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Abstract

Hydrostatic bearing has the advantages of wide speed range, large bearing capacity, high precision and stability. Hydrostatic-
hydrodynamic hybrid bearing can make up for the lack of stiffness of hydrostatic bearing and prevent tribological failure
under the condition of high speed and heavy load. Therefore, hydrostatic bearing and hydrostatic-hydrodynamic hybrid bear-
ing have become important bearing parts of high-end computer numerical control (CNC) machine equipment. The research on
hydrostatic and hydrostatic-hydrodynamic open a new way for precision improvement of high-end CNC machine equipment.
This paper reviews research progress of hydrostatic linear guideway, hydrostatic rest and ram, hydrostatic thrust bearing,
hydrostatic-hydrodynamic thrust bearing and hydrostatic-hydrodynamic spindle of high-end CNC machine equipment, and
discusses the influence of structure and working parameters on lubrication performance, accuracy and stability of bearing
parts. Finally, the future research direction in hydrostatic bearing and hydrostatic-hydrodynamic hybrid bearing are suggested.
This review provides a theoretical basis for design and development of high-end CNC machine equipment in the future.

Keywords Hydrostatic bearing - Hydrostatic-hydrodynamic hybrid bearing - Lubrication performance - Working
parameter - High-end CNC machine equipment

1 Introduction

In the last decades, hydrostatic bearing has been used in
various bearing structures of high-end CNC machine equip-
ment for its advantages of wide speed range, strong bear-
ing capacity, high precision and stability, so as to meet the
requirements of high precision, high efficiency, long lifes-
pan and large bearing capacity of CNC machine equipment
[1-3]. The hydrostatic bearing hydraulic system supports
oil with a certain pressure between two relatively sliding
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friction pair surfaces, and lubricating oil flow through oil
chamber and oil sealing edge, and then flows out from the
oil return groove, thus a complete loop is formed. The pres-
sure drop of lubricating oil between oil chamber and oil
sealing edge is the source of bearing capacity and stiffness
of hydrostatic bearing system. The pressure of oil film in
chamber can be regarded as equal pressure distribution, and
the pressure of oil film decreases linearly from chamber to
oil sealing edge, so the pressure of oil film in the whole
chamber can be regarded as a cross-sectional pyramid [4,
5], it is shown in Fig. 1. Hydrostatic bearing structure has
the following assumptions under ideal state: hydraulic oil is
laminar flow, temperature of hydraulic oil is constant, two
relative moving surfaces are absolutely rigid bodies and oil
film is incompressible. However, there is obvious defect in
studying the deformation of hydrostatic bearing system [6].

Under high speed and heavy load extreme working con-
ditions, temperature of hydrostatic oil film increases, vis-
cosity and stiffness of hydrostatic oil film decreases, which
will easily lead to local boundary lubrication or dry fric-
tion, and then lead to tribological failure. Hydrodynamic
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Fig. 1 Pressure distribution of oil chamber

bearing is added, which can prevent tribological failure
caused by high temperature, thus the hydrostatic-hydro-
dynamic bearing capacity is ensured. Hydrodynamic bear-
ing needs a wedge-shaped gap between two surfaces, and
the relative motion speed of two surfaces is high [7]. The
pressure distribution of hydrodynamic oil film is shown in
Fig. 2. In order to achieve the effect of hydrostatic-hydro-
dynamic hybrid bearing, parallel gap between two surfaces
of friction pair can be changed into wedge-shaped gap on
the basis of hydrostatic bearing. For example, traditional
hydrostatic thrust bearing can be modified into hydro-
static-hydrodynamic thrust bearing with tilting oil pad.
For hydrostatic-hydrodynamic spindle, due to excursion
of the center of hydrostatic-hydrodynamic spindle, two
friction pair surfaces form angle, and additional hydrody-
namic effect appear. This paper illustrates research pro-
gress of hydrostatic linear guideway, hydrostatic rest and
ram, hydrostatic thrust bearing, hydrostatic-hydrodynamic
thrust bearing and hydrostatic-hydrodynamic spindle to
enable further development of high-end CNC machine
equipment.
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Fig.2 Pressure distribution of hydrodynamic oil film
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2 Research Progress of Hydrostatic Linear
Guideway

Guideway plays the role of bearing and guiding moving
parts, its stiffness and moving accuracy directly affect
machining accuracy and stability of CNC machine equip-
ment. According to shape, guideway can be divided into
linear guideway and circular guideway. According to direc-
tion, it can be divided into horizontal guideway and verti-
cal guideway [8, 9]. Hydrostatic bearing can be applied to
CNC machine equipment guideway, oil chamber structure
and oil film pressure are the key factors that affect stiffness
and moving accuracy of hydrostatic guideway [10-12].
Bouzidane et al. [13—15] researched stiffness and damp of
hydrostatic guideway. In addition, hydraulic components
and oil supply methods also determine the performance
of hydrostatic guideway [16]. The form of oil supply of
hydrostatic guideway are divided into constant flow oil
supply and constant pressure oil supply. Constant flow oil
supply is that a amount of lubricating oil is delivered to
each oil inlet hole by quantitative pump. The output pres-
sure of oil pump is constant under constant pressure oil
supply. Zhang [17] added sensor and proportional pres-
sure valve in constant pressure oil supply system, outlet
pressure of valve was changed to adapt different external
loads, and thickness of oil film was constant. The diagrams
of two forms of oil supply structure are shown in Figs. 3
and 4.
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Fig.3 Schematic diagram of constant flow oil supply structure for
hydrostatic guideway
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Fig.4 Schematic diagram of constant pressure oil supply structure
for hydrostatic guideway

3 Research Progress of Dynamic
Characteristics of Hydrostatic Linear
Guideway

Das [18] considered that the damping of machine tool joint
accounts for 90% of the damping of the whole machine,
some scholars studied the influence of oil film damping on
dynamic characteristics of hydrostatic guideway. Wang et al.
[19] equated hydrostatic guideway to the system with mass,
spring and damper. In order to study the dynamic char-
acteristics of hydrostatic guideway, oil pad of hydrostatic
guideway was equivalent to linear spring-damper system
and nonlinear spring-damper system. Through step load
response and dynamic stiffness experiments, it was found
that the calculation accuracy of nonlinear spring-damper
system is higher than that of linear spring-damper system.
Liu et al. [20, 21] used spring elements to replace stiffness
and damping of oil film, and made modal analysis of hydro-
static guideway. The result showed that the first natural fre-
quency of hydrostatic guideway was low, and it was easily
interfered by external vibration signals. The finite element
model of hydrostatic guideway joint is shown in Fig. 5. Wu
et al. [22] put a frequency response function method to ana-
lyze the influence of excitation frequency on viscous damp-
ing of oil film. The results showed that with the increase of
excitation frequency, viscous damping of oil film increased
nonlinearly, and hydrostatic guideway was not easily dis-
turbed by high excitation frequency.
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Fig.5 Finite element model of join part of hydrostatic guideway [20]

Zhao et al. [23, 24] applied hydrostatic bearing to guide-
way of machine tool beam, and calculated and solved bear-
ing capacity of oil chamber with constant pressure oil supply
through principle of vector superposition. The maximum
bearing capacity could reach 168.56 kN. At the same time,
the dynamic equilibrium equation was established, and the
natural frequency of hydrostatic guideway system and the
dynamic stiffness of oil film were deduced by squeezing
effect of oil film and Taylor expansion, it provided a theoreti-
cal basis for the study of dynamic characteristics of hydro-
static guideway. The natural frequency w, of hydrostatic
guideway system and the dynamic stiffness of oil film j are:

2P.
w, = \/i (g+ ”OAE> (1)
hy m

Jj = Vk—mw?)? + 2a? )

where k is static stiffness of oil film, m is slider mass, w is
frequency of external load, ¢ is damp.

Gao et al. [25, 26] analyzed the influence of oil film thick-
ness, oil viscosity and oil supply pressure on the stability
of guideway from time domain and frequency domain, the
result showed that the stability of hydrostatic guideway
would be improved when oil film thickness was small, oil
viscosity and oil supply pressure were large in low frequency
range, and established kinematics equation and flow equa-
tion of closed hydrostatic guideway, and found that flow
control valve could improve the dynamic characteristics
of hydrostatic guideway. Based on the elastic deformation
equation and the dynamic balance equation, Wang et al. [27]
established the model of fluid structure interaction of closed
hydrostatic guideway of ultra-precision machine tools, and
analyzed the influence of platen deformation on dynamic
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characteristics of guideway, it was found that the deforma-
tion of platen would decrease the stiffness of guideway and
increase the transition time of step response.

