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The dynamic performance of a new high-speed spindle supported by water-lubricated hybrid bearings is experimentally studied
on a test rig.The present design allows the speed of the spindle up to 30,000 rpm, with a bearing internal diameter of 40mm, which
makes it possible to simulatemany actualmachining processes. Some experiments have been presented to study themechanical and
thermal behaviors of the spindle and its supporting hybrid bearings.Themaximum temperature rise is less than 15∘Cwith a speed of
30,000 rpm and a water supply pressure of 2.5MPa.The spindle radial run-out of the rotational frequency is about 1 𝜇m. Stability of
the spindle system has been improved.The experimental results indicate that water-lubricated hybrid bearings are valuable choices
to replace ceramic bearings and air bearings as support for spindles under high-speed, high-precision, and heavy-load machining
conditions.

1. Introduction

High-speed machining has been widely used in the auto-
mobile, aeronautic, shipping, and mold industries for its
advantage of high efficiency. Increased cutting speeds are
needed for milling and grinding processes. High-speed spin-
dles and supporting bearings, as the key components of
machining centers, directly affect machining productivity
and the surface quality of work-pieces [1].

A basic feature of high-speed spindle design is the strategy
for selecting supporting bearings. Ceramic bearings are the
most widely used types in high-speed spindles, but these
bearings usually fail to serve for an extended period at high
rotational speeds and heavy loads. Spindles supported by
air bearings can operate at ultrahigh speeds and have a
theoretically infinite life span. However, air bearings are not
widely used in heavy-load industrial applications because of
their low stiffness and instability.

Fluid-film hybrid/hydrostatic spindles have been used in
precision machines because of their low wear and friction,

low noise, low contamination, and high precision [2, 3]. How-
ever, the temperature rise increases sharply with rotational
speed in oil-lubricated hybrid journal bearings. Such increase
results in decreased stability and load carrying capability.

One method for overcoming these problems is to use
water-lubricated hybrid journal bearings with high load
carrying capability, high stiffness, high precision, and low
temperature rise. Some studies have been conducted to
investigate the performance of water-lubricated high-speed
bearings, which are used in gas turbines, rocket engines,
and spindles. Nakano et al. [4] applied water-lubricated
bearings in a microturbine system prototype. The rotor
with water-lubricated tilting pad journal bearings achieved
stable rotating conditions at a rated rotational speed of
51,000 rpm. The use of water-lubricated bearings contributes
to electrical output efficiency by reducing both bearing losses
and auxiliary power consumption. Kurtin et al. [5] used a
water-lubricated hybrid journal bearing test rig to investigate
the feasibility of using hybrid bearings in the main engine of
space shuttles.
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Figure 1: Schematic of high-speed spindle system test rig.

The static characteristics of high-speed hybrid bearings
used for high-speed spindles have been studied experimen-
tally and theoretically. Yoshimoto et al. [6, 7] investigated
the axial load capacity and stability of water-lubricated
hydrostatic conical bearings with spiral grooves for high-
speed spindles. A rotor supported by such bearings could
stably rotate up to 120,000 rpm.

However, few studies investigate the dynamic perfor-
mance of high-speed spindles supported by water-lubricated
hybrid journal bearings. Besides, more friction power loss
is generated with the increase of the high-speed spindle
rotational speed, and then the temperature rise becomes a
barrier to the improvement of spindle speed and accuracy
[8]. Thus, a water-lubricated high-speed spindle system is
developed in this study. The high-speed spindle is supported
by two identical water-lubricated hybrid journal bearings
with circumferential grooves and stepped recesses [9, 10].The
test rig is described in detail in the following sections, and
valuable data are obtained by imbalance excitation methods.

2. Experimental Setup

2.1. Test Rig Configurations. The test rig of the new high-
speed spindle is shown in Figure 1. The spindle is driven
by a 65 kW high-speed asynchronous motor. The raw rotor
is placed on the journal, and the wound stator is mounted
on the inside surface of the housing. Two identical water-
lubricated hybrid journal bearings are constrained to the
housing through the front and back flanges to support the
spindle. Some angular contact ceramic ball bearings are used
as the axial thrust to control axial motion. The supporting
bearings, along with the flanges and housing, are fixed
on the platform using nuts and bolts. The hydropump is
switched on before the spindle is activated and is switched
off after the spindle stops. The water supply pressure, which
is controlled by the hydropump, can change from 0.2MPa to

3.0MPa. Radial excitation force can be applied by attaching
an imbalance mass onto the inner surface of the spindle
end. Water is pumped into the bearing clearance through the
filtration units to avoid damage from particles. A reservoir
enables the bearings to operate during rotor deceleration if
the water supply fails, thus preventing the rotor from seizing
on bearing bushings.

2.2. Hybrid Bearing Structure. The hybrid bearing has a
diameter of 40mm with an L/D ratio of one. The hybrid
bearing consists of four stepped recesses and two symmetric
circumferential grooves, as shown in Figure 2. The stepped
recesses are designed to enhance the dynamic effect. Each
stepped recess consists of a deep recess and a shallow recess.
The cooling orifices and two circumferential grooves are set
symmetrically on both axial lands of the bearing surface
to increase the flow rate, reduce the temperature rise, and
prevent the lubricant film from rupturing on the bearing
surface. Water is fed into the deep recess using an external
pressure pump, through the restrictor inlet and cooling inlet,
and then through the shallow recesses. Finally, the water exits
through the narrow bearing clearance.

2.3. Data Acquisition. The displacement response of the
spindle in the horizontal (𝑥) and vertical (𝑦) directions is
measured simultaneously with the use of four independent
capacitive displacement sensors. The displacement signals
are amplified and conditioned using the controllers. An
electrooptical sensor is placed at the end of the spindle with a
digital counter to provide a phase reference and to record the
rotational speed of the spindle.Three thermocouples are used
to measure the water temperature at the exits. A computer is
used to record the temperature data.

