG. 42A is a front view of the rotor valve
373 according to the present modification, and FIG. 42B is
a section view thereof taken along the arrow marks C-C
shown in FIG. 42A. As shown in FIGS. 42A and 42B, the
rotor valve 373 is formed in a cylindrical shape: specifically,
on the side of the rotor valve 373 that can be contacted with
the discharge housing 392, there is formed a groove 373a
which extends outwardly in the radial direction thereof from
the central portion thereof; and, in the terminal portion of the
groove 373 existing outside in the radial direction thereof,
there is formed a transverse hole 373b which penetrates
entirely through the cylindrical-shaped rotor valve 373 in the
axial direction thereof.

[0400] Now, FIG. 43 is a section view of the distribution
housing 371, taken along the arrow marks D-D shown in
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FIG. 41. As shown in FIG. 43, in the distribution housing
371, there are formed a plurality of (in this case, a total of
six) longitudinal holes 391¢ which can be connected to the
mounting holes 391 of the pipe fixing joint 388. Also, due to
the positioning pins 396, the positions of the longitudinal
holes 391c¢ of the distribution housing 371 can be matched
to the positions of the transverse holes 373b of the rotor
valve 373. In this case, the half value r; of the PCD (2r,) at
the position of each longitudinal hole 391c¢ of the distribu-
tion housing 371 is set so as to be substantially coincident
with the length r, of each transverse hole 373b of the rotor
valve 373.

[0401] According to the present multi-distribution mecha-
nism 321, since the lubricating oil discharged from the
discharge flow passage 362 is introduced to the central
portion of the groove 3734, the thus introduced lubricating
oil can be discharged through the transverse hole 373b from
the terminal portion of the groove 373a that is situated
outside in the radial direction thereof. And, because the rotor
valve 373 is indexingly rotated by a motor 386, the longi-
tudinal holes 391c of the distribution housing 371 in com-
munication with the transverse hole 373b are sequentially
switched over to one another, so that the lubricating oil can
be distributed to the respective longitudinal holes 391c.

[0402] In the case of the present modification, the rotor
valve 373 is formed in a cylindrical shape having an outside
diameter of 15 mm and a thickness of 5 mm, on the surface
of the rotor valve 373 that can be contacted with the
discharge housing 392, there is formed the groove (having a
key groove shape) 373 having a depth of 1 mm and a width
of 1 mm; and, in the lubricating oil exit portion of the groove
373a, there are formed the transverse holes 373b each
having an inside diameter of 1 mm in such a manner that the
transverse holes 373b extend in the axial direction of the
rotor valve 373. By the way, the dimensions of the rotor
valve 373, groove 373a and transverse hole 373b are not
limited to the above-described dimensions but can be deter-
mined properly according to the size of the distribution
housing 371 and the number of distributions of the lubri-
cating oil.

[0403] Also, the rotor valve 373 is formed of PEEK
(polyether ether-ketone). However, as the material of the
rotor valve 373, there can be used another material, provided
that it has a low coefficient of friction and is excellent in the
deformation resistance, friction resistance and oil resistance.
For example, polymer material such as polyamide-imide can
be used.

[0404] In the present modification as well, not only there
can be obtained similar effects to those obtained in the
previously described embodiment but also, because the pipe
fixing joint 88 is connected from the oblique direction with
respect to the axial direction, there can be supplied a
structure which is excellent in space efficiency, so that the
superfine quantity oil lubricating apparatus with a multi-
distribution mechanism can be made more compact.

[0405] Now, description will be given below of the results
of a test conducted on the rotation performance of a bearing
in the case of the above-described superfine quantity oil
lubricating apparatus with a multi-distribution mechanism
according to the third embodiment.

[0406] In the bearing rotation performance test, firstly, a
rotation test was conducted using the spindle apparatus 314
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according to the present embodiment, while a lubricating
method employed in the superfine quantity oil lubricating
pump 316 of the spindle apparatus 314 was compared with
a conventionally known oil-air lubricating method.

[0407] As a bearing to be tested, as well as the first
embodiment, there was used a bearing having the following
specifications: that is, an outer ring diameter of 160 mm; an
inner ring bore of 100 mm; a rolling body pitch circle
diameter d,, of 132.5 mm; an outer/inner race groove cur-
vature of 52-56%; a contact angle of 20°; SUJ2 as inner/
outer ring material; and, Si;N,, as rolling body material. And,
as lubricating oil, there was used mineral oil VG22 (kine-
matic viscosity: 22 mm /s at a temperature of 40° C.) and
axial load was set as 980N. Referring to the number of
nozzles used, in the case of the conventional oil-air lubri-
cating method, three nozzles were used; and, in the case of
the superfine quantity oil lubricating pump, there was used
one nozzle. Under these conditions, while rotating the shaft
at the speed of 0-15000 min™' (in part, 19000 min~,
d,‘N=2500000), there were conducted tests on the follow-
ing articles: that is, relationship between shaft rotation speed
and bearing torque; relationship between shaft rotation
speed and outer ring temperature rise; comparison of varia-
tions in bearing torque; comparison of noise levels; and,
visualized observation (observation of videotape recorded
pictures) of superfine quantity lubricating oil discharge state.

[0408] In the test conducted on the rotation performance
of a bearing by using the superfine quantity oil lubricating
apparatus with the multi-distribution mechanism according
to the third embodiment under the same conditions as the
first embodiment, graphical representations showing rela-
tionship between shaft rotation speed and bearing torque;
relationship between shaft rotation speed and outer ring
temperature rise; comparison of variations in bearing torque;
comparison of noise levels; and, visualized observation of
superfine quantity lubricating oil discharge state were sub-
stantially same as the results shown in FIGS. 24 to 27.

[0409] Thus, according to the spindle apparatus 314 of the
present embodiment, since there is used the superfine quan-
tity oil lubricating pump 316 as well as the angle and
position of the nozzle are designed optimally, a superfine
quantity (0.0005-0.01 ml/shot) of lubricating oil can be
supplied in a pin spot manner directly at the desired spot of
the interior portion of the bearing at the interval of dozens
of seconds.

[0410] Also, because the discharge speed (10-100 m/sec.)
from the nozzle is fast, the lubricating oil can be positively
supplied to the interior portion of the bearing free from the
influence of the air curtain that could occur in the high speed
rotation.

[0411] And, since the lubricating oil supply intervals and
lubricating oil supply quantity can be varied according to the
rotation speed by the control unit, a proper quantity of
lubricating oil can always be supplied for the spindle rota-
tion regardless of the spindle rotation speed.

[0412] Thanks to this, an ideal lubricating state can always
be obtained in the interior portion of the bearing and,
therefore, the spindle apparatus 314 can be structured such
that the stability of the bearing torque is very excellent. Also,
an increase in the bearing temperature can also be controlled
down to a low level. Further, because the lubricating oil is
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positively supplied into the interior portion of the bearing,
the lubricating oil supply efficiency can be enhanced and the
lubricating oil consumption can be reduced. Therefore,
according to the superfine quantity oil lubricating method,
the shaft can be rotated up to a higher speed than the
conventional oil-air lubricating method.

[0413] By the way, in the present embodiment, for the
superfine quantity oil lubricating pump 316, there is used the
giant-magnetostrictive material. However, the invention is
not limited to the giant-magnetostrictive material as well as
the first embodiment. For example, there can also be
employed an electrostrictive element, a combination of an
electromagnet and a belleville spring, and mechanical elastic
elements. That is, even in a superfine quantity oil lubricating
method using any one of them, in case where a fine quantity
(0.0005-0.01 ml/shot) of lubricating oil is discharged at the
speed of 10-100 m/sec., there can be obtained the same
performance.

[0414] Also, in the case of not only a giant-magnetostric-
tive material having a forward characteristic but also a
magnetostrictive material having a bi-directional character-
istic, a pump can be similarly produced using the expansion
and contraction action of these materials.

[0415] Further, the above-mentioned lubricating apparatus
can be applied not only to the spindle apparatus shown in
FIG. 32 but also to a high-speed-rotation spindle apparatus
in which various kinds of torque variations can occur and an
increase in the temperature must be small.

[0416] Next, description will be given below of a test
conducted on the performance of the superfine quantity
lubricating pump 316.

[0417] FIG. 44 is a schematic view of an embodiment of
the test on the performance of the superfine quantity lubri-
cating pump 316. In the performance test, the discharge state
of the lubricating oil from the nozzle 312 in the spindle
high-speed rotation is visualized using a CCD camera and is
then videotape recorded. Here, description will be given of
the test results of the influences of the air curtain, the
relationship of the pipe inside diameter and pipe length to
the discharge speed, and the relationship of the pipe inside
diameter to the discharge oil quantity. By the way, as the
material of the pipe, there were used metal such as austenite
stainless steel SUS316 and resin material such as PEEK.
However, this is not limitative but, for example, ordinary
iron/steel material, aluminum/copper non-iron metal mate-
rial, plastic material, and ceramic material can also be used.

[0418] In the test, the distance between the nozzle leading
end and bearing was set approx. 50 mm which is longer than
the ordinarily employed distance (approx. 10 mm). This
means that the test was conducted under a severer condition,
that is, under the condition that the performance of the pump
16 can be easily influenced by the air curtain.

[0419] The lubricating oil was supplied to the interior
portion of the bearing so as to be able to lubricate the contact
portions of the raceway surface of the inner race of the
bearing with which rolling bodies can be contacted; and the
state of supply of the lubricating oil was visualized and was
then videotape recorded. The visualizing apparatus 120 is
disposed to have the same construction as that of FIG. 28.

[0420] Using the visualizing apparatus 120, the lubricating
state when the lubricating oil was discharged from the
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nozzle 312 was observed with an electronic flash. As the
lubricating oil, there was used mineral oil VG22 (kinematic
viscosity: 22 mm?/s at a temperature of 40° C.)

[0421] The results of the performance test conducted
under the above environment are shown in FIG. 45. Here,
FIG. 45 is a graphical representation which shows varia-
tions in the discharge oil quantity with respect to the pipe
length. Specifically, FIG. 45 shows not only the variations
of the discharge oil quantities with respect to the lengths of
six pipes when a multi-distribution mechanism is used but
also the variations of the discharge oil quantity with respect
to the length of a pipe when a multi-distribution mechanism
is not used.

[0422] As shown in FIG. 45, little difference is found
between the case using the multi-distribution mechanism
and the case not using the multi-distribution mechanism;
and, similarly, little difference is found between the six pipes
in the case using the multi-distribution mechanism. That is,
even in case where a multi-distribution mechanism is addi-
tionally equipped, the superfine quantity lubricating pump
316 can maintain equivalent performance and also can
distribute the lubricating oil to the respective pipes substan-
tially uniformly.

[0423] The spindle lubricating apparatus according to the
third embodiment includes a multi-distribution mechanism
which is interposed between a lubricating oil supply unit and
a nozzle and distributively supplies a fine quantity of lubri-
cating oil to a plurality of bearings , that is, in a discharge
quantity of 0.0005 ml/shot -0.01 ml/shot, at a discharge
speed of 10 m/sec. -100 m/sec. Thanks to this, not only a fine
quantity of lubricating oil can be distributively supplied to
the plurality of bearings accurately and stably but also the
structure of the lubricating apparatus can be made simple
and compact. Therefore, an ideal lubricating state can
always be obtained in the interior portions of the bearings,
the stability of the bearing torque can be enhanced, and an
increase in the bearing temperature can be controlled down
to a low level.

[0424] (Fourth Embodiment)

[0425] Now, description will be given below in detail of a
lubricating apparatus according to a fourth embodiment of
the invention with reference to the accompanying drawings.

[0426] FIG. 46 is a block diagram of the principles of a
lubricating apparatus according to the fourth embodiment.