4 Research Progress of Lubrication
Performance of Hydrostatic Linear
Guideway

Lubrication performance and accuracy of hydrostatic guide-
way can be improved by adjusting the flow control device.
Lai et al. [28] studied the influence of orifice diameter on
stiffness of hydrostatic guideway, and found through the
experiment that with the orifice diameter changed from 0.2
to 0.15 mm, the maximum deformation of oil film changed
from 2.06 to 1.82 nm, and the stiffness changed from 1453
to 1855 N/nm. Zhang [29] compared PM flow controller
with flow control valve, and analyzed the changes of static
parameters such as oil film thickness, oil film pressure and
oil film stiffness of hydrostatic guideway, the result showed
that hydrostatic guideway with PM flow controller had better
static characteristics. Shi et al. [30] analyzed the influence
of PM flow controller parameters on motion accuracy of
hydrostatic guideway, the results showed that initial flow,
specific flow and oil supply pressure of PM flow controller
could not affect the position where motion error fluctuate,
but could affect its fluctuation range. Du et al. [31] designed
the parameters of PM flow controller based on the working
conditions of linear guideway of precision surface grind-
ing machine, and improved bearting stiffness of hydrostatic
linear guideway.

The deformation of guideway also affect the lubrication
performance of hydrostatic linear guideway. Zhang [32]
put a modified calculation method, which added the sur-
face force deformation of oil chamber into the equilibrium
equation of hydrostatic system, and derived more accurate
pressure and thickness of oil film. The revised equilibrium
equation of hydrostatic system is:

30ud,,

-F
b b R )
(Bl—]bl i >(hx + AL} X 60X 10
= 3Q'MA32 (3)
b b. _ B B )
(Bz—bz + szlz >(2h0 h, — AL)* x 60 x 10

where Q is flow rate, y is dynamic viscosity, A, is effective
bearing area, B, b;, L; and [; are size parameter of oil cham-
ber, £, is thickness of oil film without load, &, is thickness
of oil film with load, AL is surface force deformation of oil
chamber.

Guo et al. [33] studied the influence law of oil film thick-
ness change on stiffness of hydrostatic guideway, simulated

oil film pressure of ultra-precision grinder guideway, and

analyzed its stiffness. The results showed that when oil film
thickness of side slider was 13 pm and oil film thickness of
middle slider was 14 pm, the stiffness of oil film was the
largest.

5 Research Progress of Structure
of Hydrostatic Linear Guideway

Gao et al. [34] considered that the distribution of oil cham-
bers was the key factor that affected the bearing perfor-
mance of hydrostatic guideway, it was found that single row
and three columns were the best oil chamber arrangement
scheme. Liu [35] compared the pressure distribution of
oil film with and without oil return groove under the same
working conditions, and found that oil return groove could
reduce the fluctuation of bearing capacity of guideway,
thus improved the running accuracy of hydrostatic guide-
way. Wang [36] used finite element simulation to obtain the
deformation of guideway caused by oil film pressure, and
considered that the deformation of guideway would obvi-
ously affect its movement straightness, and took hydrostatic
guideway with four opposing oil pads as the experimental
object, horizontal and vertical straightness errors of hydro-
static guideway were measured by laser interferometer, it
provided a theoretical basis for the deformation compensa-
tion of hydrostatic guideway. Chen et al. [37] designed a
series compound throttle closed hydrostatic guideway. The
advantage of this hydrostatic guideway was that it had mul-
tiple independent throttles, which reduced the mutual influ-
ence of pressure between oil chambers. The section view of
closed hydrostatic guideway is shown in Fig. 6. Li et al. [38]
designed a hydrostatic guideway system with controllable
oil film thickness. The thrust plate in this system was the
key component of main oil film and auxiliary oil film. The
auxiliary oil film controlled main oil film to ensure stiffness
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—
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Fig.6 Section view of closed hydrostatic guideway with series com-
pound throttling [37]
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and bearing capacity of hydrostatic guideway. The thrust
plate is shown in Fig. 7. According to mathematical model
of hydrostatic guideway, Ma and Ran [39] put a relational
analysis algorithm, and optimized structural parameters of
hydrostatic guideway. Liu et al. [40] designed an oil storage
hole in the base of hydrostatic guideway, which could avoid
uneven temperature distribution on guideway surface when
oil flowed into oil storage hole. Chen et al. [41] designed
an sliding assembly of ultra-precision hydrostatic guideway,
which improved stability of oil supply through cooperation
of oil chamber, tubing, plug plate and fixing pin. Chen et al.
[42] put a new type of hydrostatic guideway device, which
could make lubricating oil was smoothly delivered to oil
inlet hole under the extrusion of spring and top plate. Wu
et al. [43] considered that the structure of opposing oil cham-
ber could improve the stability of hydrostatic guideway, and
designed hydrostatic guideway with a good anti-torsion per-
formance. For the hydrostatic guideway with large center
distance between oil pads, Cha and Li [44] adopted a method
to calculate the motion accuracy of hydrostatic guideway
with four oil pads. The contour error of guideway surface is
fitted by Fourier series, the contour error is:

£,0) =EsinQz /Ay + ¢) “)

where E is amplitude, 1 is wavelength of contour error, ¢
is phase angle, y is contour length of guideway surface.
According to oil film bearing force and static equilibrium
theorem, motion straightness of hydrostatic guideway was
deduced. The motion straightness is:

e,=A-B-(fy+fo+fa+fu—-G-W) 5)

where A is structure parameter of sliding, B is matrix of oil
film stiffness coefficient, fej is variation of oil film bearing
force of oil pad, G is sliding gravity, W is load.

From the research progress of hydrostatic linear guide-
way, it can be found that most of research mainly improves
lubrication performance and stability of hydrostatic linear
guideway by changing flow control device and guideway

Fig.7 Thrust plate [38]

structure, and the main influence factors include: oil sup-
ply pressure, oil supply flow, oil film thickness, guideway
deformation and working load. In the aspect of deformation
compensation of hydrostatic linear guideway, deformation
of guideway can be compensated by flow control device or
external force. However, there is little research on the modi-
fication of hydrostatic linear guideway surface, so accord-
ing to the deformation law of guideway surface, a shape
with equal size and opposite direction can be designed and
processed in advance to compensate its elastic deformation.

6 Research Progress of Hydrostatic Rest
and Ram

In the cutting process, rest and ram are all affected by cut-
ting force. Therefore, deformation, stiffness and vibration
resistance of rest and ram directly affect machining accuracy
of CNC machine equipment. Based on the finite element
method, the ram of CNC boring and milling machine has
been deeply researched [45-47]. For the thermal deforma-
tion of ram, Lu et al. [48] analyzed the thermal deformation
of ram based on the thermal-structural interaction theory. Li
et al. [49] made a comprehensive research on thermal defor-
mation compensation of ram. Mahbubur et al. [5S0-52] meas-
ured force deformation of ram and optimized its structure.
At the same time, Liu et al. [53-55] researched deformation
compensation methods of ram, such as pull rod compensa-
tion method. With the increasing cutting load and machining
accuracy, hydrostatic bearing has been applied to rest and
ram of CNC machine equipment in recent years.

7 Research Progress of Hydrostatic Rest
and Ram of Vertical Lathe

Vertical lathe is used to process heavy parts with small pro-
portion of length and diameter, its rest mainly includes: car-
riage, ram and tool holder. Cutting process of vertical lathe
is shown in Fig. 8. Compared with traditional rest of verti-
cal lathe, hydrostatic rest of vertical lathe has a complete
oil supply system and can stand greater cutting force, such
as DVT series vertical lathe [56]. After hydrostatic bearing
is added to rest, the maximum cutting force can be 6.3t,
internal structure, oil chamber and ram of hydrostatic rest
of vertical lathe are shown in Figs. 9, 10 and 11.

Yang [57] considered that the change of oil film thickness
of hydrostatic rest would cause a certain deflection angle of
vertical ram, and took hydrostatic tool rest with constant
current oil supply as research object, calculated the total
displacement at the bottom of ram was 9.016 pm. Cheng
[58] simulated oil film pressure field of single oil chamber
and double oil chamber of hydrostatic rest by Fluent, it was
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Fig.8 Cutting process of vertical lathe
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Fig.9 Internal structure of hydrostatic rest of vertical lathe

found that the bearing performance of double oil chamber
was better than that of single oil chamber. The pressure field
of hydrostatic rest oil chamber is shown in Fig. 12.

