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This paper presents a new water-lubricated hybrid sliding bearing for a high speed and high accuracy main shaft
system, along with the numerical method used for its design. The porous material for the restrictor and the
restriction parameter were chosen based on the special requirements of the water-lubricated bearing. Subsequent
numerical calculations give the load capacity, stiffness, and friction power of different forms of water-lubricated
bearings. The pressure distribution of the water film in a 6-cavity bearing is shown, based on the results of the
numerical calculations. A comparison of oil-lubricated and water-lubricated bearings shows that the latter
benefits more from improved processing precision and efficiency. An analysis of the stiffness and friction power
results shows that 6-cavity bearings are the preferred type, due their greater stiffness and lower friction power.
The average elevated temperature was calculated and found to be satisfactory. The relevant parameters of the
porous restrictor were determined by calculating the restriction rate. All these results indicate that this design for

a water-lubricated bearing meets specifications for high speed and high accuracy.

NOMENCLATURE

¢, =permeability of porous material
A =flow areas
g, = volume flow of water
ps = pressure of water pump exit
p. =pressure of oil(water) reservoir
11 = kinematics viscosity of water
H =thickness of restrictor
4 T = average elevated temperature
Pr = friction power
g =flow
p = water density
C = specific heat of water

1. Introduction

The high speed and highly accurate main shaft system at the heart
of a high speed machine tool directly influences the development and
overall performance of that tool.! The most common forms of such
shafts are the high speed motorized spindle, the high speed gas main
shaft, and the high speed magnetic main shaft. However, the
elimination of heat in the motorized spindle, the lower carrying power
of the gas main shaft and the excessively sophisticated control system
of the magnetic main shaft restrict their further development. **

Because of the combination of higher running accuracy, increased
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carrying power, and improved rigidity, the liquid-lubricated bearing is
key to the development of a new type of main shaft. As a relatively
new technology, the water-lubricated sliding bearing satisfies the
demands of modern society for environmental conservation, health
and safety, and sustainable development,® 7 and has therefore been
quickly and widely adopted.®® Ceramic materials are used in water
lubricated bearings because of their low coefficient of expansion and
resistance to wear and chemical corrosion.'” When well designed, the
water lubricated bearing has the potential for high speed and accuracy.

2. Ceramic Porous Restrictor

Traditional restrictors such as the small bore, torus, and slit
restrictors cannot meet the requirements of high speed and high
accuracy bearings. Therefore the porous restrictor is generally used.
The porous materials used in restrictors include porous metals, foam
plastics, and porous ceramics. Compared with other materials, porous
ceramics are ideal restrictor materials in water-lubricated ceramic
bearings because of their high intensity, high rigidity, good chemical
stability, and heat resistance.""

The characteristics of porous restrictors are as follows: high
carrying capacity and rigidity, excellent stability with vibration
damping under certain conditions, large flow, and hard material. The
key measurement of the performance of porous restrictors, just like
other types, is the restriction parameter that represents its gas
permeability. The flow of pure water through porous materials can be
simplified to the lamellar flow. Based on Darcy’s equation, the water
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restriction parameter of a porous restrictor, or the volume flow of
water is

_$A4p,-p) . )
v ﬂH

Figurel shows the schematic of a porous restrictor in a system.

Fig. 1 Schematic of a porous restrictor in a system
(1 Water conduit; 2 Porous ceramic restrictor)

3. Numerical Computation

Combining the advantages of dynamic and hydrostatic bearings,
the hybrid bearing is the first choice of water-lubricated bearing types
for high-accuracy applications.” The methods for designing sliding
bearings include analytic solutions, engineering solutions, and
numerical solutions. Of these, the numerical computation using a
computer program is clearly the optimal method. With a computer
program that can produce solutions for every type of bearing, the
optimal balance of static and dynamic bearing effects can be found to
maximize the performance of the hybrid bearing.

3.1 Numerical Computation Details

The numerical computation program uses finite difference
caleulus to solve partial differential equations."® The cavity bearing is
much better than the pad bearing, due to the dynamic effects that
augment the carrying capacity and the rigidity. Therefore, to reduce
calculation time, the program does not calculate the pad bearing
parameters. It does consider 4-cavity, 6-cavity, and non-cavity
bearings.

There has been considerable theoretical work on the numerical
computations for hybrid slide bearings,'* ** and this paper does not
repeat the details. Note, however, that we use the volume flow as the
restriction parameter. Also note that the continuity equation needs to
be reformulated, and that the pressure formula of the water film also
changes during numerical computations.

Because of the boiling point of water, the temperature of the
water-lubricated bearing must be calculated, and it cannot exceed
100°C. To reduce execution time, the program does not include the
calculation of the whole temperature field of the bearing. The average
elevated temperature is approximated from the friction power
calculated by the program. Since the resistance force of the shear flow
is far greater than that of pressure flow, the bearing friction power can
be calculated directly from the resistance force of the shear flow.