[0427] The lubricating apparatus 401 according to the
fourth embodiment includes a pump 403 for discharging
lubricating oil, a switch valve 407 connected to the lubri-
cating oil discharge port of the pump 403 through an oil pipe
(a pump-side pipe) 405, and a nozzle 413 connected to the
lubricating oil discharge port of the switch valve 407
through an oil pipe (a nozzle-side pipe) 409 for discharging
lubricating oil to a bearing 411.

[0428] The pump 403 may also be disposed in such a
manner that it is attached to a lubricating oil tank 439. This
pump 403 has a discharge quantity which is larger than the
discharge quantity of the nozzle 413. As the pump 403, there
can be used a pump of a piston type which can be driven
using air pressure or oil pressure, and an ordinary oil
pressure pump such as a gear pump.
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[0429] The switch valve 407 is interposed between the oil
pipes (pump-side pipe 405 and nozzle-side pipe 409), which
connect together the pump 403 and nozzle 413. The switch
valve 407 operates to close or open the oil pipes according
to the discharge pressure of the lubricating oil from the
pump 403. That is, in case where the discharge pressure of
the lubricating oil from the pump 403 is less than a given
pressure, the switch valve 407 closes the oil pipes to thereby
stop the discharge of the lubricating oil from the nozzle 413.
On the other hand, in case where the discharge pressure of
the lubricating oil from the pump 403 is equal to or more
than the given pressure, the switch valve 407 opens the oil
pipes to thereby discharge the lubricating oil, which is
supplied from the pump 403, from the nozzle 413 for a given
period of time. As the switch valve 407, for example, there
is used a so called rotary valve which closes and opens these
oil pipes using the rotation of a rotary member and, there-
fore, the switch valve 407 is capable of repetitively execut-
ing a series of operations to close and open the above-
mentioned oil pipes.

[0430] Next, description will be given below of the opera-
tion of the lubricating apparatus 401.

[0431] To discharge the lubricating oil to the bearing 411
using the lubricating apparatus 401, firstly, the pump 403 is
driven. The pressure of the pump 403 is transmitted through
the pump-side pipe 405 to the switch valve 407. Then, the
oil pipes are closed (OFF) by the switch valve 407 and the
pressure within the pump-side pipe 405 is increased by the
pump 403.

[0432] The switch valve 407 maintains the shut-off state
until the pressure within the pump-side pipe 405 increases
up to a sufficiently high level. That is, the switch valve 407
maintains the shut-off state until parts such as an O-ring
within the pump-side pipe 405 and pump 403, which can be
deformed greatly, are deformed sufficiently. This maintain-
ing operation is carried out by confirming an increase in the
pressure using a pressure switch, or by waiting for several
seconds after the start of driving of the pump 403.

[0433] After the oil pressure rise, by opening (turning on)
the switch valve 407 by a short time t, the pump pressure is
applied to the nozzle 413, so that the lubricating oil can be
discharged into the bearing 411 at a flow speed v and in a
discharge quantity q. That is, the switch valve 407 has not
only the function of cutting off the oil pressure to the nozzle
413 side but also the function of transmitting the oil pressure
to the nozzle 413.

[0434] Insome cases, to the front side of the switch valve
407, there are connected a plurality of oil pipes and nozzles.
In such case, oil pressure may be applied to the plurality of
nozzles at a time but, preferably, in case where the oil
pressure is switchingly applied to the nozzles one after
another, the oil supply quantities of the respective nozzles
can be stabilized. As the downstream-side parts (the switch
valve 407 itself, nozzle-side pipe 409, nozzle 413, and
connecting parts such as a joint for connecting them
together) of the switch valve 407, there are used parts which
are hard to deform against the pressure because a fine
quantity of lubricating oil flows through these parts in a short
time.

[0435] Next, description will be given below of the rela-
tionship between the discharge quantity from the nozzle 413
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and the opening time t of the switch valve 407. The flow
speed v (m/s) and discharge quantity q (m>/S shot) of the
lubricating oil to be discharged from the nozzle 13 are
expressed by the following expressions.

v=Cd-(2(p-Ap)/p)™®) ®
g=v-nd>t/4 &)

[0436] where, Cd expresses a flow coefficient, p: a pump
pressure (Pa), Ap: a pressure loss (Pa), p: a lubricating oil
density (kg/m>), d: a nozzle diameter (m), and t: the opening
time (s) of the switch valve, respectively.

[0437] Here, Cd is a flow coefficient, that is, a constant
which is determined by the shape of the nozzle and the
viscosity of the lubricating oil. In the case of a nozzle which
is used to lubricate a spindle, Cd is a constant which can be
substantially determined by the diameter of the nozzle, and
it takes a value of 0.9-0.5. And, Ap is a pressure loss
consisting mostly of the pressure loss of the oil pipe,
whereas the pressure loss of the switch valve 407 is normally
small. The pressure loss of the oil pipe, according to the
experimental results, corresponds well to an expression (10)
relating to the pipe friction of a laminar-flow viscous fluid.

Ap=32u-L-d*19 v/D* (10)
[0438] where u expresses a lubricating oil viscosity coef-
ficient (Pa-s), L: a pipe length (m), and D: a pipe inside
diameter (m), respectively.

[0439] In case where the pump pressure, lubricating oil
(lubricating oil density, lubricating oil viscosity coefficient)
and pipe (length, inside diameter) are set according to the
above expressions (8)-(10), the relationship between the
opening time t of the switch valve 407 and the discharge
quantity from the nozzle 413 is determined.

[0440] Normally, the opening time t of the switch valve
407 is assumed to be constant. The reason for this is as
follows. That is, in the operating condition of a spindle used
in a machine tool, the ambient temperature varies little and
the influence of variations in the viscosity of the lubricating
oil can almost be neglected and, therefore, the flow speed
and the oil supply quantity do not vary greatly and thus
stable lubrication is possible.

[0441] Also, the nozzle diameter, most preferably, may be
in the range of 0.08-0.3 mm. That is, in case where the
nozzle diameter is less than 0.08 mm, there is a possibility
that the nozzle 413 can be clogged with foreign objects; and,
in case where the nozzle diameter is equal to or more than
0.3 mm, it is difficult to secure the flow quantity of the
switch valve 407 and also the discharge quantity is caused
to vary greatly due to the influences of the oil pipe and
lubricating oil viscosity, which makes it difficult to secure
stable lubrication.

[0442] And, in order for the discharged lubricating oil to
be able to reach the interior portion of the bearing, the flow
speed v must be approximately 10-20% or more of the inner
ring peripheral speed of the bearing 411. In this case, the
higher the flow speed is, the better the lubricating condition
is. The pump pressure depends on the necessary flow speed.
Practically, use of an inexpensive oil pressure pump having
a pump pressure of approx. 2.5 MPa can provide a sufficient
discharge speed.

[0443] While the oil supply quantity necessary for the
bearing 411 varies greatly according to the conditions, the
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necessary oil supply quantity Q is approximately in the
range of 0.01-10 ml /hour (Q=0.01-10 ml/hour). Here, the
oil supply quantity per shot, preferably, may be in the range
of 0.0001-0.01 ml. The reason for this is as follows: that is,
in case where the oil supply quantity is 0.01 ml or less, the
torque variations of the bearing 411 in one oil supply shot do
not raise any problem; and, in case where the oil supply
quantity is less than 0.0001 ml, there is a possibility that a
sufficient flow speed cannot be obtained due to the com-
pressibility of the lubricating oil, the pressure deformation
of the oil pipe and the response characteristic of the switch
valve 407.

[0444] Also, the opening time t of the switch valve 407,
which is requested from the necessary discharge quantity, is
0.1-50 ms. For a valve which allows a fine quantity of
lubricating oil to flow there through, this opening time t is
an opening time which can be sufficiently realized.

[0445] Therefore, in case where the above-mentioned
operations, that is, the actuation of the pump 403, the
increase of the pressure within the pump-side pipe 405 due
to the closure of the switch valve 407, the opening of the
switch valve 407, and the deactuation of the pump 403 are
repeated at the time intervals satisfying the necessary oil
supply quantity Q (0.01-10 ml/hour) in accordance with the
opening time t of the switch valve 407 (0.1-50 ms) and the
discharge quantity q (0.01-0.0001 ml) per shot, stable lubri-
cation can be realized.

[0446] As described above, according to the lubricating
apparatus 401, in case where the discharge oil pressure from
the pump 403 is less than a given pressure, the oil pipe is
shut by the switch valve 407. On the other hand, in case
where the discharge oil pressure from the pump 403 is equal
to or more than the given pressure, the oil pipe is opened by
the switch valve 407, so that the lubricating oil from the
pump 403 can be discharged from the nozzle 413 for a given
time. For this reason, an expensive fine quantity lubricating
pump using an electromagnet or giant-magnetostrictive
material is not used but the inexpensive pump 403 is used to
be able to obtain a sufficient discharge speed. Thanks to this,
in a spindle which rotates at a high speed, stable lubricating
characteristics, that is, enhanced seizure resistance and
torque variation reduction can be realized. Also, the genera-
tion of the whizzing sounds of the rolling bodies, which
raises a problem in the oil-air lubricating apparatus and in
the oil mist lubricating apparatus, can be prevented. Further,
for the portion of the pump-side pipe 405 up to the switch
valve 407, there can be used a resin-made pressure-resistant
tube, which can enhance the design freedom of the pipe
arrangement.

[0447] Next, description will be given below of a first
example of the fourth embodiment, in which, using a
lubricating apparatus manufactured so as to have a similar
structure to the basic structure of the lubricating apparatus
401, the discharge of the lubricating oil is confirmed.

[0448] Here, FIG. 47 is a schematic view of the structure
of a lubricating apparatus according to the first example of
the fourth embodiment, and FIGS. 48A and 48B are plan
views of the main portions of the lubricating apparatus
shown in FIG. 47. By the way, in the present example, parts
thereof equivalent to those shown in FIG. 46 are given the
same designations and thus the duplicate description thereof
is omitted here.
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[0449] Inthe present example, a switch valve 407 includes
a fixed member 423 having a fixed sliding contact surface
421, and a rotary member 429 which has a movable sliding
contact surface 425 closely contactable with the fixed sliding
contact surface 421 and rotates the movable sliding contact
surface 425 in sliding contact with the fixed sliding contact
surface 421 about an axial line 427 perpendicular to the fixed
sliding contact surface 421. In the fixed sliding contact
surface 421 of the fixed member 423, more specifically, on
the circumference of the fixed sliding contact surface 421
with the axial line 427 as the center thereof, there are opened
up a discharge hole 431 to be connected to a pump 403 and
an oil feed hole 433 to be connected to a nozzle 413. In the
movable sliding contact surface 425 of the rotary member
42.9, more specifically, on the circumference of the movable
sliding contact surface 425 with the axial line 427 as the
center thereof, there is formed an arc-shaped slit 435 having
a center angle (in the present example, 70°) which is larger
than at least a center angle (in the present example, 50°)
formed between the discharge hole 431 and the oil feed hole
433.

[0450] The rotary member 429 can be rotated by a motor
437 which includes a transmission mechanism using a gear.
The pump 403 is attached to a lubricating oil tank 439. On
the pump 403, there is mounted a pressure switch 441 which
detects a discharge oil pressure from the pump 403. Also, a
controller 443 is connected to the motor 437, pump 403 and
pressure switch 441. The controller 443 sends a drive signal
to the pump 403; and, in case where it receives a detect
signal from the pressure switch 441 when the discharge oil
pressure is equal to or more than a given pressure, the
controller 443 sends a one-rotation drive signal to the motor
437 and, after then, it sends a drive stop signal to the pump
403. Further, the controller 443 is able to repeat this series
of operations at given time intervals. As the controller 443,
there can be used a programmable sequencer or a personal
computer.

[0451] In the present example, as the pump 403, there is
used a pump of a piston type which can be driven by air
pressure. However, as the pump 403, there can also be used
an ordinary oil pressure pump.