Wang et al. [59, 60] calculated the bearing capacity
of a single oil chamber by Reynolds equation, and ana-
lyzed nonlinear bearing force and stiffness of two oppos-
ing oil chambers by Gauss—Seidel, it was found that with
the decrease of oil film thickness, the stiffness of oil film
increased, but oil film was easy to crack when oil film
thickness was small, and oil film bearing capacity could

@ Springer KE ;]E

Fig. 11 Hydrostatic ram [56]

not exceed the maximum pump pressure. Therefore, the
gap could appropriately reduce to improve oil film stiff-
ness. At the same time, static and damping components
of hydrostatic rest were analyzed, it was found that sym-
metrical distribution of oil chamber was beneficial to
improve static and dynamic characteristics of hydrostatic
rest. Zhang et al. [61] put a method to measure the defor-
mation of hydrostatic rest. Under the condition of oil sup-
ply, force was added to ram surface by proving ring, and
the deformation of hydrostatic ram was read by dial indi-
cator. This method provided a reference for the measure
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Fig. 12 The pressure field of hydrostatic rest oil chamber [58]

of deformation and stiffness of hydrostatic rest. Measure
instruments are shown in Fig. 13. Gao [62] added pressure
field of oil film of hydrostatic rest to ANSYS Workbench,
and simulated deformation of hydrostatic rest, obtained
deformation distribution of friction pair, and predicted the
shape of oil film of hydrostatic rest. The result showed that
the deformation of lower part of friction pair was large
due to bending deformation of ram. When the ram over-
hang length is 2 m, the deformation of friction pairs on the
lower oil chamber of hydrostatic rest are shown in Fig. 14.

(b) Position of dial indicator.

Fig. 13 Measure instruments [61]

8 Research Progress of Hydrostatic Rest
and Ram of Milling Machining Center

Hydrostatic bearing is not only applied to rest and ram of
vertical lathe, but also applied to rest and ram of milling
machining center. Hydrostatic guideway structure is adopted
inside the headstock, which can make ram suspend on oil
film for linear movement, and improve bearing capacity of
ram and reduce friction [63]. Wu et al. [64] added hydro-
static bearing to compensate deformation of ram of boring
and milling machine rest and ram, it could compensate radial
bending deformation of ram by increasing or decreasing oil
supply pressure of the first group of oil chambers and the
second group of oil chambers. The measure of ram bend-
ing compensation is shown in Fig. 15. Based on hydrostatic
bearing, Zheng [65] put a hydraulic micro-gap compensation
system, which could effectively improve the contact stiffness
of ram of gantry milling machine and compensate the errors
caused by micro-gap. Hua et al. [66, 67] applied opposite
hydrostatic oil pad to rest and ram of large floor boring and
milling machine, and topology optimized hydrostatic ram
structure, which improved bearing capacity, vibration resist-
ance and machining accuracy of large floor boring and mill-
ing machine. Oil chamber distribution form of ram of CNC
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Fig. 14 Deformation of friction pairs [62]

The first group of hydrostatic guides

L

The second group of hydrostatic guides

Fig. 15 Measures of bowing compensation of the ram [64]

floor boring and milling machine is shown in Fig. 16, section
A and section B of hydrostatic guideway of machine head
are shown in Fig. 17.

Gao [68] took GTM500200 turning and milling
machining center as research object, designed distribu-
tion and parameters of oil chamber of hydrostatic rest,

@ Springer KE;E

Fig. 16 Distribution form of ram oil chamber of CNC floor boring
and milling machine [66]

and calculated pressure, flow rate and stiffness of oil film.
These provided theoretical reference for the machining
accuracy was improved of turning and milling machining
center. Wang and Chen [69] took spindle box of TH6918
boring and milling machining center as the research
object, and measured oil film pressure and thickness
of hydrostatic guideway under different ram overhang
lengths. The measured results provided a theoretical basis
for hydrostatic guideway structure was improved. Dong
[70] added a compensation oil pad at the bottom of ram to
support ram and reduced deflection value of ram of CNC
floor boring and milling machine. Yu et al. [71] designed
a hydrostatic rolling composite guideway device in the
rest of vertical lathe and milling machine, which improved
accuracy, moving speed, stiffness, bearing capacity, vibra-
tion resistance and wear resistance of rest. The hydrostatic
rolling composite guideway device is shown in Fig. 18.

The oil film pressure in hydrostatic rest and ram is
obtained by simple force analysis and theoretical calcula-
tion. However, there are many oil chambers in hydrostatic
rest, and oil film pressure is uneven, at the same time,
ram is connected with ball screw, which will also cause
additional force. In the cutting process, the force of ram
is very complicated. Oil film pressure obtained by simple
force analysis is not accurate. Therefore, the actual stress
situation of hydrostatic ram should be comprehensively
considered, and oil film pressure of hydrostatic ram should
be directly or indirectly determined by experimental meas-
urement or elastic model.
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Fig. 17 Section of machine head hydrostatic guideway [67]

9 Research Progress of Hydrostatic Thrust

Bearing

As the core component of large-scale CNC machine

ram hydrostatic guideway

ram coat

roll guideway

Fig. 18 Hydrostatic rolling combination guideway [71]

equipment, hydrostatic thrust bearing has advantages of
low friction coefficient, low driving power and long ser-
vice life [72—74]. Lubricating oil viscosity, oil film thick-
ness, oil film temperature and oil chamber structure all
have influences on the performance of hydrostatic thrust
bearing [75-77]. Hydrostatic thrust bearing of vertical
machining equipment is shown in Fig. 19, and oil supply
system of hydrostatic thrust bearing is shown in Fig. 20.

Fig. 19 Hydrostatic thrust bearing
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1062 International Journal of Precision Engineering and Manufacturing (2023) 24:1053-1081

worktable oil inlet hole

base

D el q qj
\R T )
-

-

Fig. 20 Internal oil supply system of hydrostatic thrust bearing
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10 Research Progress of Lubrication
Characteristics of Hydrostatic Thrust
Bearing Oil Film

In the research of oil film bearing capacity, Yu et al. [78]
used computational fluid dynamics method to research the
pressure distribution of gap fluid of multi-pad annular recess
hydrostatic thrust bearing, it was found that with the increase
of worktable rotational speed, oil film pressure decreased.
Singh et al. [79-81] considered that centrifugal force and
inertia would have a certain influence on lubrication perfor-
mance of oil film of hydrostatic thrust bearing under high
speed and heavy load working conditions. According to the
influence of inertia force and centrifugal force on the bearing
performance of hydrostatic thrust bearing, Yu et al. [82] ana-
lyzed the variation law of oil film pressure and oil film thick-
ness, and found that with the increase of rotational speed
of worktable, oil film thickness decreased, so centrifugal
force could easily cause friction failure of hydrostatic bear-
ing. Wang et al. [83] calculated bearing capacity of hydro-
static thrust bearing with sector chamber and constant flow
oil supply under centrifugal force, and established experi-
ment system of heavy hydrostatic turntable, which provided
theoretical basis for design and calculation of this kind of
hydrostatic thrust bearing. Based on lubrication theory and
tribology principle, Yu et al. [84] deduced the relationship
between oil film thickness and bearing capacity of multi-pad
annular recess hydrostatic thrust bearing under centrifugal
force. The relationship is:

30,uA 18uAQ,,
h= g — Ah = hy — 2t _ o[ 181B0, ©6)
Wy + W Tpw3r?

where £, is oil film thickness when load is O, Q[, is oil inlet
flow, u is dynamic viscosity of lubricating oil, A, is effec-
tive bearing area, W, is weight of worktable, W is weight of
workpiece, AQw is flow generated by centrifugal force, p
is lubricating oil density, @ is angular velocity, r is center
distance.
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Fig.21 Offset condition diagram [87]

Quan et al. [85] used dynamic grid technology to simulate
oil film pressure of hydrostatic thrust bearing under differ-
ent working conditions. The results showed that the higher
inlet velocity, the higher oil film pressure, and due to pres-
sure loss, pressure in chamber decreased with the increase of
rotational speed when oil film thickness was small. Rehman
et al. [86] put the active control theory to realize the active
lubrication of hydrostatic thrust bearings, and improved
capacity and stability of hydrostatic bearing. Liu et al. [87]
researched the influence of eccentric load distance on bear-
ing performance under offset condition, and derived oil film
pressure equation of double rectangular chambers under off-
set condition. Offset condition diagram is shown in Fig. 21,
equations of oil film pressure under offset condition are
shown in Table 1.