2.4. Experiment Procedure. The experiments were conducted
according to the following steps.
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Figure 2: Geometry and coordinate system of the hybrid bearing (a) cross section view and (b) developed view of the bearing surface.

(1) The supply pressure was increased to 2.5MPa. The
rotor was activated at 9,000, 12,000, 15,000, 18,000,
21,000, and 24,000 rpm. The corresponding displace-
ment after the vibrations were recorded until the
temperature became stable.

(2) The supply pressure was kept constant. Imbalance
massm1 was attached onto the rotor.The first stepwas
then repeated.

(3) The supply pressure was kept constant. Imbalance
mass m2 was attached onto the rotor at the same
location. The first step was then repeated.

3. Results and Discussion

3.1. Temperature Rise, Flow Rate, and Vibration. The tem-
perature rise of water linearly increases with rotational
speed as shown in Figure 3. Besides, a comparison has been
made, and the results show a good agreement between the
experimental and theoretical results. The maximum value
is 15∘C at 30,000 rpm. The results present the advantages of
the water-lubricated hybrid bearings in lowering temperature
rise.

Figure 4 shows the experimental and theoretical flow
rate as a function of rotational speed at a supply pressure
of 2.5Mpa. The experimental results are in good agreement
with the theoretical results.The comparison also validates the
numerical model in [9, 10].

Figure 5 indicates that vibration amplitude slightly
changes with rotational speed. The radial run-out of the
rotational frequency is approximately 1𝜇m from 12,000 rpm
to 30,000 rpm, which is a good evidence for water-lubricated
hybrid bearings in improving stability. The vibration peak
appears at the half-frequency points, as the asynchronous
motor is a four-pole model (right part of Figure 5).

3.2. Orbit. To investigate the effect of speed on dynamic
performance, the experiment procedure in Section 2.4 is
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Figure 3: Exit temperature rise versus rotational speed at a supply
pressure of 2.5Mpa.

followed for six speeds ranging from9,000 rpm to 24,000 rpm
with 3,000 rpm steps.

The orbits near two supporting bearings are recorded at
different imbalance forces and rotational speeds. Figures 6–
8 compare the orbits of the front bearing, including those
without attached mass and with an attached imbalance mass
m1 = 1.7 g and m2 = 3.0 g. The shapes of most orbits are
elliptical, which means the imbalance of the rotor results
in vibrations. The vibrations in the front bearing increase
as rotational speed increases, and the maximum amplitude
is not more than 3 𝜇m under m0 and m1. Thus, water-
lubricated hybrid bearings can retrain vibrations and improve
stability. The vibration amplitude of m1 is smaller than that
of m0 at the same speed. The imbalance of attached mass m1
partially counteracts the vibrations that result from the initial
imbalance of the spindle. The maximum vibration amplitude
for the orbit of m2 reaches 6𝜇m, and the film whirling



4 Shock and Vibration

Experimental results

Theoretical results

12000 18000 24000 300006000

Rotational speed (rpm)

0

1

2

3

4

5

F
lo

w
 r

at
e 

(m
3
/h

)

Figure 4: Flow rate versus rotational speed at a supply pressure of 2.5MPa.
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Figure 5: Vibration amplitude versus rotational speed in time domain and frequency domain.

appears at 24,000 rpm.The attachedmassm2 counteracts and
increases the initial imbalance of the spindle. In summary,
the hybrid bearings can improve the stability of high-speed
spindle systems.

4. Conclusions

A new high-speed spindle supported by water-lubricated
hybrid journal bearings was developed. Experiments were

conducted to study the dynamic performance of the water-
lubricated high-speed spindle system. The results indicate
that the maximum temperature rise is less than 15∘C at a
speed of 30,000 rpm and a supply pressure of 2.5MPa. The
radial run-out of the rotational frequency is approximately
1 𝜇m.The imbalance excitation method is used to investigate
the stability of the spindle system. The orbit is stable up to
24,000 rpm with the initial imbalance of the rotor. Water-
lubricated hybrid bearings lowered the temperature rise



Shock and Vibration 5

m0, 9krpm

−6 −3−9 9630

x (𝜇m)

−9

−6

−3

0

3

6

9

y
(𝜇

m
)

(a) 9000 rpm

m0, 12krpm

−6 −3−9 9630

x (𝜇m)

−9

−6

−3

0

3

6

9

y
(𝜇

m
)

(b) 12000 rpm

m0, 15krpm

−6 −3−9 9630

x (𝜇m)

−9

−6

−3

0

3

6

9

y
(𝜇

m
)

(c) 15000 rpm

m0, 18krpm

−9

−6

−3

0

3

6

9
y

(𝜇
m

)

−6 −3−9 9630

x (𝜇m)

(d) 18000 rpm

m0, 21krpm

−9

−6

−3

0

3

6

9

y
(𝜇

m
)

−6 −3−9 9630

x (𝜇m)

(e) 21000 rpm

m0, 24krpm

−9

−6

−3

0

3

6

9

y
(𝜇

m
)

−6 −3−9 9630

x (𝜇m)

(f) 24000 rpm

Figure 6: Orbits of the front bearing without attached unbalance mass.
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Figure 7: Orbits of the front bearing with an attached unbalance massm1 = 1.7 g.
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Figure 8: Orbits of the front bearing with an attached unbalance massm2 = 3.0 g.
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and improved the spindle stability. Thus, water-lubricated
hybrid journal bearings can replace ceramic bearings and
air bearings as support for spindles under high-speed,
high-precision, and heavy-load machining conditions. This
research may be a useful guide for designing high-speed
spindles.
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