[0452] In the present example, as a pump-side pipe 405,
there is used a stainless steel pipe. However, this is not
limitative but, for example, it is also possible to use a
pressure-resisting tube which is formed of resin.

[0453] By the way, in FIG. 47, reference numeral 445
designates a spring for pressing the rotary member 429
against the fixed member 423, 447: a thrust bearing for
supporting the rotation shaft of the rotary member 429, and
449, 451, 453: pipe joints, respectively.

[0454] The switch valve 407 is structured such that, when
the close contact surfaces of the fixed sliding contact surface
421 and movable sliding contact surface 425 are matched to
each other by the force of the spring 445, the oil pressure can
be shut off and, when the discharge hole 431 and oil feed
hole 433 of the fixed member 423 are superimposed on the
slit 435 of the rotary member 429, the oil pressure can be
transmitted to the nozzle side. Since the close contact
surfaces of the fixed sliding contact surface 421 and mov-
able sliding contact surface 425 are requested to shut off the
oil pressure through their surface matching, the flatness
thereof is set at 0.5 um or less and the surface roughness
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thereof is set at 0.4 um Ra or less. In order that the operation
can be executed at a high speed, the discharge hole 431 and
oil feed hole 433 are formed small in size, that is, they are
respectively formed as a port having a hole diameter of 0.5
mm slightly larger than the diameter of the nozzle.

[0455] By the way, as the power for opening and closing
the switch valve 407, instead of the motor, there can also be
used an actuator of an oil pressure type, or an actuator of an
air pressure type.

[0456] The switch valve 407 is structured such that the
opening time t thereof can be controlled by controlling the

rotation speed N (min>' ') of the rotary member 429.
Opening time =06/360/(N/60) (s)
[0457] where, O expresses an angle at which the switch

valve 407 operates.
[0458]

[0459] In the present example, N is set at 600 min~
the opening time t is set at 5.6 ms.

In the present example, 8=70-50=20°°.

1 and

[0460] As the nozzle-side pipe 409, there is used a stain-
less steel pipe which has an inside diameter of 1 mm and an
outside diameter of 1.6 mm. Since this stainless steel pipe
can be bent relatively freely, it can be effectively arranged in
an actual spindle. Also, because this stainless steel pipe is
little expanded when pressure is applied thereto, it is suitable
as a pipe to be arranged in the present lubricating apparatus.

[0461] Using the lubricating apparatus manufactured in
the above manner, the discharge conditions of the lubricating
oil were confirmed. In this case, the lubricating oil was
discharged 300 shots, the total weight of the lubricating oil
discharged from the nozzle was measured, and the average
discharge quantity and discharge speed per shot were found
according to the specific gravity of the lubricating oil.

[0462] The discharge speed, as the average speed during
the opening time of the switch valve 407, was found from
(the discharge quantity)/(nozzle section area)/(opening
time). The measurement was made using the nozzle diam-
eter, pipe length and lubricating oil viscosity as parameters.

[0463] The results of the measurement are shown in
FIGS. 49-54. Specifically, FIG. 49 is a graphical represen-
tation of the relationship of the discharge speed with respect
to the pipe length with the nozzle diameter as a parameter;
FIG. 50 is a graphical representation of the relationship of
the discharge quantity with respect to the pipe length with
the nozzle diameter as a parameter; FIG. 51 is a graphical
representation of the relationship between the viscosity and
discharge speed with the nozzle diameter as a parameter;
FIG. 52 is a graphical representation of the relationship
between the viscosity and discharge quantity with the nozzle
diameter as a parameter; FIG. 53 is a graphical representa-
tion of the relationship between the pump pressure and
discharge speed with the nozzle diameter as a parameter;
and, FIG. 54 is a graphical representation of the relationship
between the pump pressure and discharge quantity with the
nozzle diameter as a parameter. By the way, as the lubri-
cating oil, there were used three kinds of lubricating oil,
VG10, VG22 and VG32, and the kinematic viscosity of the
lubricating oil at the room temperature of 25° C. in. the
measurement was taken as the horizontal axis.
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[0464] From the measurement results shown in FIGS.
49-54, it can be found that, by selecting the pressure,
viscosity, pipe length and nozzle diameter properly, a suf-
ficient discharge speed and a proper discharge quantity can
be obtained. For example, the peripheral speed of the inner
ring in d , N=3000000 is approx. 130 m/s and, in this case,
the minimum necessary speed is 10% of the inner ring
peripheral speed and thus it is equal to or more than 13 m/s.

[0465] Also, from the measurement results shown in
FIGS. 49-54, it can also be found that, as the nozzle
diameter decreases, the variations of the discharge quantity
with respect to the pipe length, lubricating oil viscosity and
pump pressure is small. That is, in the lubricating apparatus
401 according to the first example of the fourth embodiment,
by reducing the nozzle diameter, stable oil discharge can be
executed. This means that, in the above-mentioned expres-
sion (10), variations in the pressure loss Ap are small; and,
practically, in case where the parameter L-d*/D* relating to
the pipe in the expression (10) is set 533 10~ (m™) or less,
stable discharge speed and discharge quantity can be
obtained.

[0466] Here, FIG. 55 is a graphical representation of the
relationship between the flow coefficient, which is obtained
from the measurement results shown in FIGS. 49-54, and
the nozzle diameters. The flow coefficient makes it possible
to calculate the flow speed. In case where the discharge
speed found from the flow coefficient and the expression (8)
exceeds 10-20% of the inner ring peripheral speed, stable
lubrication can be realized.

[0467] Next, description will be given below of a lubri-
cating apparatus according to a second example of the fourth
embodiment.

[0468] Here, FIG. 56 is a plan view of the main portions
of the lubricating apparatus according to the second
example, and FIG. 57 is a plan view of the main portions of
a lubricating apparatus according to a modification of the
second example.

[0469] In the second example, the arrangement pattern of
the discharge hole 431, oil feed hole 433 and slit 435 of the
switch valve 407 in the previously described first example is
changed.

[0470] That is, in the fixed sliding contact surface 421 of
the fixed member 423, more specifically, on the circumfer-
ence of the fixed sliding contact surface 421 with the axial
line 427 as the center thereof, there are opened up a plurality
of oil feed holes 433 to be connected to a nozzle 413; and,
at the position of the axial line 427, there is formed a
discharge hole 431 to be connected to a pump 403. In the
movable sliding contact surface 425 of the rotary member
429, more specifically, there is formed a slit 435 which
extends along the radial direction from the axial line 427
position up to the position of the oil feed hole 433. That is,
in the present example, there is employed an arrangement
which includes one input and four outputs; and, when the
rotary member 429 is rotated once, four nozzles 413 sequen-
tially discharge the lubricating oil.

[0471] Further, in the second example, in order to improve
the excessive response of the switch valve 407, there is
formed a slit 436 on the periphery of each of the oil feed
holes 433 of the fixed member 423 and thus, when the rotary
member 429 is rotated, the increment of the opening area of
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the switch valve 407 with respect to the increment of the
rotation angle of the initial stage of the opening of the switch
valve 407 can be increased. According to this structure,
especially in case where the opening time of the switch valve
407 is reduced, an improvement effect can be provided.

[0472] Therefore, in the present example, in case where
the rotary member 429 is rotated with respect to the fixed
member 423 and the slit 435 formed in the movable sliding
surface 425 of the rotary member 429 is matched to the oil
feed hole 433 formed in the fixed sliding contact surface 421
of the fixed member 423, the switch valve 407 is opened (the
oil pipe is released), where by the lubricating oil from the
pump is discharged from the nozzle for a given period of
time. In this operation, since two or more units of the oil feed
hole 433 are formed on the circumference, each time the
rotary member 429 is rotated, the lubricating oil from the
discharge hole 431 can be supplied to the respective oil feed
holes 433; that is, in each rotation of the rotary member 429,
the lubricating oil can be supplied to two or more bearings.

[0473] Also, in the present example, there can also be
employed a structure of a type that, as shown in FIG. 57,
uses a linear movement. In this structure, a switch valve 407
is composed a fixed member 423 having a fixed sliding
contact surface 421 and a slide member 455 which has a
movable sliding contact surface 425 closely contactable with
the fixed sliding contact surface 421 and also allows the
movable sliding contact surface 425 to reciprocate in the
linear direction with respect to the fixed sliding contact
surface 421 in sliding contact with the fixed sliding contact
surface 421. And, in the fixed sliding contact surface 421 of
the fixed member 423, there are opened up a plurality of (in
the present structure, three) discharge holes 431 which are
spaced from each other in the linear direction of the fixed
member 423. The discharge hole 431 is formed within an
oblong-shaped slit 436 which extends at right angles to the
above-mentioned linear direction. Also, in the movable
sliding contact surface 425 of the slide member 455, there
are opened up a plurality of (in the present structure, three)
oil feed holes 433 to be connected to the nozzle 413 in such
a manner that they are formed in the linear direction at the
same intervals of the discharge holes 431. The oil feed hole
433 is formed within an oblong-shaped slit 435 which
extends at right angles to the above linear direction.

[0474] Therefore, the switch valve 407 has three inputs
and three outputs. In the switch valve 407 according to the
present modification, the fixed member 423 and slide mem-
ber 455 are moved reciprocatingly in the linear direction
while they are in sliding contact with each other; and, the
plurality of discharge holes 431 formed in the fixed slide
contact surface 421 of the fixed member 423 and the
plurality of oil feed holes 433 formed in the movable sliding
contact surface 425 of the slide member 455 are made to
communicate or are shut off at the same time. In this case,
the lubricating oil from the pump 403 can be discharged
from the nozzle 413 for a given period of time. According
to the present modification, since the slide member 455 is
reciprocatingly moved in the linear direction in a sliding
contact manner, as a drive source, a movable member of a
solenoid or a linear drive device such as a cylinder can be
used as it is.

[0475] Also, in the case of the switch valves respectively
shown in FIGS. 56 and 57, in case where the thicknesses of
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their respective slits are changed, the oil supply quantities to
the respective nozzles 413 can be changed. In a cylindrical
roller bearing, in some cases, the necessary oil supply
quantity thereof can be about %5 that of an angular bearing;
and, such change of the oil supply quantity according to the
second example is effective in such cases.

[0476] Next, description will be given below of a third
example of the invention in which the lubricating apparatus
discussed in the above first example is applied to an actually
used spindle with reference to FIG. 58.

[0477] A spindle apparatus 461 is a spindle apparatus for
use in a machine tool which is used to cool an outer cylinder;
and, in the interior portion of the spindle apparatus 461,
there is arranged a stainless-steel-made pressure resistant
tube 463 flexible with respect to a bending action and having
a diameter in the range of 1-3.2 mm (here, as an example,
an outside diameter of 1.6 mm and an inside diameter of 1.0
mm). The pressure resistant tube 463 is connected to a
nozzle frame 465. The stainless-steel-made pressure resis-
tant tube 463 can be easily bent by hand, can be little
expanded when pressure is applied thereto, and is suitable
for supply of a fine quantity of lubricating oil.

[0478] The spindle apparatus 461 includes a spindle shaft
469, a plurality of (in the illustrated example, four) rolling
bearings 471 for supporting the spindle shaft 469 in a freely
rotatable manner, an inside housing 473 for covering the
outside of the rolling bearings 471, and an outside housing
475 for covering the outside of the spindle apparatus 461. A
switch valve 407, which is a lubricating oil supply source, is
connected by the pressure-resistant tube 467 to the nozzle
frame 465 disposed within the inside housing 473 through a
communication hole 481 formed in the outside housing 475
along the axial direction thereof and an opening 479 formed
in the inside housing 473.

[0479] The outside housing 475 includes an outer cylinder
477 for enclosing the outer peripheries of the inner housing
473 as well as a rear cover 485 fixed to the end face of the
outer cylinder 477.