In the research of oil film temperature rise and flow pat-
tern of hydrostatic thrust bearing, Tan et al. [88] simulated
temperature field of hydrostatic thrust bearing with sector
chamber under different rotational speeds based on compu-
tational fluid dynamics theory, and the result showed that oil
film temperature was greatly influenced by rotational speed
of worktable. Oil film temperature field under 31.5 rmp and
40 rmp of worktable rotational speed are shown in Fig. 22.
From temperature field, it can be found that temperature
at oil sealing edge of oil pad is higher, and temperature is
higher when the rotational speed was 40.

According to computational fluid dynamics and finite
element, Srinivasan [89] analyzed the lubrication charac-
teristics of ultra-heavy constant-flow hydrostatic thrust bear-
ing. The result showed that with the increase of worktable
rotational speed, oil film temperature increased. Based on
the lubrication theory, Yu et al. [90] simulated flow pattern
of oil film in the clearance of hydrostatic thrust bearing. The
simulation results showed that with the increase of rotational
speed, the flow state in chamber changed from laminar flow
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Table 1 Oil film pressure

. Oil film Pressure formula
equation pressure under eccentric
load
D
P, : 0
+§,m
P _Po
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5 Em
P Po
3 1+ % £y
P, Po
J
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1- 2Em
P Po
6 3
1- T\f Em
P Po
7
l_em
P Po
8 3
1- T\f Em
J2
Py =
_l,
Py Po
P Po
1 1+ % £
P Po
12 3
1+ T\f Epm

Where ¢, is displacement rate
under the action of overturning
couple moment.

to turbulent flow, and the turbulent flow became more obvi-
ous, and the flow on oil seal edge kept laminar flow. Feng
et al. [91, 92] took sector chamber as the research object, put
a calculation method of oil film temperature rise with hot oil
carrying, established the equation of oil supply temperature
rise under the influence of hot oil carrying, and simulated oil
film temperature under different working conditions by finite
element method. The results showed that when worktable
rotated counterclockwise, the hot oil carrying phenomenon
occurred in oil sealing edge area on the right side of oil pad,
and the hot oil carrying factor was greatly affected by rota-
tional speed, and overall oil film temperature rise increased
with the increase of rotational speed and load. The tempera-
ture rise equation is as follows:

Ty =T, +aAT @)

where T}, is oil inlet temperature of oil chamber, T}, is oil
supply temperature, AT is temperature rise on the down-
stream side sealing edge caused by hot oil carrying, a is
hot oil carrying factor, the expression of hot oil carrying
factor is:

3auw(R, + R,) — Aph?
a=
3auw(R, + R,) + Aph?

®)

where a is width of oil sealing edge, ¢ is dynamic viscosity,
o is angular velocity, /4 is oil film thickness, Ap is pressure
difference between oil chamber and oil return groove, R;

Temperature

(Volume 1)
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r3.205e+002

-r 3.173e4002

F 3.142e4002

3.110e4002
(K]

Temperature
(Volume 1)

3.283e+4002

F3.240e+002

L 3. 197€4002
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3.110e4+002

(K]

(b) Rotational speed is 40rpm.

Fig.22 Temperature of oil film [88]

is inner diameter of oil pad rotation center, and R, is outer
diameter of oil pad rotation center.

Singh et al. [93] researched the viscosity of hydrostatic
thrust bearing lubricant. Zhang et al. [94] established a
mathematical model of hydrostatic thrust bearing with
multi-oil pads under variable viscosity, and found that vis-
cosity of lubricating oil had an important influence on the
performance of hydrostatic thrust bearing. Chen [95] used
Fluent to simulate pressure field of oil film under different
lubricating oil viscosity. The simulation results showed that
in order to improve bearing capacity of oil film, when the
load of hydrostatic thrust bearing was 40t, HL-15, HL-22
and HL-32 types of lubricating oil should be selected, and
when the load was 80t, HL-46 and HL-48 types lubricating
oil should be selected. In order to reduce temperature rise of
lubricating oil, when the rotational speed of worktable was
lower than 20 r/min, HL-46 and HL-68 types of lubricat-
ing oil should be selected, and when the rotational speed
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of worktable was higher than 20 r/min, HL-15 and HL-22
types of lubricating oil should be selected. Zhang et al. [96,
97] researched the lubrication characteristics of oil film of
Q1-205 hydrostatic thrust bearing under variable viscosity
and variable load by dynamic grid technology, it was found
that the pressure loss on the downstream side of oil chamber
seal oil edge was larger. Yu et al. [98] used power exponent
function to fit viscosity and temperature of lubricating oil,
and deduced the relationship equation of viscosity and tem-
perature, which provided a theoretical basis for the research
of the influence of temperature on bearing capacity of oil
film. Viscosity-temperature relation equation is:

1 = 3.5665 x 1031(T0 + AT)_13'22838 ©)

where p is dynamic viscosity, T} is initial temperature, AT
is temperature rise.

11 Research Progress of Oil Chamber
Structure of Hydrostatic Thrust Bearing

In order to improve bearing capacity and positioning accu-
racy and reduce surface friction of large size hydrostatic
thrust bearing under high speed and heavy load conditions,
many scholars have researched and improved oil chamber
structure [99]. Kumar and Sharma [100] considered that
geometry and area of oil chamber were the key factors that
affect performance of hydrostatic thrust bearing. Chow
[101] compared bearing capacity of circular chamber
and annular chamber of hydrostatic thrust bearing, and
found that annular chamber had stronger bearing capac-
ity. Sharma et al. [102] simulated pressure and tempera-
ture fields of different shapes of oil chambers, and found
that annular oil chamber had the best comprehensive per-
formance. Heinrichson et al. [103, 104] established the
dynamic model of tilting pad thrust bearing, and found
that shallow oil chamber could improve performance of
bearing, and verified this conclusion by experiment. Yadav
et al. [105, 106] put a hydrostatic thrust bearing structure
with surface texture, which could reduce friction. Shao
et al. [107-110] compared distribution of temperature field
and flow field of gap oil film of different shapes and depths
of chamber, and optimized the structure of oil chamber.
Based on the computational fluid dynamics theory, Wang
et al. [111] analyzed the influence of water chamber depth
and water inlet diameter on bearing capacity. The result
showed that with the increase of water chamber depth or
water inlet diameter, bearing capacity first increased and
then remained unchanged. Li et al. [112] researched the
influence of depth and oil seal edge size of oil chamber
on the temperature field of hydrostatic thrust bearing. The
result showed that when oil seal edge width was 10 mm

and oil chamber depth was 10 mm, oil film temperature
rise was the lowest. Sun [113] took double rectangular oil
chamber as the research object, analyzed pressure field,
temperature field and velocity field of oil film of different
structural sizes of oil chamber, and combined with MAT-
LAB, it was found that the lubrication performance was
the best when the area ratio of oil chamber in oil pad was
75%. Xiao el al. [114] analyzed the flow pattern distribu-
tion of circular oil chamber with multi-ring structure, and
found that the flow pattern of circular oil chamber with
multi-ring structure was more stable and the pressure dis-
tribution was more uniform. Guo et al. [115] used finite
element method to simulate temperature field of rectangu-
lar chamber, sector chamber, elliptical chamber, and I-sec-
tion chamber of hydrostatic thrust bearing, and obtained
oil film temperature rise of four chambers with the same
area and under the same working conditions. The maxi-
mum oil film temperatures of four chambers are shown
in Table 2. Shao et al. [116] researched the lubrication
characteristics of annular hydrostatic thrust bearings with
different groove depths. Through simulation, it was found
that the lubrication characteristics were the best when the
groove depth was 3.5 mm. Yu et al. [117] simulated pres-
sure field, temperature field and velocity field of oil cham-
bers with different groove shapes. Through comparison, it
was found that the lubrication performance of oil cham-
bers with circular grooves was the best. Wang [118] made
a comprehensive research on different chamber shapes,
chamber depths and sizes of oil inlet holes of hydrostatic
thrust bearings, and comprehensively compared pressure
field and temperature field of oil film of different cham-
ber structures. It was concluded that the optimal chamber
depth of double rectangular oil chamber was 3 mm and the
optimal diameter of oil inlet hole was 15 mm, the optimal
chamber depth of ring oil chamber was 2.5 mm, and the
optimal diameter of oil inlet hole was 15 mm, the opti-
mal chamber depth of circular oil chamber was 3.5 mm,
and the optimal diameter of oil inlet hole was 15 mm, the
optimal chamber depth of runway oil chamber was 5 mm,
and the optimal diameter of oil inlet hole was 14 mm. Tian
et al. [119] used the small perturbation method to solve
stiffness and damping coefficient of oil film, and the result
showed that annular oil chamber was better than circular
oil chamber.