3.2 Interpretation of Results

3.2.1 Pressure Distribution of Water Film
Figure 2 shows the non-dimensional pressure distribution of the

water film in a 6-cavity bearing measured at the water pump exit p;.
This only shows axial half areas because of axial symmetry. In this
figure, the bearing clearance is minimum where the pressure of the
water film is the greatest. Because the depth of the water reservoir is
far larger than the bearing clearance, the pressure values in the whole
water reservoir are almost uniform. This means that the pressure
curve of every reservoir is relatively flat

Fig. 2 Non-dimensional pressure distribution of water film for the 6-
cavity bearing

3.2.2 Contrast between Qil-Lubricated and Water-Lubricated
Bearings

Lubricating oil was tested to find that its density was 830 kg/m®
and its kinematic viscosity was 10° m%s. The performance of a 6-
cavity oil-lubricated bearing was compared to that of a 6-cavity
water-lubricated bearing under the same operating conditions. The
tests showed that the rigidity of the oil-lubricated form was greater
than that of the water-lubricated form because the viscosity of water
is lower. However, the water-lubricated bearing can still meet the
rigidity requirements when its structure is optimized. For an initial
bearing clearance of 20 um, the rigidity of the 6-cavity bearing was
600 N/um.

Fig. 3 Friction power versus bearing clearance

Figure 3 shows that the friction power of the oil-lubricated
bearing is higher than that of the water-lubricated bearing. The high
temperature caused by friction will cause the main shaft to produce
serious heat denaturation, which directly and negatively affects the
running and machining accuracy. A higher lubricant temperature
means a lower viscidity, which also reduces the rigidity. Therefore the
water-lubricated form benefits even more from improved processing
precision and efficiency.
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3.2.3 Rigidity

When the test was performed at a standard atmosphere pressure
and at a room-temperature of 20°C, the density of water was 900
kg/m’® and its kinematics viscosity was 2.22 x 107> m%/s. Water was
used as the lubricating liquid in the test. For a main shaft rotational
speed of 8000 rpm, an inner bearing diameter of 80 mm, and an initial
bearing clearance in the range 10-60 um, the rigidities of 4-cavity, 6-
cavity, and non-cavity bearings were calculated, and their rigidity
variation tendencies were found to be the same. This shows that a
smaller clearance means a higher rigidity. While the initial clearances
of bearings were greater than 20 pm, the variation in their rigidities
was small.

3.2.4 The Friction Power

In parallel to the conclusion in section 3.2.3, for initial bearing
clearances in the range 5-60 pm, the friction power variation
tendencies of the 4-cavity, 6-cavity, and non-cavity bearings were the
same. The friction power of the 6-cavity bearing was the lowest of all
for a given clearance. Although the rigidity of a non-cavity bearing
was higher, its friction power was too high to meet precision
requirements. Moreover the difference in friction powers of the
different bearings was small when the initial bearing clearance is
approximately 20 pm. These results mean that the preferred form is
the 6-cavity bearing because it has the lowest friction power. In
addition, to avoid high friction power, the bearing clearance should
not be too small. On the other hand, a large clearance will reduce the
rigidity. Therefore, the ideal bearing clearance should be in the range
15-25 pm.

3.2.5 Structural Optimization of the 6-Cavity Bearing

The reservoir depth: Except for the reservoir depth, the other
physical dimensions of the unoptimized 6-cavity bearing and
computational conditions were normal, and the working conditions
were the same as in section 3.2.3. Under these conditions the
rigidities and friction powers for different reservoir depths were
calculated. The results show that rigidity does not vary much, but the
friction power drops as the reservoir deepens. When the reservoir
depth is greater than | mm, the variations among friction powers
become small. When factors such as the ceramics processing and the
flow type of liquid are considered, it is clear that the reservoir depth
should be 1 mm.

The physical dimensions of the water reservoir: The inner
diameter of the bearing is 80 mm, and radial rigidity of the bearing
must be greater than 600 N/um. If is unfurled on its circumference,
the bearing can be divided into six chromatographic areas, where the
circumferential length of every area is 41.89 mm. The width of the
bearing is 40 mm.

The changes in the physical dimensions of the reservoir cause
differences in rigidity and friction power because of the combined
changes in static and dynamic effects. The optimal physical reservoir
dimensions can be calculated to achieve the best combination of static
and dynamic effects. With the optimized physical dimensions, the
rigidity is 612 N/wm and the friction power is 311 W.

3.2.6 Average Elevated Temperature

The water film calorific value per unit time can be obtained once
the bearing friction power has been calculated. To simplify
calculations, the water flow is assumed to be adiabatic, and thus all
the heat is absorbed by water from the two bearing terminal faces and
the heat is balanced between the calorific value and radiating value.
The average elevated temperature is given by
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Because the specific heat of water C is relatively high, the
average elevated temperature given by Eq. (2) is low, AT =7.58 x 10°
' oC, AT is the unit time elevated temperature, and the whole elevated

AT

temperature in working-hours will be calculated from the data of the
water circulatory system. According to exit conditions, the calculated
average elevated temperature was satisfactory.

3.2.7 Relevant Parameters of the Porous Restrictor

The relevant parameters of the porous restrictor were confirmed
in the program by calculating the restriction rate. The rate of
permeation of the ceramic porous restrictor was 10™*m?. The extemnal
structure of the restrictor is relatively flexible, and is based on the
processing factor. The specific parameters were a thickness of 5 mm
and a flow area of 50 mm”,

4. Conclusion

The development of high speed and high accuracy technology
requires a new type of main shaft to reduce costs and overcome the
limitations of existing types of main shaft. A new type of high speed
and highly accurate main shaft supported by water lubricated
technology has been presented. The form and structure of the bearing
and the porous restrictor were calculated using numerical
computation, The analysis of the results indicates that the design of
the water-lubricated bearing meets the high speed and high accuracy
specifications very well.
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