[0480] The rolling bearings 471 are arranged at given
intervals in the axial direction of the spindle apparatus 461
in such a manner that the two sets of two rolling bearings
471 respectively share and support the front and rear sides
of the spindle shaft 469; the outer rings of the rolling
bearings 471 are respectively fixed to the inner peripheral
surface of the inside housing 473; the outer ring of the
front-most rolling bearing 471 is contacted with and secured
to the front cover 487; and, the outer ring of the rear-most
rolling bearing 471 is secured to the inner housing 473
through the outer ring cover 474 while it is elastically
energized in the axial direction of the spindle apparatus 461
by a spring 489.

[0481] Also, the inner rings of the rolling bearings 471 are
respectively fitted with the outer peripheral surface of the
spindle shaft 469; and, in the front and rear groups of the
rolling bearings 471, between the rolling bearings 471, there
are interposed spacers for fixing the bearings 471 in the axial
direction of the spindle apparatus 461.

[0482] Also, as shown in FIG. 58, in the outside diameter
surface of the inside housing 473, there is formed a cooling
groove and thus cooling oil supplied from a cooling unit (not
shown) is allowed to circulate through the cooling groove,
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thereby being able to cool the spindle apparatus 461. That is,
the present spindle apparatus 461 is structured such that it
has a cooling function using a jacket cooling system. By the
way, in the present example, the spindle shaft 469 is sup-
ported horizontally. However, this is not limited but, for
example, in a case where the spindle apparatus is used in a
machining center, the spindle shaft 469 can also be used in
such a manner that it is supported vertically or obliquely.

[0483] As described above, since the lubricating apparatus
having the switch valve 407, pump 403, and nozzle frame
465 1s applied to the spindle apparatus 461 which is actually
used, it is not necessary to use an expensive fine quantity
lubricating pump using an electromagnet or a giant-magne-
tostrictive material, but a sufficient discharge speed can be
obtained using the inexpensive pump 403. For this reason, in
a spindle which is rotated at a high speed, stable lubricating
characteristics such as enhanced seizure resistance and
reduced torque variations can be realized. And, up to the
intermediate portion of the pipe arrangement, a resin pipe
464 can be used and, therefore, the design freedom of the
pipe arrangement can be enhanced, which makes it possible
to apply the spindle apparatus 461 to various spindle sys-
tems.

[0484] Next, description will be given below of a lubri-
cating apparatus according to a fourth example of the fourth
embodiment with reference to FIGS. 59A and 59B.

[0485] In the present example, as shown in FIG. 59A, a
switch valve 407 includes a cylindrical-shaped stator 503
having a fixed sliding contact surface 501 on the inner
peripheral surface thereof, and a rotor 507 which has a rotary
sliding contact surface 505 formed on the outer peripheral
surface thereof so as to be closely contacted with the fixed
sliding contact surface 501 and also can be rotated while the
rotary sliding contact surface 505 is in sliding contact with
the fixed sliding contact 501. Also, as shown in FIG. 59B,
in the fixed sliding contact surface 501 of the stator 503,
more specifically, in the radial direction of the fixed sliding
contact surface 501, there is opened up an oil feed hole 433
to be connected to a nozzle 413, while a plurality of oil feed
holes 433 are formed at intervals in the circumferential
direction of the stator 503. On the other hand, in the rotary
sliding contact surface 505 of the rotor 507, more specifi-
cally, in the radial direction of the rotary sliding contact
surface 505, there are opened up a plurality of discharge
holes 431 to be connected to a pump 403, while the
discharge holes 431 are formed at the same intervals as those
of the oil feed holes 433 in the circumferential direction of
the rotor 507.

[0486] In the present lubricating apparatus 401, the rotor
507 is driven and rotated in the interior portion of the stator
503 and, in case where the plurality of oil feed holes 433
formed in the fixed sliding contact surface 501 of the stator
503 are matched to the discharge holes 431 formed in the
rotary sliding contact surface 505 of the rotor 507, the
lubricating oil from the pump 403 can be discharged from
the nozzle 413 for a given period of time. The stator 503 and
rotor 507 can be structured in a movable fit manner, whereby
high-speed switching with low torque can be executed
easily. For example, it is possible to use a rotary solenoid
508 using a permanent magnet and an electromagnet. In this
case, there can be obtained a high-speed response charac-
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teristic and, when compared with an ordinary motor, a drive
circuit can be simplified, which makes it possible to reduce
the cost of an actuator.

[0487] In the present example, in order that many outputs
can be provided in the range of the operation angle of the
rotor 507 up to 90°, the rotor 507 is structured in the form
of a rotary valve which has one input and four outputs. The
rotor 507 can be driven and rotated from a 0, position to a
0, position or from the 6, position to the 6, position. In case
where the rotation angle from the initial position of the rotor
507 is in the position of approx. 40-50°, the discharge hole
431 and oil feed hole 433 are allowed to communicate with
each other and thus the lubricating oil can be discharged
from the nozzle 413. At the 8, position or 8, position, the
discharge hole 431 and a relief port 509 are allowed to
communicate with each other, so that the lubricating oil is
returned through a relief valve 510 to a lubricating oil tank
439. Since the rotary valve is structured such that it seals the
lubricating oil with a fitting clearance, the relief port 509 is
formed so as to be able to prevent a slight quantity of
lubricating oil from leaking to the oil feed hole 433. By the
way, in case where the time to turn on the pump 403 is
shortened, the leakage of the lubricating oil to the oil feed
hole 433 is very small and, therefore, in this case, it is not
necessary to form the relief port 509.

[0488] In addition, as a modification of the fourth
example, there is proposed a lubricating apparatus with a
rotor and a stator shown in FIGS. 60A and 60B, that is
different from those of FIGS. 59A and 59B, so that we
refrain detailed explanation of the structure and operation
thereof. Specifically, a discharge hole 504 connected to the
pump 403 is formed in the stator 503, and the lubricating oil
discharged from the discharge hole 504 is fed to the four oil
feed holes 433 through an oil passage 506 formed in the
rotor 507.

[0489] Next, description will be given below of a lubri-
cating apparatus according to a fifth example of the fourth
embodiment.

[0490] FIG. 61 is a schematic view of the structure of a
lubricating apparatus according to the fifth example, FIGS.
62A and 62B are schematic views of a fixed member and a
rotary member employed in a switch valve, and FIG. 63 is
a graphical representation of a speed instruction to be
outputted to a motor from a controller.

[0491] In the fifth example, using a switch valve 407,
lubricating oil is supplied to a spindle apparatus 462 which
employs two ceramic-ball angular contact ball bearings 411
each having an inside diameter of 65 mm.

[0492] The two bearings 411 are disposed respectively on
the two end sides (A row, B row) of the spindle apparatus
462 such that they are spaced from each other in the axial
direction of the spindle apparatus, while a nozzles 413 is
disposed on each of the bearings 411 in such a manner that
the discharge port of the nozzle 413 faces the interior portion
of the bearing 411.

[0493] Referring here to the structure of the switch valve
407, as the fixed member 423 thercof is shown in FIG. 62A
and the rotary member 429 thereof is shown in FIG. 62B,
the switch valve 407 uses the two outputs of a rotary valve
having one input and five outputs. That is, in the central
portion of the fixed member 423, there is formed a discharge
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hole 431 and, at given radius positions thereof, there are
formed total of five oil feed holes 433 at the interval of 60°.
On the other hand, in the rotary member 429, from the center
thereof up to the above-mentioned radius position, there is
formed a slit having a width of 0.5 mm in the radial direction
of the rotary member 429. And, in case where the rotary
member 429 is driven and rotated, the lubricating oil sup-
plied from the discharge hole 431 of the fixed member 423
is introduced into the slit 435 of the rotary member 429; and,
when the oil feed hole 433 is superimposed on the outside
of the slit 435 in the radial direction thereof, the lubricating
oil is fed from the oil feed hole 433.

[0494] A controller 443 increases the pressure of an oil
pump 403 intermittently (in the present example, once a
minute) and, after confirmation of the increased pressure,
gives a motor 437 a speed instruction corresponding to the
rotation angle of the motor 437 to thereby rotate the motor
437 once. That is, as shown in FIG. 63, in case where the
rotation angle of the motor 437 is 0° (360°), the rotation
speed of the motor 437 is set at 300 min~*; for the rotation
angle of 60°, the rotation speed is increased up to 900 min™?;
and, in case where the rotation angle is in the range of
60°-300°, the rotation speed of 900 min~ is maintained.

[0495] And, when the rotary member 429 rotates and the
slit 435 of the rotary member 429 is superimposed on the oil
feed hole 433, pressure is applied to the leading end portion
of the nozzle connected to the oil feed hole 433 so that the
lubricating oil can be discharged. According to our test, it is
found that, in case where the discharge quantity per shot is
0.0014 ml, the discharge speed is 50 m/s.

[0496] Also, in the present example, in front of the switch
valve 407, there is disposed a lubricating oil filter 470. As
the lubricating filter 470, there can be used a glass-wool or
quartz-wool filter of a small pressure loss or a sintered-
material filter of the granularity of about 0.5 um having a
large flow capacity. Use of such filter 470 can prevent the
fixed sliding contact surface 421 and movable sliding con-
tact surface 425 from being roughened by foreign sub-
stances, which makes it possible to extend the life of the
valve. In order to secure the sealing performance, preferably,
the respective sliding contact surfaces 421, 425 may have a
flatness deviation of 0.5-less than 1.0 um and a surface
roughness of less than 0.02 Ra.

[0497] Referring to the material of the respective sliding
contact surfaces 421, 425, since the fixed member 423 is
made of hardened steel such as tool steel (SK) and stainless
steel (SUS), the high hardness of the fixed member 423 can
prevent the sliding contact surfaces 421, 425 against wear.
Also, in case where a nitriding treatment, a WC/C coating,
or a DLC (diamond-like hard carbon) coating is applied to
the sealing surface of the fixed member 423, the wear proof
of the fixed member 423 can be enhanced further. Because
a WC/C coated surface, or a DLC coated surface has a small
coefficient of friction, the drive torque of the motor can be
reduced. Also, as the material of the rotary member 429,
there can be used similar material or, in order not to damage
its mating surface, there can also be used resin such as PEEK
(polyether ether-ketone) which is lower in hardness than the
fixed member 423.

[0498] Now, FIGS. 64A and 64B are graphical represen-
tations of the results (temperature record chart) of a rotation
test conducted on the fifth example; specifically, in the
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rotation test, the present example was compared with the
conventional oil-air lubricating method. In the conventional
oil-air lubricating method shown in FIG. 64A, a quantity of
0.03 ml of lubricating oil is discharged every 16 minutes,
which causes the temperature to pulsate every 16 minutes.
On the other hand, in the lubricating method according to the
present example shown in FIG. 64B, since a discharge
quantity per shot is 0.0014 ml, that is, very small, variations
in the quantity of the lubricating oil within the bearing are
reduced, which in turn reduces variations in the rolling
resistance thereof. As a result of this, the temperature can be
prevented against pulsation and thus stable rotation can be
realized.

[0499] Now, FIG. 65 is a graphical representation of the
results of noises respectively generated from a spindle
apparatus using the conventional oil-air lubricating method
and a spindle apparatus using a lubricating method accord-
ing to the present example, while the noises were respec-
tively measured at a place 1 m before the spindle and were
compared with each other. In the lubricating method accord-
ing to the present example, since no air is sprayed onto the
bearing, the generation of the whizzing noise could be
eliminated, so that the noise value could be reduced.

[0500] By the way, in the present example, instead of a
specific-purpose electromagnetic valve, there can also be
used an ordinary electromagnetic valve having a high
response characteristic such as a high-speed electromagnetic
valve using a commercial poppet valve.