Table 2 Maximum temperature of oil film in four oil chamber

Chamber shap Rectangu-  Sector Elliptical ~ I-section
lar chamber chamber chamber chamber
Maximum 314.0432  314.0836  314.1451  314.1856
temperature/K
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12 Research Progress of Fluid-Structure
Interaction Deformation of Hydrostatic
Thrust Bearing

Under high speed and heavy load working condition, the
friction between worktable and oil film generates heat,
which leads to thermal deformation and force deformation
of hydrostatic bearing. The finite element method can be
used to analyze thermal deformation and force deforma-
tion of surface [120—122]. Based on theory of fluid—struc-
ture interaction, Yang [123] researched the deformation
of hydrostatic thrust bearing, through simulation, it was
found that the deformation of base was gradient distri-
bution, increased from inside to outside, and the overall
deformation of hydrostatic bearing was wedge-shaped
with open outward at the lubrication gap. Fu et al. [124]
researched the thermal deformation of hydrostatic thrust
bearing with annular recess multi-oil pads, and obtained
thermal deformation of worktable and base through finite
element simulation, it could be found that the maxi-
mum thermal deformation of worktable occurred at the
bottom of radial outer edge, and the maximum thermal
deformation of base occurred at the top of radial outer
edge, and the actual shape of oil film was "trumpet" under
the combined action of thermal deformation of workta-
ble and base. Ettles et al. [125] analyzed the influence of
thermal effect of oil film boundary layer on the bearing
performance of hydrostatic thrust bearing, and optimized
structure of hydrostatic thrust bearing. Yu et al. [126—128]
obtained the deformation of friction pair of hydrostatic
thrust bearing by fluid—structure interaction, and found
that with the increase of rotational speed of worktable, the
increment of deformation of friction pair also increased,
and predicted the shape of oil film of hydrostatic bearing.
Zheng et al. [129, 130] calculated the heat transfer coeffi-
cient of hydrostatic thrust bearing under different working
conditions, and simulated overall thermal deformation of
worktable and base by ANSYS Workbench, and through
experiment verification, the overall thermal deformation
characteristics of hydrostatic thrust bearing were obtained,
and optimal load of hydrostatic thrust bearing was between
16 and 30t. Deformation of worktable and base is shown
in Fig. 23. From Fig. 23, it can be found that deformation
of worktable and base increase from the center of rotation
to the periphery. Li et al. [131] added a micro-heat pipe
structure to the joint of worktable and base of hydrostatic
thrust bearing, and numerically simulated the temperature
field of oil film and the thermal deformation of worktable
and base. The results showed that micro-heat pipe had a
good thermal conductivity, could take away most of heat
generated by oil film shearing, and effectively control tem-
perature rise and thermal deformation of hydrostatic thrust

0.00031057 Max
0.00027806
0.00024555
0.00021304
0.00018054
0,00014803
0.00011102
7.4015e-5
3.7008e-5
0Min

Fig. 23 Deformation of worktable and base [129]

bearing, avoid dry friction, improve processing quality of
equipment. Micro heat pipe structure of hydrostatic thrust
bearing is shown in Fig. 24.

Most of research focus on the lubrication performance
of hydrostatic thrust bearing, but in the operation process,
hydrostatic thrust bearing is often affected by dynamic loads,
S0 it is necessary to research the dynamic characteristics of
hydrostatic thrust bearing. Geng [132] calculated damping
and natural frequency of oil film of hydrostatic thrust bearing
under different working conditions. Yu et al. [133] deduced
the dynamic-static displacement ratio of oil film based on the
dynamic equilibrium theory. The ratio ya/y of dynamic dis-
placement to static displacement of oil film is as follows:

Ya _ 1

2
- « o)

where o, is natural frequency of system, w,, is sinusoidal
loading frequency, 6 is damp ratio. Curve of dynamic and
static displacement ratio is shown in Fig. 25.

From the curve, it can be find that when sinusoidal load
frequency is in the high frequency band, the dynamic displace-
ment of oil film is small and oil film will not vibrate greatly,
so the high frequency loading will not affect the stability of
system, and the dynamic stiffness in the high frequency band
is large and the amplitude is small, so system will not resonate.
However, most of research on the dynamic characteristics of
hydrostatic thrust bearing only take oil film as the specific
research object, and the research on the whole hydrostatic
thrust bearing is less. Therefore, the hydrostatic thrust bearing
system should be selected as the research object in the future.
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Fig. 24 Micro heat pipe
structure of hydrostatic thrust
bearing [131]

(d) Part of worktable.

3.0
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Fig. 25 Curve of dynamic and static displacement ratio [133]

13 Research Progress
of Hydrostatic-Hydrodynamic Thrust
Bearing

Under extreme working condition of high speed and heavy
load, temperature of hydrostatic bearing oil film increase, vis-
cosity of hydrostatic bearing oil film decrease, and with extru-
sion and shearing of oil film, stiffness and bearing force of oil
film decrease, it is easy to cause local boundary lubrication or
dry friction [134]. To solve this problem, hydrodynamic bear-
ing is added to hydrostatic bearing can improve oil film stiff-
ness, and tribological failure is avoided, machining accuracy
of machine tool is improved.

@ Springer KE ;]E

(e) Part of bearing. (f) Heat pipe position.

14 Research Progress
of Hydrostatic-Hydrodynamic Thrust
Bearing with Tilting Oil Pad

Brecher et al. [135] found that hydrostatic thrust bearing oil
pad had dynamic pressure at oil return groove. Hydrostatic
bearing gap between worktable and base is a parallel flat
plate. In order to realize hydrostatic-hydrodynamic hybrid
bearing effect, oil pad and base are connected together by
pin. During rotation of worktable, oil pad can automatically
tilt, thus hydrostatic- hydrodynamic hybrid bearing effect
is formed [136, 137]. Hydrostatic-hydrodynamic hybrid
bearing structure is shown in Fig. 26, tilting oil pad bearing
structure is shown in Fig. 27.

In 1991, Osman et al. [138] studied inclination angle of
hydrostatic thrust bearing oil pad. According to the tribo-
logical behavior of tilting hydrostatic thrust bearing with
self-adaption oil pad, Sui [139] researched the influence
of oil pad inclination angle and coupling inclination angle
on the tribological characteristics of hydrostatic thrust
bearing. Through simulation, it was found that when load
was 10t and rotational speed was 140 r/min, inclination
angle on the radial inner side of oil pad was 0.009°, and
inclination angle on the downstream side was 0.005024°,
self-adaptive inclination angle was 0.0088°, oil film bear-
ing capacity was the largest and angle was the best. Wang
[140] simulated oil film pressure field and temperature
field under different oil pad inclination angles and different
oil chamber areas, from the simulation results, it was found
that the optimal oil pad inclination angle was 0.0044°, and
the optimal oil chamber area percentage was 80%. Based
on lubrication theory and tribology principle, Yu et al.
[141] optimized structural parameters of tilting oil pad
to adapt to the deformation of worktable and compensate
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7

pin hole

Fig. 26 Hydrostatic-hydrodynamic hybrid bearing structure

Fig. 27 Tilting oil pad bearing structure

the lack of hydrostatic bearing. Through simulation and
experiment, it was found that when the length and width
of the bottom of tilting oil pad were 35 mm, the height
was 1.5 mm, and clearance with 0.25 mm double pins was
used to connection with the base, the hydrodynamic effect
was the most obvious. Zuo [142] took hydrostatic thrust

Table 3 Optimum oil pad inclination angle values under different
extreme conditions

Extreme working condi-  Circumferential inclination Radial

tions angle inclination
angle

Ot 0.0020° 0.0025°

4t 0.0035° 0.0040°

8t 0.0020° 0.0035°

12t 0.0025° 0.0045°

16t 0.0020° 0.0040°

20t 0.0015° 0.0040°

24t 0.0005° 0.0045°

28t 0.0010° 0.0045°

32t 0.0020° 0.0005°
10°
6

x10°
8 5

Pressure(Pa)

Fig. 28 Pressure field [142]

bearing with diameter of 3.5 m as research object, ana-
lyzed distribution of oil film pressure field, temperature
field and flow field under different extreme working condi-
tions, and determined optimal inclination angles of oil pad.
The inclination angle values are shown in Table 3, pressure
field of oil film is shown in Fig. 28 when load is 12t, oil
pad inclination angle is 0.0015° and worktable rotational
speed is 182.3 r/min, flow field are shown in Fig. 29 when
circumferential inclination angle is 0.0015° and 0.0025°.
From pressure field, it can be found that pressure on the
downstream side of oil pad is larger. From Fig. 29, it can
be found that when circumferential inclination angle is
0.0025°, oil particles have relatively few trajectories in
the oil chamber, shearing times are less, temperature rise
is lower and lubrication performance is better.