[0501] As has been described in detail heretofore, accord-
ing to a lubricating apparatus of the fourth embodiment of
the invention, a switch valve is interposed between oil pipes
for connecting together a pump and a nozzle, the switch
valve closes the oil pipes when the discharge oil pressure
from the pump is less than a given pressure, and, when the
discharge oil pressure from the pump is equal to or higher
than the given pressure, the switch valve opens the oil pipes
to thereby allow the oil supplied from the pump to be
discharged from the nozzle for a given period of time.
Thanks to this, without using an expensive fine quantity
lubricating pump using an electromagnet or a giant-magne-
tostrictive material, there can be obtained a sufficient dis-
charge speed using an inexpensive pump and, in a spindle of
high-speed rotation, stable lubrication characteristics, that is,
enhanced seizure resistance and reduced torque variations
can be realized. And, it is also possible to eliminate the
generation of the whizzing noises of the rolling bodies that
raises a problem in the conventional oil-air and oil mist
lubricating methods. Further, in the portion of the pipe that
extends up to the switch valve, there can be used an O-ring
or a resin-made pressure resisting tube, which can enhance
the design freedom of the pipe arrangement.

[0502] (Fifth Embodiment)

[0503] Now, description will be given below in detail of a
lubricating apparatus according to a fifth embodiment of the
invention with reference to the accompanying drawings.

[0504] FIG. 66 is a schematic view of the principles of a
lubricating apparatus according to the fifth embodiment of
the invention; FIG. 67 is an explanatory view of the
operation of the lubricating apparatus shown in FIG. 66,
showing a state thereof in which a oil pressure pump is on;
and, FIG. 68 is an explanatory view of the operation of the
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lubricating apparatus shown in FIG. 66, showing a state
thereof in which the oil pressure pump is off.

[0505] A lubricating apparatus 601 according to the
present embodiment is structured such that an oil pressure
pump 605 is connected to a fixed quantity valve 603. The oil
pressure pump 605 is connected to the fixed quantity valve
603 through a hydraulic main pipe 607 and, when in
operation, can pressurize (ON) or depressurize (OFF) the oil
to be discharged into the hydraulic main pipe 607.

[0506] The fixed quantity valve 603 is mainly composed
of a discharge cylinder 609, a three-way valve 611 and an oil
storage cylinder 613. In the interior portion of the discharge
cylinder 609, there is mounted a discharge piston 615. On
one-end side of the discharge piston 615 in the moving
direction thereof, there is formed an oil supply chamber 617;
and, on the other end side thereof, there is formed a
hydraulic chamber 619. To the oil supply chamber 617, there
is connected a discharge port 621, whereas the hydraulic
main pipe 607 is connected to the hydraulic chamber 619.
Also, the discharge piston 615 is normally energized by
spring means 623 toward the hydraulic chamber 619 formed
in the discharge cylinder 609.

[0507] The energizing force of the spring means 623 is set
smaller than the moving force of the discharge piston 615
when the oil pressure from the oil pressure pump 605 is
applied to the hydraulic chamber 619. That is, in case where
the oil pressure pump 605 is on, the discharge piston 615 can
be moved toward the oil supply chamber 617 side. Due to
the movement of the discharge piston 615 toward the oil
supply chamber 617 side, oil filled in the oil supply chamber
617 can be discharged from the discharge port 621 onto a
bearing (not shown).

[0508] To the three-way valve 611, there are connected the
hydraulic main pipe 607, an oil supply passage 625 to be
connected to the oil supply chamber 617, and an oil storage
passage 627 to be connected to the oil storage cylinder 613.
In the present embodiment, the three-way valve 611 is
structured such that an umbrella valve 629 is mounted in the
interior portion thereof. The umbrella valve 629 is normally
energized by spring means 631 in a direction to close the oil
supply passage 625 and oil storage passage 627. The
umbrella valve 629 includes an umbrella valve main body
633 and, on the outer periphery of the umbrella valve main
body 633, there is disposed a flexible umbrella piece 635.
The operation of the flexible umbrella piece 635 is as
follows: that is, in a state that the umbrella valve main body
633 is energized by the spring means 631, when the oil
pressure from the hydraulic main pipe 607 is applied to the
flexible umbrella piece 635, the flexible umbrella piece 635
is reduced in diameter to thereby allow the hydraulic main
pipe 607 and oil storage passage 627 to communicate with
each other.

[0509] On the other hand, when the oil pressure from the
hydraulic main pipe 607 disappears from the umbrella valve
629 and thus the umbrella valve 629 receives the oil pressure
from the oil storage passage 627, the umbrella valve main
body 633 is moved against the energizing force of the spring
means 631 in a direction to move away from the oil supply
passage 625 (a direction to open the oil supply passage 625).
Also, at the then time, the flexible umbrella piece 635 is
enlarged in diameter to thereby close the hydraulic main
pipe 607. That is, the umbrella valve main body 633, which
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has closed the hydraulic main pipe 607, is moved in the
direction to open the oil supply passage 625, whereby the oil
storage passage 627 and oil supply passage 625 are allowed
to communicate with each other.

[0510] An oil storage piston 637 is mounted in the interior
portion of the oil storage cylinder 613. On one-end side of
the oil storage cylinder 613 in the moving direction of the oil
storage piston 637, there is formed an oil storage chamber
639. The oil storage chamber 639 is connected to the oil
storage passage 627. The oil storage piston 637 is normally
energized toward the oil storage chamber 639 side by spring
means 641.

[0511] That is, the oil storage chamber 639 of the oil
storage cylinder 613 can be made to communicate with the
oil supply chamber 617 of the discharge cylinder 609 due to
the flow passage switching operation by the three-way valve
611. Also, the oil storage chamber 639 and oil supply
chamber 617 are formed such that they have the same
internal capacity.

[0512] Next, description will be given below of the opera-
tion of the thus-structured lubricating apparatus 601.

[0513] Firstly, when the oil pressure from the oil pressure
pump 605 is on, as shown in FIG. 67, the umbrella valve
629 is pressed against a [} surface to thereby shut off the
hydraulic main pipe 607 and oil supply passage 625 from
each other. Also, the discharge piston 615 is moved toward
the oil supply chamber 617 side (upper side in FIG. 67) due
to the oil pressure from the hydraulic main pipe 607 to
thereby allow the oil stored in the oil supply chamber 617 to
be discharged from the discharge port 621.

[0514] At the same time, the flexible umbrella piece 635
of the umbrella valve 629 is reduced in diameter (closed up)
to thereby open an a portion, the oil flows through the oil
storage passage 627 into the oil storage cylinder 613 to press
against the oil storage piston 637 downward in FIG. 67, and
the oil is stored into the oil storage chamber 639 formed
within the oil storage cylinder 613.

[0515] In this case, the quantity of oil stored into the oil
storage chamber 639 becomes equal to the quantity of oil
discharged from the oil supply chamber 617. When the oil
pressure is switched off by the oil pressure pump 605, as
shown in FIG. 68, the oil storage piston 637 is returned to
its original position (a position on the upper side in FIG. 68)
due to the spring means 641. Also, in case where the oil
pressure is switched off, the flexible umbrella piece 635 of
the umbrella valve 629 is enlarged in diameter to thereby
close the a portion and, therefore, the oil, when the oil
storage piston 637 returns to its original position, presses
against the umbrella main body 633 slightly downward in
FIG. 68 to thereby open the § surface, so that the oil moves
through the oil supply passage 625 into the discharge
cylinder 609.

[0516] The discharge cylinder 609 is returned to its origi-
nal position (a position on the lower side in FIG. 68) due to
the oil from the oil storage cylinder 613 as well as due to the
energizing force of the spring means 623. In this manner, the
oil to be discharged next is filled into the oil supply chamber
617 and thus preparation for the next discharge of oil is
completed. From now on, similar operations are executed
repeatedly so that a given quantity of oil is discharged from
the discharge port 621.
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[0517] According to the present lubricating apparatus 601,
in the fixed quantity valve 603 using the umbrella valve 629,
the discharge cylinder 609 and oil storage cylinder 613 are
disposed separately and two pistons are used. Therefore, it
is easy to reduce the diameters of the respective cylinders,
so that a fine quantity of the order of 0.001 ml of oil can be
discharged stably.

[0518] Inthe direct jet lubrication, not only a fine quantity
of oil must be discharged but also the oil must be discharged
at a high speed. For example, in order that a quantity of
0.003 ml of oil can be discharged from the nozzle at a
discharge speed of 30 m/s, the operation of the piston must
be executed for the below-mentioned time: that is,

[0519] (discharge
speed) 13 ms.

[0520] In the conventional lubricating apparatus, since
only one piston is used, the oil discharge pressure is always
lower than the oil supply pressure due to the spring of the
piston, which makes it difficult to discharge oil at a high
speed. On the other hand, in the lubricating apparatus 601
according to the present embodiment, due to use of two
pistons, the oil discharge pressure can be raised, so that the
high-speed discharge of the oil is possible. For example, in
case where the area of the C surface of the drive part of the
discharge cylinder 609 shown in FIG. 66 is set larger than
the area of the discharge part (oil pressurizing surface), the
discharge piston 615 can be pushed with a large force and
thus the discharge piston 615 can be moved at a high speed.
This can realize the high-speed discharge of oil that has been
difficult in the conventional lubricating apparatus.

quantity)/(nozzle  area)/(discharge

[0521] Therefore, according to the lubricating apparatus
601, since the discharge cylinder 609 and oil storage cylin-
der 613 are disposed separately, when compared with the
conventional lubricating apparatus in which oil is stored
within a cylinder disposed on one end side of a piston and
the oil is discharged on the opposite side of the piston, there
are eliminated limits on the dimensions of a seal member
and a return spring, there by being able to facilitate the
reduction of the diameters of the discharge cylinder 609 and
oil storage cylinder 613. Also, use of two pistons makes it
possible to set the oil operation area of the discharge piston
615 larger than the oil pressurizing area thereof; and, there-
fore, the discharge piston 615 can be pushed with a large
force and thus a high-speed stroke can be realized. Thanks
to this, discharge of a fine quantity of (of the order of 0.001
ml) of oil at a high speed can be realized using a low-cost
and simple structure when compared with the lubricating
apparatus which uses an electromagnet or a giant-magneto-
srictive material.

[0522] Next, description will be given below of the results
of a test conducted on the performance of a lubricating
apparatus actually manufactured in such a manner that it
employs, as a basic structure thereof, a structure based on the
above-mentioned principles.

[0523] FIG. 69 is a schematic view of the structure of a
lubricating apparatus according to the present embodiment.
FIG. 70A is an explanatory view showing a stop plug being
a fitting and FIG. 70B is an explanatory view showing an air
bleeding plug being the fitting. FIG. 71 is a graphical
representation of the displacement amounts of a discharge
piston per unit time in a lubricating apparatus which
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includes a drive piston having an idling section. FIG. 72 is
a graphical representation of the displacement amounts of a
discharge piston per unit time in a lubricating apparatus
which includes a drive piston having no idling section.

[0524] The structure of the lubricating apparatus 700
manufactured according to the present embodiment is basi-
cally the same as the structure of the previously described
lubricating apparatus 601. Therefore, in the present embodi-
ment, the same parts thereof as those employed in the
lubricating apparatus 601 are given the same designations
and thus the description thereof is omitted here.

[0525] An oil pressure pump 605 is annexed to a lubri-
cating oil tank 701. The hydraulic main pipe 607 of the oil
pressure pump 605 is connected to the housing 705 of a fixed
quantity valve 703. To the discharge port 621 of a discharge
cylinder 609, there is connected a discharge pipe 709
through a fitting 707. The discharge pipe 709 is made of a
stainless steel pipe having an outside diameter of 1.6 mm
and an inside diameter of 1 mm. On the leading end portion
of the discharge pipe 609, there is disposed a nozzle frame
711, while the nozzle frame 711 is mounted in such a manner
that a nozzle 715 is disposed opposed to a bearing 713.