Yuan [143] simulated the deformation of friction pair
of tilting oil pad hydrostatic thrust bearing, and visually
expressed the shape of oil film through scatter diagram of
MATLAB. Morphology of oil film is shown Fig. 30.
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Fig.29 Flow field [142]

Counter current side
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Direction of rotation

Fig. 30 Morphology of oil film under extreme conditions [143]

Qu [144] used Workbench to simulate deformation
of hydrostatic-hydrodynamic thrust bearing, the results
showed that when load was 0-28t, deformation of fric-
tion pair was mainly affected by thermal deformation, and
the probability of dry friction was higher, when load was
28-32t, base was depressed inward under the influence
of stress, it could offset squeezing effect of worktable

@ Springer KE;E

deformation on oil film, and the probability of dry friction
was lower, so the load range of 28—-32t was better under
extreme working conditions. Yu et al. [145] used ANSYS
Workbench to simulate the deformation of oil pad tilting
hydrostatic bearing friction pair, and obtained the thin-
nest oil film thickness under different loads and rotational
speeds, which provided theoretical basis for the research
on tribological failure mechanism. The thinnest oil film
thickness under different working conditions is shown
in Fig. 31. Zhou [146] used CFX to simulate oil film of
hydrostatic-hydrodynamic thrust bearing, and found that
pressure difference of hydrostatic-hydrodynamic thrust
bearing was obviously larger than that of traditional hydro-
static thrust bearing, and hydrodynamic pressure effect
of hydrostatic-hydrodynamic thrust bearing was more
obvious.

In some research, the microstructure is added to surface
of friction pair, which can form wedge-shaped gap, cause
additional bearing capacity and achieve better hydrostatic-
hydrodynamic hybrid bearing effect. Razzaque and Hos-
sain [147] used the mathematical model based on narrow
groove theory (NGT) to research the slotting effect in the
porous hydrostatic circular stepped thrust bearing. The
result showed that bearing capacity could be improved
by slotting under the medium porous surface permeabil-
ity. Wu [148] applied microstructure to hydrostatic thrust
bearing, added rectangular grooves and triangular grooves
on oil sealing edge and added strip grooves on oil cham-
ber. Through simulation and experiment verification, it
was found that the mixed microstructure could effectively
increase bearing capacity under high load.
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Fig.31 The thinnest oil film thickness under different working condi-
tions [145]
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_hydrodynamic spiral oil
wedge

- sector oil chamber

Fig.32 Schematic diagram of oil chamber of hydrostatic-hydrody-
namic hybrid rotary table [149]

Fig.33 Section view of oil chamber [150]. (a) Worktable, (b) oil
chamber, (c) hydrodynamic spiral oil wedge, (d) Intermediate rotary
table, (e) orifice throttler, (f) oil pump

15 Research Progress
of Hydrostatic-Hydrodynamic Thrust
Bearing with Spiral Oil Wedge

Ma et al. [149, 150] put a new type of hydrostatic-hydro-
dynamic rotary table structure, which had sector cham-
ber and spiral oil wedge, thus hydrostatic-hydrodynamic
hybrid bearing structure was realized. Schematic diagram
and section view of oil chamber of hydrostatic-hydrody-
namic hybrid rotary table are shown in Figs. 32 and 33. Liu
et al. [151] established the mathematical model of bearing
characteristics of hydrostatic-hydrodynamic hybrid rotary
table by Reynolds equation and flow continuity equation,

Table4 Optimal geometry parameters under different rotational
speed

w/(r/min) B h, (ho+h)/hy n

10 28.27 380.52 372 12
20 28.36 380.45 372 12
30 28.29 380.23 372 12
40 28.11 380.41 372 12
50 28.24 380.74 372 12
60 28.36 380.58 372 12

Where o is rotational speed, § is helix angle, h; is wedge depth,
(hy+h))/h is film thickness ratio, n is wedge number

Table 5 Maximum rotational speeds under different oil film thick-
nesses

Oil supply Maximum rotational speed/(r min~")

pressure/

MP 0.04mm 0.06mm 0.08mm 0.10mm 0.15mm
a

0.1 2.07 4.93 10.26 18.9 51.08

0.2 4.06 9.77 20.51 37.17 92.35

0.3 6.21 14.60 30.60 54.89 128.09

and found that flow rate of hydrostatic chamber was less
than leakage of the hydrodynamic wedge under heavy
load, and calculated the critical value of height difference
between oil sealing surface of hydrostatic chamber and oil
sealing surface of hydrodynamic wedge. When the height
difference was greater than critical value, the problem of
insufficient oil supply of hydrodynamic wedge could be
solved. Nie et al. [152, 153] established a new mathemati-
cal model of oil film of hydrostatic-hydrodynamic rotary
table to research the influence of rotational speed on bear-
ing characteristics of oil film. It was found that with the
increase of rotational speed, oil film thickness decreased,
the bearing capacity of hydrodynamic area increased, stiff-
ness and damping of oil film increased. Tian et al. [154]
used cuckoo search to optimize geometry parameters of
spiral oil wedge under different rotational speeds. The
optimal structure parameters are shown in Table 4. In
order to avoid the shortage of hydrodynamic oil wedge
oil supply caused by negative pressure in the outer groove
area of new type of hydrostatic-hydrodynamic rotary table
chamber, Liu et al. [155, 156] obtained the maximum rota-
tional speed without negative pressure in the outer groove
area of oil chamber under different oil film thicknesses by
Fluent, improved structure of hydrostatic oil chamber and
hydrodynamic groove, the negative pressure phenomenon
was avoided. Maximum rotational speeds under different
oil film thickness are shown in Table 5.

The best combination scheme of hydrostatic-hydrody-
namic is determined by selecting the best inclination angle
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of oil pad. Hydrostatic-hydrodynamic thrust bearing is gen-
erally applied in rotary table, and it can also be applied in
closed circular guideway with high rotational speed and
heavy load. Instead of traditional rolling bearing, hydro-
static-hydrodynamic thrust bearing can improve lubrication
performance and avoid tribological failure.

16 Research Progress
of Hydrostatic-Hydrodynamic Spindle

As one of the most important structures of CNC machine
equipment, spindle's rotation accuracy and radial bear-
ing stiffness directly determine machining performance of
CNC machine equipment. Due to excursion of the center of
spindle, two friction pair surfaces form angle, which lead to
additional hydrodynamic effect appear. Hydrostatic-hydro-
dynamic spindle can greatly improve rotation accuracy,
bearing stiffness and vibration resistance [157, 158]. The
radial bearing structure of hydrostatic-hydrodynamic spindle
is shown in Fig. 34.

17 Research Progress
of Lubrication Performance
of Hydrostatic-Hydrodynamic Spindle

Phalle et al. [159-161] controlled flow and eccentricity by
flow control device, improved the performance of hydro-
static-hydrodynamic bearing. Santos et al. [162, 163] con-
sidered that active lubrication by active control method

oil inlet hole
oil chamber

|
oil return groove Jl—

Fig. 34 Structure of radial bearing
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could improve damping coefficient, motion accuracy and
stability of hydrostatic bearing. Based on hydrostatic bear-
ing, controllable throttle can actively control pressure in
oil chamber to maximize oil film stiffness under different
working conditions, thus motion accuracy and stability of
hydrostatic-hydrodynamic spindle are improved [164—166].
Singh et al. [167] changed flow rate and pressure of oil sup-
ply through controllable throttle, which improved stiffness
of oil film of hydrostatic-hydrodynamic spindle. Hu et al.
[168, 169] put a pre-controlled throttling technology, which
could increase oil film stiffness by about 50%. Controllable
throttle structure is shown in Fig. 35. Zhang [170] estab-
lished mathematical models of different throttles, analyzed
the influence of throttles type and throttle ratio on oil film
stiffness of hydrostatic bearing, and found that oil film stiff-
ness was the highest when throttle ratio of capillary throt-
tle was about 2 and that of orifice throttle was about 1.71.
Based on the differential effect of the piezoelectric thin film
differential throttle valve, Liu et al. [171] connected two oil
outlets of throttle valve with two opposing oil chambers,
thus indirectly obtained the movement track of hydrostatic-
hydrodynamic spindle axis. Xia et al. [172] simulated the
bearing capacity of hydrostatic-hydrodynamic spindle oil
film, the result showed that the bearing capacity of hydro-
static-hydrodynamic spindle was the largest when diameter
of spindle orifice was 0.5 mm.