[0526] On the hydraulic chamber 619 side of the discharge
cylinder 609, there is mounted a drive piston 717 which can
be moved by the oil of the hydraulic chamber 619 to thereby
press and drive a discharge piston 615. The oil operation
area of the drive piston 717 is set larger than the oil
pressurizing area of the discharge piston 615. The drive
piston 717 is energized by a drive piston return spring 719
in a direction to part away from the discharge piston 615.
Between the discharge piston 615 and drive piston 717, there
is formed an idling section 721. This idling section 721 is
opened through an air bend 723 to the outside of the housing
705.

[0527] Oil from the hydraulic main pipe 607 connected to
the housing 705 pressurizes the hydraulic chamber 619 side
of the drive piston 717 and thus the drive piston 717 is
moved toward the discharge piston 615 side; and, after the
drive piston 717 moves through the idling section 721, it is
butted against and contacted with the discharge piston 615.
In FIG. 69, reference numeral 725 designates a suction
stopper, 727: a discharge stopper, and 729: an O-ring,
respectively.

[0528] On the other hand, an oil storage cylinder 613 is
disposed in the housing 705. After an oil storage piston 637
is mounted into the oil storage cylinder 613, the oil storage
cylinder 613 is sealed by a setscrew 731. In FIG. 69,
reference numeral 733 designates a stop pin, 735: a piston
sleeve, and 737: an O-ring, respectively.

[0529] On the housing 705, there is disposed an air bleed-
ing joint 739 which is in communication with the three-way
valve 611. Astop plug 741 or an air bleeding plug 743 shown
in FIGS. 70A and 70B can be selectively engaged thread-
edly with the air deflation joint 739 in a removable manner.
In case where the air deflation plug 743 is threadedly
engaged with the air bleeding joint 739, the pin portion 743a
of the air deflation plug 743 presses against the umbrella
valve 629 downward in FIG. 69, thereby allowing the
hydraulic main pipe 607 and oil supply passage 625 to
communicate with each other.

[0530] The basic operation of the lubricating apparatus
700 is the same as the operation of the previously described
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lubricating apparatus 601. The discharge cylinder 609 and
oil storage cylinder 613 respectively have the diameter of 2
mm and the stroke of them is 1 mm, while a theoretical
discharge quantity is 0.0031 ml/shot. This is a small cylinder
diameter that cannot be realized in the conventional fixed
quantity valve, while such small cylinder diameter makes it
possible to discharge a fine quantity of oil.

[0531] For realization of high-speed discharge of oil, in
the present embodiment, there is used the drive piston 717.
The oil operation area of the drive piston 717 is about ten
times the oil pressurizing area of the discharge piston 615
and, therefore, the discharge piston 615 can be driven with
a large force. Also, the stroke of the drive piston 717 is 3
mm. The front half section of the stroke, 2 mm, is the idling
section 721, while the rear half section thereof, 1 mm, is a
section where the drive piston 717 pushes the discharge
piston 615. Therefore, due to the fact that the pressure of the
oil pressure pump 605 can be raised sufficiently in the idling
section 721 to thereby generate inertia in the drive piston
717, the discharge piston 615 can be moved at a high speed.

[0532] In the oil flow passage from the oil supply passage
625 to the nozzle frame 711, in order to be able to discharge
a fine quantity of oil at a high speed, use of parts such as an
O-ring which can be deformed greatly due to pressure is
avoided as much as possible. The discharge cylinder 609 and
air bleeding joint 739 are pressure inserted into the housing
705 without using any O-ring. Between the discharge port
621 and nozzle frame 711, there is used an SUS pipe which
is deformed only slightly against pressure. In the discharge
piston 615, there is used an O-ring. However, a fitting
clearance between the discharge cylinder 609 and discharge
piston 715 is set small, that is, of the order of 5 ym and the
fitting portion is formed long, that is, approx. 10 mm,
thereby reducing the deformation of the O-ring in the oil
discharging operation.

[0533] The air bleeding joint 739 is used to bleed air
within the portion of the pipe existing upstream of the oil
supply passage 625. In order to be able to discharge a fine
quantity of oil at a high speed, it is important to deflate air
within the pipe completely. In the present lubricating appa-
ratus 700, since the oil discharge quantity is very small, it is
difficult to deflate air within the pipe only by repetition of
normal dischargings. Here, provision of the air bleeding
joint 739 can facilitate the deflation of air. That is, such an
air deflation plug 743 as shown in FIG. 70B, which includes
a fine pin portion 743a in the leading end thereof, is
threadedly engaged with the air bleeding joint 739; and, after
then, in case where the umbrella valve 629 is depressed
downward in FIG. 69, when the oil pressure pump 605 is on,
oil is allowed to flow into the oil supply passage 625, so that
the air bleeding can be carried out simply. After the air
bleeding is completed, the air bleeding plug 743 is replaced
with the pin-less stop plug 741 and a normal operation is
executed. By the way, air can also be bleeded from the air
bleeding joint 739 by feeding oil using a hand-operated
pump such as a syringe.

[0534] Also, for prevention of the poor air bleeding, no
spring is used in the oil flow passage of the three-way valve
611 and in its following oil flow passages. In the conven-
tional fixed quantity valve, since only one piston is provided,
a spring must be disposed within oil. For this reason, air is
easy to attach to the coil portion of the spring, which makes
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it difficult to deflate air completely. On the other hand, in the
present lubricating apparatus 700, it is not necessary to use
a coiled spring in the oil discharge passage at all, which
makes it possible to employ a structure capable of deflating
air from the fixed quantity valve completely: that is, the air
deflation can be executed simply and positively.

[0535] The confirmed results of the dischargings in the
present lubricating apparatus 700 are as follows:

[0536] [Conditions]

[0537] Oil pressure pump: Air pressure driven pump (dis-
charge pressure=2 MPa)

[0538] Lubricating oil: VG 22
[0539] Nozzle diameter: 0.1 mm
[0540] Pipe: Inside diameter of 1 mm, length of 1 m

[0541] Discharge quantity measured result: 0.0022
ml/shot (average value of 50 shots)

[0542] Piston moving speed: 90 mm/s (MAX)
[0543] Discharge speed: approx. 27 m/s

[0544] The above discharge quantity was obtained in such
a manner that the weights of 50 shots were measured and the
average of the measured weights was regarded as the dis-
charge quantity. The moving speed of the piston was
obtained by measuring the A position of the discharge piston
615 shown in FIG. 69 using a displacement sensor. The
discharge speed from the nozzle frame 711 can be found
according an expression; that is, (the piston moving speed)x
(piston area)/(nozzle area)x(discharge efficiency). Here, the
discharge efficiency was obtained from (the measured dis-
charge quantity)/(theoretical discharge quantity).

[0545] Referring to the displacement of the discharge
piston 615, it was confirmed that the movement of the
discharge piston 615 when the idling stroke of the drive
piston 717 is set 2 mm as shown in FIG. 71 is faster than
when the idling stroke is set 0 mm as shown in FIG. 72.

[0546] In lubrication of a rolling bearing, a discharge
speed necessary for oil to reach the interior portion of the
bearing is about 10% of the peripheral speed of the inner
race of the bearing. Therefore, in the case of dm'N is
3000000 (where dm expresses the pitch circle diameter (unit
is mm) of the bearing and N expresses the rotation speed
(unit is min™") of the bearing, the inner ring peripheral speed
at the high-speed rotation is 150 m/s. This shows that the
bearing can be lubricated sufficiently at the discharge speed
of the present lubricating apparatus 700 (15 m/s<approx. 27
m/s).

[0547] Also, in the present lubricating apparatus 700, in
case where there is formed in front of the discharge port 621,
a portion in which air and oil can be mixed together, it can
also be used as a mixing valve in the oil-air lubricating
method. In this case, oil can be discharged in a quantity
which is about %10 of the conventional shot quantity in the
range of 0.01-0.03 ml, thereby being able to prevent the
pulsation of the bearing temperature that has been caused
every shot interval in the conventional lubricating method.
In case where the present lubricating apparatus 700 is used
as a fixed quantity valve in the oil-air lubricating method, the
drive piston 717 can be omitted, thereby being able to
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simplify the present structure into a structure in which the
discharge piston 615 can be pushed directly with the oil
pressure.

[0548] 1In the oil-air lubrication, preferably, in addition to
the present structure, there may be disposed in front of the
discharge port 621, a check valve for preventing air from
flowing backward. In case where the present lubricating
apparatus 700 is used in the oil-air lubricating method, it can
be simplified further in structure; for example, the discharge
piston 615 shown in FIG. 69 can be omitted and the oil
supply passage 625 as it is can be used as the discharge port
621 (in this case, when the oil pressure is off, the oil storage
piston 637 is returned due to the spring, which causes oil to
be discharged).

[0549] As has been described heretofore in detail, accord-
ing to the lubricating apparatus of the fifth embodiment,
since the discharge cylinder and oil storage cylinder are
disposed separately, when compared with the conventional
lubricating apparatus in which oil is stored within the
cylinder on one side end of a single piston and the oil is
discharged on the opposite side, the limits on the dimensions
of the seal member and return spring can be reduced, which
can facilitate the reduction of the diameters of the discharge
cylinder and oil storage cylinder. Also, due to provision of
two pistons, the oil operation area of the discharge piston can
be set larger than the oil pressurizing area, so that the
discharge piston can be pushed with a large force and thus
a high-speed stroke can be realized. As a result of this, using
a low-cost and simple structure when compared with a
lubricating apparatus using an electromagnet or a giant-
magnetostrictive material, a fine quantity of the order of
0.001 ml of oil can be discharged at a high speed.

[0550] (Sixth Embodiment)

[0551] Now, description will be given below in detail of a
spindle apparatus according to a sixth embodiment of the
invention with reference to the accompanying drawings.

[0552] FIG. 73 is a schematic view of the structure of a
first embodiment of a spindle apparatus according to the
invention. A spindle apparatus 800 according to the sixth
embodiment is a spindle apparatus for a machine tool of a
jacket cooling type structured such that a pressure-resisting
tube 810, which is made of stainless steel and has 1-3.2 mm
(here, as an example, outside diameter of 1.6 mm and inside
diameter of 1.0 mm) so as to be flexible against bending, is
arranged in the spindle apparatus 800 and is connected to a
nozzle frame 812. This stainless-steel-made pressure-resist-
ing tube, especially bright annealed stainless tube 810, can
be easily bent by hand and is little expanded against pres-
sure, that is, this is a tube suitable for supply of a fine
quantity of lubricating oil.

[0553] The spindle apparatus 800 comprises a spindle
shaft 814, a plurality of (in the illustrated embodiment, four)
rolling bearings 816 for supporting the spindle shaft 814
rotatably, an inner housing 818 for covering the outside of
the rolling bearings 816, and an outer housing 820 for
covering the outside of the spindle apparatus 800; and, in the
spindle apparatus 800, a fine quantity lubricating apparatus
822 serving as a supply source of lubricating oil is connected
by the pressure-resisting tube 810 up to the nozzle frame 812
disposed within the inner housing 818 through a communi-
cation hole 824 formed in the outer housing 820 along the
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axial direction thereof for supply of the lubricating oil and
an opening 886 formed in the inner housing 818.

[0554] The outer housing 820 includes an outer cylinder
825 for enclosing the outer peripheries of the inner housing
818 and a rear cover 832 fixed to the end face of the outer
cylinder 8285.

[0555] The rolling bearings 816 are arranged at given
intervals in the axial direction of the spindle shaft 814 to
form themselves in front and rear groups of two so that the
front and rear groups can share and support the front and rear
sides of the spindle shaft 814. The outer rings of the
respective rolling bearings 816 are respectively fixed to the
inner peripheral surface of the inner housing 818. The outer
ring of the front-most rolling bearing 816 is contacted with
and secured to the front cover 834, whereas the outer ring of
the rear-most rolling bearing 816 is secured to the outer ring
cover 836 while it is elastically energized in the axial
direction of the outer cylinder 828 by a spring 838.