In the research on lubrication characteristics of hydro-
static-hydrodynamic spindle oil film. Wang et al. [173]
simulated the temperature rise of oil film of hydrostatic-
hydrodynamic spindle of ultra-high speed grinder by Fluent,
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Fig.35 The diagram of controllable throttle structure [169]. (a)
Sleeve of throttler, (b) Integrated oil chamber, (c) Oil inlet hole of
throttler, (d) Stepped throttle column, (e) Oil outlet hole of control oil
chamber, (f) Cover of throttler, (g) Spring, (h) Control oil chamber,
(i) Choke inlet oil chamber, (j) Annular throttle clearance, (k) Oil out-
let hole of bearing oil chamber, (1) Bearing oil chamber
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and found that the spindle rotational speed was the main
influence factor of oil film temperature. Yu et al. [174]
took hydrostatic-hydrodynamic spindle of ultra-high speed
grinder as research object, calculated the stiffness of oil film
at different spindle speeds through dynamic grid technol-
ogy, and determined the critical speeds of spindle with and
without prestressing force were 13,550 r/min and 14,700 r/
min through modal analysis, it provided a theoretical refer-
ence for the resonance of hydrostatic-hydrodynamic spindle
of ultra-high speed grinder was avoided. The stiffness of oil
film in X direction and Y direction under different speeds
are shown in Table 6.

Chen et al. [175] established mathematical models of
bearing capacity, stiffness and dynamic stiffness of hydro-
static-hydrodynamic spindle with oil film slip, and found
that oil film slip at micro scale could improve bearing capac-
ity and stiffness of hydrostatic-hydrodynamic spindle. Pham
et al. [176] researched the influence of oil supply pressure
and lubricating oil viscosity on the stiffness of hydrostatic-
hydrodynamic spindle of grinder. The results showed that
with the increase of lubricating oil viscosity, the stiffness
of hydrostatic-hydrodynamic spindle increased, with the
increase of oil supply pressure, the stiffness of hydrostatic-
hydrodynamic spindle increased when oil supply pressure
of pump was 3-5 MPa.

18 Research Progress of Structure
of Hydrostatic-Hydrodynamic Spindle

The geometric error of hydrostatic-hydrodynamic spindle
has a large influence on its lubrication characteristics and
motion accuracy. Abele et al. [177-179] researched the
influence of eccentricity on stiffness and accuracy of spindle
of high-speed precision and ultra-precision machine tools
based on hydrostatic bearing, and predicted its rotation accu-
racy. Hou et al. [180] simulated the rotation error trajec-
tory of hydrostatic-hydrodynamic spindle by dynamic grid
technology, and found that the circular error of shaft jour-
nal had large influence on the rotation accuracy of spindle,
and through experiment, it was found that the coincidence

Table 6 Stiffness of oil film under different spindle speeds

Rotational speed/(kr/min) Kxx/(MN/m) Kyy/(MN/m)
0 531 344
2 592 387
5 668 436
8 758 501
10 803 542
15 901 627
20 944 665

between theoretical calculation results and experimental
test results was 75.2%. According to the error average effect
model of hydrostatic sliding bearing, Zha et al. [181] found
that the shape error of shaft had a large influence on the
spindle rotation accuracy. Zhang and Chen [182] established
the approximate error motion model of hydrostatic-hydro-
dynamic spindle, and analyzed the internal relationship
between geometric error and motion error of spindle. The
results showed that the circular error of shaft journal had
larger influence on motion error than the proper alignment
error of the shaft journal and the verticality error of front
thrust plate. Fang et al. [183] established the linear model
of rotor dynamics equation with five degrees of freedom
to determine the motion track of hydrostatic-hydrodynamic
spindle rotor, and found that spindle run-out was more sensi-
tive to rotor proper alignment error and oil film gap through
simulation.

On the improvement of hydrostatic-hydrodynamic spindle
structure, Yamada et al. [184, 185] considered that the initial
radial bearing stiffness could indirectly calculate the best gap
size, which provided a theoretical basis for the modification
of spindle gap size. Lin [186] simulated the temperature field
of oil film of rectangular chamber and trapezoidal chamber
by Fluent under different spindle rotational speeds, it was
found that the temperature rise of rectangular chamber was
larger than that of trapezoidal chamber under the same work-
ing condition. Based on TRIZ conflict theory, Zhang [187]
improved oil chamber structure of hydrostatic bearing, and
simulated oil film pressure field and temperature field under
different spindle rotational speeds. The result showed that
the performance of bearing with six oil chambers was bet-
ter than that of bearing with four oil chambers. Zhang et al.
[188] established Kriging surrogate model, optimized coni-
cal hydrostatic-hydrodynamic bearing structure to improve
bearing capacity and reduce temperature rise.

Deep-shallow chamber structure is generally used to
achieve the effect of hydrostatic-hydrodynamic hybrid bear-
ing better. The structure of deep-shallow chamber hydro-
static and hydrodynamic hybrid bearing is shown in Fig. 36.

Guo et al. [189] used CFD to research the influence of
structure parameters of deep-shallow chamber hydrostatic-
hydrodynamic bearing on stiffness and temperature rise. The
results showed that when the bearing design clearance was
0.03 mm and the oil inlet hole diameter was 0.7 mm, bearing
stiffness was the highest and oil film temperature rise was
the lowest, and shallow chamber depth of 0.06—-0.08 mm
could keep temperature rise of oil film low. Wang and Jiang
[190] analyzed the hybrid bearing capacity characteristics
under different chamber depths. The result showed that with
the decrease of shallow groove depth, the bearing capacity
increased. Based on the principle of flow balance, Meng
et al. [191] established mathematical model of hydrostatic-
hydrodynamic bearing with orifice throttle, and revealed
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Fig.36 Structure of deep-shallow chamber hydrostatic-hydrodynamic
hybrid bearing

the influence law of shallow chamber depth and initial oil
film thickness on the bearing performance of hydrostatic-
hydrodynamic bearing. It was found that when shallow
chamber depth was 2-3 times of initial oil film thickness,
bearing stiffness was the highest and temperature rise was
the lowest. Guo et al. [192] took hydrostatic- hydrodynamic
spindle of high precision grinder as the research object,
established fluid—structure interaction model of hydrostatic-
hydrodynamic bearing, and found from static and dynamic
that the changes of static deflection and dynamic deflec-
tion of spindle system were bigger than the spindle rotation
accuracy under the influence of bearing oil film temperature
rise, which showed that the bearing oil film temperature rise
characteristics could obviously affect the accuracy of high-
precision grinding spindle system. Wang et al. [193, 194]
created oil film mesh of hydrostatic-hydrodynamic bearing
by ICEM CFD, changed eccentricity of oil film by dynamic
mesh method, and simulated pressure distribution and tem-
perature distribution of oil film of deep-shallow chamber.
The results showed that bearing capacity and temperature
rise of oil film increased with the increase of eccentricity
and rotational speed, and the influence of rotational speed on
oil film temperature rise was greater than eccentricity. Zhang
et al. [195] analyzed the variation law of bearing capacity
and temperature rise of oil film under different oil film thick-
ness and deep chamber angle by numerical simulation. The
results showed that when oil film thickness was 0.03 mm,
bearing capacity was the largest and temperature rise was
the lowest, and when deep chamber angle was 10°, hydro-
dynamic effect of oil film was obvious. Liu [196] simulated

oil film bearing capacity of hydrostatic-hydrodynamic bear-
ing by Fluent, and found that with the increase of oil inlet
hole, bearing capacity and stiffness of oil film increased at
first and then decreased under a certain eccentricity, deter-
mined optimal oil inlet hole diameter. Liu and Li [197] took
hydrostatic-hydrodynamic bearing with four oil chambers
as the research object, and obtained the influence of differ-
ent oil inlet diameters on the maximum oil film pressure
by Fluent. The results showed that with the increase of oil
inlet diameter, the maximum oil film pressure increased, and
when oil inlet diameter reached a certain value, the maxi-
mum oil film pressure was stable. Ding and Liu [198] took
the minimum oil film temperature rise, the maximum oil
film stiffness and bearing capacity as the object functions,
optimized parameters of hydrostatic-hydrodynamic bearing,
such as shallow chamber depth, initial oil film thickness and
oil inlet diameter, and improved the working performance
of ultra-high speed cutting spindle. Guo et al. [199] took
power consumption, temperature rise and threshold rota-
tional speed as optimization objectives, and optimized
hydrostatic-hydrodynamic bearing by complex method. The
results showed that when half cone angle, width of oil seal-
ing edge and shallow chamber angle were reduced, power
consumption and temperature rise were effectively reduced,
and threshold rotational speed was increased. Wei et al.
[200] established mathematical model of bearing capacity of
hydrostatic-hydrodynamic bearings, and carried out experi-
mental verification. It was found that stiffness increased with
the increase of rotational speed, and stiffness value was sta-
ble when rotational speed was 3000-6000 r/min.