[0556] Also, the inner rings of the rolling bearings 816 are
respectively fitted with the outer peripheral surface of the
spindle shaft 814 and, on the front and rear sides thereof,
between the rolling bearings 816, there are interposed spac-
ers for fixing the bearings 816 in the axial direction of the
spindle shaft 814.

[0557] Also, as shown in FIG. 73, there is formed a
cooling groove 842 in the outside diameter surface of the
inner housing 818; and, by allowing cooling oil from a
cooling unit (not shown) to circulate through the cooling
groove, the outer housing 820 can be cooled. That is, the
present spindle apparatus 800 has a cooling function using
a jacket cooling system. By the way, in the present embodi-
ment, the spindle shaft 814 is supported horizontally. How-
ever, this is not limitative but, for example, in the case of a
spindle apparatus for use in a machining center, the spindle
shaft 814 can be used in such a manner that it is supported
vertically or obliquely.

[0558] Next, description will be given below of the fine
quantity lubricating apparatus 822.

[0559] FIG. 74 is a schematic view of the structure of the
fine quantity lubricating apparatus 822. As shown in FIG.
74, the fine quantity lubricating apparatus 822 includes a rod
body 846 made of a giant-magnetostrictive element having
a positive characteristic, while one end portion 846a of the
rod body 846 in the axial direction thereof is fixed through
apreload adjust mechanism 848 to a case 850. This rod body
846, when a magnetic field is applied thereto, can be
expanded in the axial direction thereof due to a magneto-
strictive phenomenon (Joule effect).

[0560] As the preload adjust mechanism 848, for example,
there can be used a screw mechanism which, when it is
rotated, is projected in the axial direction of the rod body 846
to thereby be able to press against the one end portion 846a
of the rod body 846. On the other end portion 846b of the
rod body 846 in the axial direction thereof, there is disposed
a pressure transmission member 852 which energizes the rod
body 846 toward the preload adjust mechanism 848 side to
thereby transmit pressure without producing a clearance
(play) in the rod body 846 in the axial direction thereof; and,
the rod body 846 is connected to a piston 854 through this
pressure transmission member 852. The piston 854 is slid-
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ably disposed in the interior portion of a cylinder 856, while
the cylinder 856 and piston 854 cooperate together in
forming a pump chamber.

[0561] In the cylinder 856, there is formed a suction flow
passage 838 for supplying lubricating oil to the pump
chamber and, in the intermediate portion of the suction flow
passage 838 to a suction port 859, there is dispose da
suction-side check valve 860 consisting of a check valve
which prevents the lubricating oil from flowing out from the
pump chamber.

[0562] Also, in the cylinder 856, there is formed a dis-
charge flow passage 862 for discharging the lubricating oil
jetted out from the pump chamber and, in the intermediate
portion of the discharge flow passage 862 to a discharge port
863, there is disposed a discharge-side check valve 864
consisting of a check valve which prevents introduction of
the lubricating oil into the pump chamber.

[0563] On the outer periphery of the rod body 846, there
is disposed a coil 866 coaxially with the rod body 846 and,
further, on the outside of the coil 866, there is disposed a
yoke 868 which is formed of magnetic material and coop-
erates with the rod body 846 in forming a magnetic circuit.
Also, to the coil 866, there is electrically connected a drive
circuit 870 which outputs a current for generation of a
magnetic field. In case where this current is applied to the
coil 866, the rod body 846 receives a magnetic field gener-
ated from the coil 866 and is thereby expanded, with the
result that the lubricating oil within the pump chamber,
which has been supplied into the pump chamber through the
suction flow passage 838 and stored there, is discharged
from the discharge port 863 through the discharge flow
passage 862. The thus discharged lubricating oil is jetted out
from the nozzle frame 812 through the pressure-resisting
tube 810. In this case, the discharge quantity of the lubri-
cating oil per shot is a fine quantity in the range of 0.5-10
[mm?>] and the discharge pressure is 1 [MPa] or more, while
the lubricating oil is jetted out intermittently.

[0564] Next, description will be given below of the nozzle
frame 812.

[0565] FIG. 75 is a section view of the nozzle frame 812.
The nozzle frame 812 includes a fixing hole 876 for con-
necting a joint 874 which is connected to a pressure-resisting
tube, a discharge portion 878 for jetting out lubricating oil
supplied thereto, and a flow passage 880 for connecting
together the fixing hole 876 and discharge portion 878. In the
illustrated embodiment, the joint 874 is connected to the side
surface side of the nozzle frame 812 in such a manner that
it is connected substantially at right angles to the flow
passage 880. Also, on the side of the flow passage 880 where
the joint 874 is connected, there is disposed a plug 882.

[0566] As the joint 874, there can be used a joint which,
as shown in FIG. 76A, is formed of resin material such as
PEEK (polyether ether-ketone) material, or a joint which, as
shown in FIG. 76B, is formed of stainless steel material. The
PEEK-resin-made joint shown in FIG. 76A can be sealed by
tightening it when the taper portion 874 of the joint formed
in the leading end portion thereof is mounted into the nozzle
frame 812. Also, on the leading end portion of the stainless-
steel-made joint shown in FIG. 76B, there is mounted a
taper piece 874b, the leading end portion of which is formed
of elastic material such as stainless steel or PEEK resin; and,
this joint can be sealed by tightening the taper piece 874b.
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[0567] Also, a nozzle chip 879 having a nozzle diameter
d, of 0.1 [mm] is pressure-inserted into a discharge portion
878.

[0568] In assembling the joint 874 to the nozzle frame
812, even in case where the nozzle frame 812 is disposed at
the deep position of the spindle apparatus 800, by using a
joint fixing tool 884 shown in FIG. 77, the joint 874 can be
threadedly engaged with the screw portion of the fixing hole
876 simply. That is, in the inner housing 818 of the spindle
apparatus 800, there is formed an axial hole 886 having a
diameter of 9 [mm] in such a manner that it penetrates
through the inner housing 818 from the end face to the fixing
hole 876 of the nozzle frame 812; and thus, in case where the
tool 884 is inserted into the axial hole 886 and the joint 874
is then rotated, the joint 874 can be tightened or removed
from the fixing hole 876.

[0569] Since the nozzle frame 812 is structured in the
above-mentioned manner, it can prevent lubricating oil
against leakage from the sealed portion of the joint and is
free from deformation against pressure, so that there can be
provided a pipe joint which is suitable for supply of a fine
quantity of lubricating oil. Also, because the nozzle frame
812 has such a structure that allows the pipe to be connected
at the final stage of the spindle assembly, the present nozzle
frame is excellent in assembling efficiency.

[0570] Next, description will be given below of a pipe of
the spindle apparatus 800.

[0571] When fine-quantity lubrication is executed using a
pipe, the reduced discharge speed of the lubricating oil
caused by a pressure loss raises a problem. In the case of the
pressure loss of a pipe, an expression on the pipe passage
friction of a laminar flow coincides well with the test results;
and, where a lubricating oil flow speed in the leading end
portion of a nozzle is expressed as v [m/s], the pipe pressure
loss Ap [Pa] due to the pipe passage friction can be
expressed by the following expression (1):

that is, Ap=32u-L-d,>v/d* amn

[0572] where, u expresses a lubricating oil viscosity coef-
ficient [Pa-'s], L: a pipe length [m], d: a pipe inside diameter
[m], v: the discharge speed [m/s] of a nozzle, and d: a
nozzle diameter [m], respectively.

[0573] In the expression (11), the influence of the pipe on
the pressure loss Ap is expressed as a parameter of L-d_*/d*
and this parameter is referred to as a pipe parameter. By
reducing the pipe parameter, the pressure loss Ap of the pipe
can be controlled down to a low level. According to our
experimental confirmation of the discharge state of the
lubricating oil occurring when the pipe parameter is caused
to vary, it is found that, in case where the condition
expressed by the following expression (12) is satisfied, there
can be obtained a sufficient discharge speed to be able to
discharge a fine quantity of lubricating oil.

L-d,*/d*<5x10%[m™] (12)

[0574] where, the pipe length L must satisfy the condition,
L>0.5 [m], because a pipe must be arranged in a spindle of
the spindle apparatus 800.

[0575] Next, description will be given below of the com-
pressibility of lubricating oil in the interior portion of a pipe
and the expansion of the pipe.
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[0576] As the volume of lubricating oil in a pipe increases,
due to the compressibility of the lubricating oil, the dis-
charge pressure of the fine quantity lubricating apparatus is
unable to reach the leading end of the nozzle, which makes
it impossible to supply a fine quantity of lubricating oil
stably. Also, in case where the expansion of the pipe due to
pressure is large, there arises a similar problem.

[0577] The compression amount of the lubricating oil and
the expansion amount of the pipe depends on the average
pressure in the pipe, and the volume Av, [m’] of the
lubricating oil to be compressed due to the average pressure
p can be found according to the following expression (13):

Avo=r:L-d>pj(4K) 13

[0578] Also, the volume Av, of the pipe to be expanded
due to the average pressure p can be found according to the
following expression (14) by using an expression on an
ordinary thickness cylinder:

Avy=mLd*p{(D*+d*)/(D*-d*)+v}/(2E) (14)

[0579] In case where the sum of Av, and Av,, is equal to or
less than the discharge quantity q, the influences of the
compressibility of the lubricating oil and the pipe expansion
are small. Generally, in the fine quantity lubricating oil
supply, an average pressure in the pipe is on the order of
0.8-2.0 [MPa] . Especially, for the pipe pressure of 2.0
[MPa], in case where the sum of Av, and Av is set equal to
or less than the discharge quantity g, stable supply of a fine
quantity of lubricating oil can be realized. That is, the sum
of Av, and Av, may be preferably set so as to satisfy the
following expression (15):

Lep-{m-d%/(4K)+m-d> {(D*+d?)/(D*d*)+v}/(2E)} <q

[m?] 1s)
[0580] The reason why the average pressure in the pipe is
on the order of 0.8-2.0[MPa] is as follows. That is, generally,
the discharge speed of lubricating oil necessary for lubrica-
tion of a rolling bearing is about 10-20% of the peripheral
speed of the inner ring of the bearing. Also, in the case of the
number of rotations of the bearing, the product (dm-n) of the
diameter [mm] and rotation speed [min~] is in the range of
1000000-3500000; and, in order to realize such high-speed
rotation, there is necessary a discharge speed of the order of
5-33 [m/s] . On the other hand, the discharge speed v of the
lubricating oil is expressed by the following expression (16)
as a function of the lubricating oil pressure P, [Pa] just
before the nozzle.

v=CyV2pa/p)m/s] (16)
[0581] where, C4 expresses a nozzle flow coefficient and p
expresses a lubricating oil density [kg/m?>]. As for the nozzle
flow coefficient Cg4, in a nozzle having a nozzle diameter of
0.3-0.08 [mm], C,; =0.70-0.95. In view of the necessary
discharge speed, from the pressure just before the nozzle
required by the expression (16) and from the pipe pressure
loss Ap required by the expression (11), the average pressure
in the pipe provides 0.8-2.0 [MPa]. From this, the discharge
pressure of the lubricating apparatus must be at least 1
[MPa].

[0582] 1In the expression (14), in case where the Young’s
modulus E of the material of the pipe is small, the pipe is
easy to expand and the volume Av of the pipe is large. In
the case of resin material having a Young’s modulus E of
less than 3 [GPa] being used as the material of the pipe, the
expansion of the pipe is large, which makes it difficult to
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take a large pipe length L necessary for arrangement of the
pipe in the spindle. This is shown by a graphical represen-
tation in FIG. 78. Specifically, FIG. 78 is a graphical
representation in which the variations of the lubricating oil
compression volume Av, with respect to the pipe length L
are plotted with respect to the inside diameter d of the pipe.
According to FIG. 78, in case where the inside diameter d
of the pipe exceeds 2.0 [mm], the lubricating oil volume in
the pipe increases and the volume Av,, of the lubricating oil
to be compressed increases. Therefore, it is necessary to set
the pipe inside diameter d equal to or less than 2.0 [mm]. The
lubricating oil to be used for supply of a fine quantity of
lubricating oil is lubricating oil belonging to VG10-VG32,
the volume elastic modulus K of such lubricating oil is
approx. 1.4 [GPa].

[0583] FIG. 79 is a graphical representation of the mea-
sured results of the variations of the discharge speed v of the
lubricating oil with respect to the pipe length L with the pipe
inside diameter of 0.5-1.0 as a parameter. In this graphical
representation, as the pipe length L increases and the pipe
inside diameter decreases, the discharge speed v lowers. For
example, in the case of the pipe inside diameter d being 0.5
[mm], when the pipe length L is 0.5 [m], the discharge speed
v is several m/s, that is, a sufficient discharge speed cannot
be obtained; and, thus, the pipe inside diameter d must be set
at least 0.8 [mm]. Therefore, it is the necessary condition
that the pipe inside diameter d is to be set in the range of 0.8
[mm] to 2.0 [mm]. Also, in accordance with this, the outside
diameter D of the pipe, from its strength point of view, must
be set in the range of 1.0 [mm]-3.2 [mm].

[0584] Now, FIG. 80 is a graphical representation of the
results shown in FIG. 79, while the pipe parameter L-d_*/d*
is shown in the abscissas axis thereof. This graphical rep-
resentation shows that the discharge speed v varies in
proportion to the pipe parameter, which means that the
discharge speed is substantially determined by the pipe
parameter. By using the pipe parameter of 5x10* or less,
there can be obtained a discharge speed which is necessary
for supply of a fine quantity of lubricating oil at a discharge
speed v of 5-15 [m/s] or more.

[0585] Now, FIG. 81 is a graphical representation of the
measured results of the variations of the discharge speed v
occurring when the Young’s modulus of the pipe is changed.
This graph shows the calculated results of AV,+Av, and the
measured results of the discharge speed v, where three kinds
of pipes, that is, a pipe formed of stainless steel (Young’s
modulus E=190 [GPa]), a pipe formed of PEEK resin (E=4
[GPa]), and a pipe formed of polyurethane resin (E=0.1
[GPa]) are used, the outside diameter D of each pipe is 1.6
[m], pipe inside diameter d is 1.0 [m], pipe length L is 1 [m],
and the average pressure p in the above-mentioned expres-
sions (13) and (14) is set to be 2 [MPa]. By the way, the
discharge quantity q in the present embodiment is set at
approx. 3 [mm >] and lubricating oil VG22 is used.

[0586] According to this graphical representation, in case
where the Young’s modulus E of the pipe is small, the
expansion volume Av,, of the pipe increases and thus AVP+
Av,_ increases; and, in case where AV +Av_ is equal to or
more than 3 [mm?®], the discharge speed v lowers suddenly.
Especially, in the case of polyurethane resin being used, the
discharge speed v is substantially 0, which shows that
material having a low elasticity modulus, specifically, a
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Young’s modulus E of less than 3 [GPa] is not suitable for
the material of a pipe for supply of a fine quantity of
lubricating oil. On the other hand, in the case of a stainless-
steel pipe having a Young’s modulus E of the order of 190
[GPa], the expansion volume Av, of the pipe is 0.01 [mm®]
or less by calculation and, therefore, the influence of the
expansion of the pipe can be neglected.

[0587] According to the spindle apparatus 800 of the
present embodiment, even when it is applied as a spindle
apparatus which has a cooling function using a jacket
cooling system and also has a limited space for nozzle
installation and pipe arrangement, in case where a nozzle
and a pipe are installed in such a compact structure that the
outside diameter of the pipe is set in the range of 1.0
[mm]-3.2 [mm], pipe inside diameter is set in the range of
0.8 [mm]-2.0 [mm], the Young’s modulus of the material of
the pipe is set at 3 [GPa] or more, and the pipe length L is
set so as to satisfy the expressions (12) and (15) and L>0.5
[m], not only supply of a fine quantity of lubricating oil can
be realized, but also generation of noises due to the whizzing
sounds and poor lubrication due to the air curtain, which
have been problems to be solved in the conventional oil-air
lubricating apparatus, can be prevented.

[0588] (Seventh Embodiment)

[0589] Next, description will be given below of a seventh
embodiment of a spindle apparatus according to the inven-
tion.

[0590] FIG. 82 is a partially enlarged section view of a
spindle apparatus 900 according to the seventh embodiment
of the invention. In FIG. 82, parts having the same functions
as those shown in FIG. 73 are given the same designations
and thus the description thereof is omitted here.

[0591] The spindle apparatus 900 according to the present
embodiment is an example of a spindle structure including
a four-row combination of bearings. As in the present
embodiment, in a spindle including a multi-row combination
of bearings, in some cases, it is difficult to arrange a pipe up
to the respective nozzle frames 812 through an opening hole
886 which is an axial hole formed in a housing. In the case
of the present embodiment, for space reasons, it is difficult
that the opening hole 886 is opened up from the left end of
an inner housing 818 and a pipe is arranged through the
opening hole 886 up to rolling bearings 816c, 8164 which
are disposed on third and fourth rows when viewed from the
left side of FIG. 82.

[0592] In view of this, in the present embodiment, as the
state of assembly of the housing is shown in FIG. 83, the
inner housing 818 includes a first inner housing 890 and a
second inner housing 892. In the first inner housing 890, the
outer rings of the rolling bearings 816 are to be fixed. In the
second inner housing 892, the inner peripheral surface inside
diameter d, of an insertion portion capable of storing the first
inner housing 890 in the axial direction thereof is set larger
than the outside diameter d° of the outer peripheral surface
of the first inner housing 890 by at least a size equivalent to
the diameter of a pressure-resisting tube 810.

[0593] When assembling the inner housing 818, firstly, a
joint 874 is connected to the top portion of a nozzle frame
812 disposed on the rolling bearing 816 side of the first inner
housing 890, and the pressure-resisting tube 810 is pulled
out from an opening 894 formed in the second inner housing
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892. The pulled-out pressure-resisting tube 810 is then taken
out externally of the spindle apparatus 900 through an
opening 888 (sec FIG. 82) formed in an outer housing 820.
In this manner, by connecting the joint 874 through the top
portion of the nozzle frame 812, a pipe can be arranged even
in case where the space of the housing in the axial direction
iS narrow.

[0594] And, the first inner housing 890 is inserted into the
insertion portion of the second inner housing 892 while
sliding the first inner housing 890 in the axial direction
thereof. At the then time, since the inside diameter d, of the
second inner housing 892 is set larger than the outside
diameter d, of the first inner housing 890, there is eliminated
a possibility that the pressure-resisting tube 810 can be
intervened between the first and second inner housings 890,
892, so that the first inner housing 890 can be inserted
smoothly. Therefore, even in the deep and narrow space of
the spindle apparatus, the pipe, that is, the pressure-resisting
tube 810 can be arranged there while the spindle apparatus
is structured so as to be easy to assemble.

[0595] Also, there can also be employed another structure
in which a cut-out groove for arrangement of the pressure-
resisting tube 810 is formed in the insertion portion of the
second inner housing 892. In this case, when the first inner
housing 890 is slided in the axial direction thereof, since the
pressure-resisting tube 810 is stored into the cut-out groove,
smooth insertion of the first inner housing 890 can be
realized.

[0596] According to the spindle apparatus of the sixth and
seventh embodiments, since, in order to be able to supply a
fine quantity of lubricating oil to the spindle apparatus, a
pipe for supply of lubricating oil is set so as to satisfy the
given conditions. Therefore, even when the present inven-
tion is applied to a spindle apparatus which is narrow and
limited in the space for nozzle installation and pipe arrange-
ment, a nozzle and a pipe can be installed in a compact
structure, so that a fine quantity of lubricating oil can be
supplied accurately and stably and, at the same time, gen-
eration of noises due to the whizzing sounds and poor
lubrication due to the air curtain, which have been problems
to be solved in the conventional oil-air lubrication, can be
prevented.

What is claimed is:

1. A method of supplying a lubricant to a rolling bearing
of a high-speed spindle, the method comprising the steps of:

pressuring the lubricant in a pump chamber;

discharging the pressurized lubricant within the pump
chamber from the nozzle; and

bringing a fine quantity of lubricant discharged from the
nozzle into direct contact with a lubricating surface of
a rotary body of the rolling bearing.
2. The method of supplying a lubricant according to claim
1, further comprising:

supplying the lubricant from a lubricant tank to the pump
chamber via a first flow passage;

supplying the lubricant from the pump chamber to the
nozzle via a second flow passage; and
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discharging the lubricant from the nozzle in a discharge

quantity of 0.0005 cc/shot-0.01 cc/shot at a speed of 10
m/sec-100 m/sec.

3. The method of supplying a lubricant according to claim
1, further comprising:

supplying the lubricant from a lubricant tank to the pump
chamber via a first flow passage;

supplying the lubricant from the pump chamber to the
nozzle via a second flow passage; and

discharging the lubricant from the nozzle in a discharge
quantity of 0.001 ml/shot as the minimum discharge
quantity per operation.
4. The method of supplying a lubricant according to claim
2, wherein a flow passage sectional area of the first flow
passage is larger than a sectional area of a discharge opening
of the nozzle.
5. The method of supplying a lubricant according to claim
3, wherein a flow passage sectional area of the first flow
passage is larger than a sectional area of a discharge opening
of the nozzle.
6. The method of supplying a lubricant according to claim
1, wherein the nozzle discharges the lubricant in a pin-spot
manner so that the lubricant is brought into direct contact
with the lubricating surface of the rotary body of the rolling
bearing without force of air.
7. The method of supplying a lubricant according to claim
1, further comprising:

sucking the lubricant into the pump chamber via a cyl-
inder, wherein the cylinder has a piston slidably dis-
posed in an interior portion thereof and has the pump
chamber disposed in the interior portion thereof, the
cylinder having a suction port for sucking the lubricant
into the pump chamber, the cylinder being connected to
the nozzle via a pipe,

compressing the lubricant within the pump chamber with
the piston to increase the pressure within the cylinder,
and thereby discharging the lubricant externally from
the nozzle.
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8. The method of supplying a lubricant according to claim
7, further comprising a check valve interposed between the
pump chamber and the pipe.

9. The method of supplying a lubricant according to claim
1, further comprising:

detecting a rotation speed of rotary body of a roller
bearing using a rotation speed detector; and

adjusting a discharge quantity of the lubricant in accor-
dance with the detected rotation speed.

10. The method of supplying a lubricant according to
claim 1, wherein the nozzle discharges the fine quantity of
lubricant, as the lubricant, intermittently when the fine
quantity of lubricant is compressed and its pressure
increases.

11. A method of supplying a lubricant to a rolling bearing
of a high-speed spindle, the method comprising the steps of:

pressuring the lubricant in a pump chamber, the pump
chamber being filled with the lubricant;

discharging the pressurized lubricant within the pump
chamber from the nozzle; and

bringing a fine quantity of lubricant discharged from the
nozzle into direct contact with a lubricating surface of
a rotary body of the rolling bearing.

12. The method of supplying a lubricant according to
claim 11, wherein the nozzle discharges the fine quantity of
lubricant, as the lubricant, by its own pressure intermittently.

13. The method of supplying a lubricant according to
claim 11, wherein the nozzle discharges the fine quantity of
lubricant, as the lubricant, intermittently when the fine
quantity of lubricant is compressed and its pressure
increases.