19 Research Progress of Fluid-
Structure Interaction Deformation
of Hydrostatic-Hydrodynamic Spindle

Fluid-structure interaction deformation can affect bearing
stiffness and motion accuracy of hydrostatic-hydrodynamic
spindle. Yuan [201] analyzed the thermal deformation of
hydrostatic-hydrodynamic spindle with controllable throttle
by fluid-heat-structure interaction model, and verified accu-
racy of theory through experiments. Though finite element
analysis and numerical simulation, Nagasaka et al. [202]
found that the local deformation of spindle would be caused
under influence of fluid pressure, and the bearing stiffness
would be reduced by about 10%. According to requirements
of bearing performance of spindle of high-speed grinder,
Zhao et al. [203] made fluid-structure interaction simula-
tion of high precision hydrostatic-hydrodynamic spindle by
Fluent and Workbench. From the simulation results, it was
found that the temperature rise of spindle rotor played an
important role in axial deformation and stress concentra-
tion of spindle. Kuznetsov and Glavatskih [204] analyzed
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the thermal deformation of hydrostatic bearing, and found
that the thermal deformation had a great influence on stift-
ness and damping of bearing. According to the influence of
hydrostatic-hydrodynamic spindle deformation on oil film
gap, Zhang [205] established mathematical models of fluid
control equation, and combined simulation and experiment
found that force deformation could compensate thermal
deformation, spindle rotational speed and viscosity-temper-
ature effect had large influence on the deformation of bear-
ing shell, spindle and oil film. Tang et al. [206] established
the thermal-fluid—structure interaction model of hydrostatic
bearing, and found that the maximum thermal deformation
of bearing shell along the X axis was about 18.2 pm, the Y
axis was about 12.1 um, the thermal deformation of bear-
ing could reduce the spindle rotation accuracy. Yin et al.
[207, 208] established the thermal-fluid—structure interac-
tion model of hydrostatic-hydrodynamic spindle of ultra-
precision horizontal machine tool, simulated temperature
rise and deformation of spindle system under different
working conditions, and through experimental verification,
it was found that the error between experiment results and
simulation results was 2.5%. At the same time, parameters of
bearing outside diameter, bearing placement, spindle diam-
eter and spindle length of hydrostatic-hydrodynamic spindle
system were optimized to reduce the temperature rise and
improve the bearing stiffness of hydrostatic-hydrodynamic
spindle system. Yang [209] entered UDF program, simulated
pressure field and temperature field of oil film with variable
viscosity by Fluent, and simulated the deformation of radial
bearing by fluid—structure interaction. The result showed
that the maximum deformation of bearing appeared at the
axial edge. Du [210] put an adjustable oil film gap hydro-
static bearing, which could make oil film reach a specific
thickness to improve spindle rotation accuracy by adjusting
inner cone steel sleeve and left and right covers. Chen et al.
[211] carried out fluid—structure interaction simulation and
experimental verification on hydrostatic-hydrodynamic spin-
dle, and found that spindle system had micro-scale effect and
slip phenomenon in actual operation, and the error between
experiment and simulation was within 10%.

From the research progress of hydrostatic-hydrodynamic
spindle, it can be found that fluid—structure interaction defor-
mation and spindle geometric error all have different effects
on the lubrication performance of hydrostatic-hydrodynamic
spindle, the motion error of hydrostatic-hydrodynamic spin-
dle can be compensated by changing oil supply flow rate, oil
supply pressure and oil chamber structure. For hydrostatic-
hydrodynamic spindle in high-speed operation, shear force
may cause hot oil in a oil chamber to be carried into adja-
cent oil chamber, which will increase oil film temperature.
Therefore, the influence of hot oil carrying factors on the
thermal deformation of hydrostatic-hydrodynamic spindle
should be considered.

The lubrication performance is improved of hydrostatic-
hydrodynamic spindle by adjusting angle of deep chamber
and shallow chamber, chamber depth and diameter of oil
inlet hole in most of research. However, the tilting pad bear-
ing structure can also achieve the effect of hydrostatic-hydro-
dynamic hybrid bearing, so it can be considered whether
the tilting pad bearing structure can be combined with the
deep-shallow chamber structure to improve the lubrication
performance of radial bearing.

20 Conclusion

This paper reviewed the research progress of hydrostatic
linear guideway, hydrostatic rest and ram, hydrostatic
thrust bearing and hydrostatic-hydrodynamic spindle
of high-end CNC machine equipment. In the research
on dynamic characteristics of hydrostatic guideway, the
hydrostatic bearing system can be regarded as a sys-
tem with mass, spring and damper, which simplifies the
dynamic model of hydrostatic guideway. Motion accu-
racy and stability of hydrostatic linear guideway can be
improved by changing flow control valve and guideway
structure. In the research on hydrostatic rest and ram of
vertical lathe and milling machining center, oil film pres-
sure, ram deformation and compensation are summarized,
but the theoretical calculation of oil film pressure in each
oil chamber of rest is simple. In the research on hydro-
static thrust bearing, the influence of working parameters,
lubricating oil viscosity, oil chamber structure and fric-
tion pair deformation on the lubrication performance of
hydrostatic thrust bearing is analyzed. In the research on
dynamic characteristics of hydrostatic thrust bearing, the
main research object is damping and natural frequency
of oil film, but the research on the dynamic characteris-
tics of whole hydrostatic thrust bearing is less. Under the
condition of high speed and heavy load, centrifugal force
and friction heat can lead to the decrease of oil film stiff-
ness, and dry friction is caused. Therefore, hydrostatic-
hydrodynamic hybrid bearing is suggested to make up for
the lack of oil film stiffness, and avoid tribological failure.
In order to realize the effect of hydrostatic-hydrodynamic
hybrid bearing, the structure of hydrostatic thrust bearing
with tilting oil pad and the structure of rotary table with
hydrostatic oil chamber and spiral oil wedge are suggested.
In the research on hydrostatic-hydrodynamic spindle, the
active lubrication of hydrostatic-hydrodynamic spindle
system is realized by controllable throttle. The influence
of fluid-structure interaction deformation and geometric
error on the bearing performance of hydrostatic-hydro-
dynamic spindle is analyzed, but the influence of hot oil
carrying on the thermal deformation of hydrostatic-hydro-
dynamic spindle is also a key factor. In order to achieve the
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effect of hydrostatic-hydrodynamic hybrid bearing better,
deep-shallow chamber structure is suggested, the main
research parameters are angle of deep chamber-shallow
chamber, chamber depth and diameter of oil inlet hole.

21 Future

Some of great challenges will be the update of research
method and direction on hydrostatic bearing and hydro-
static-hydrodynamic hybrid bearing. In the research
method, the structure of hydrostatic linear guideway can
be modified in advance by modification method to realize
deformation compensation according to the deformation
law. The theoretical calculation method of oil film pres-
sure of hydrostatic rest and ram is simple. Oil film pres-
sure and stiffness can be indirectly calculated by elastic
model replace oil film in simulation, or directly obtained
by pressure sensor in experiment. In the aspect of struc-
ture optimization of hydrostatic bearing and hydrostatic-
hydrodynamic hybrid bearing, the optimal structure can be
obtained by Neural network algorithm, such as shape and
size of oil chamber, size and position of microstructure.

In the research direction, modal analysis can be car-
ried out on whole hydrostatic thrust bearing under dif-
ferent dynamic parameters of oil film, and the influence
of damping, natural frequency and dynamic stiffness of
oil film on dynamic characteristics of hydrostatic thrust
bearing system can be analyzed. The application field of
hydrostatic-hydrodynamic thrust bearing also needs to be
expanded. Besides being applied to rotary table of CNC
machine equipment, hydrostatic-hydrodynamic thrust
bearing can also be applied in closed circular guideway
with high speed and heavy load, and replaces traditional
rolling bearing. It may open up a new way for application
and research of hydrostatic-hydrodynamic hybrid bearing.
In the research on thermal deformation of hydrostatic-
hydrodynamic spindle, the influence factor of hot oil car-
rying should also be considered. Besides deep-shallow
chamber structure, tilting pad hydrostatic-hydrodynamic
bearing structure is suggested in some research. Chen et al.
[212, 213] put a single tilting pad hydrostatic bearing,
which realized the common bearing of tilting pad hydro-
dynamic force and oil chamber hydrostatic. In the future
research, tilting pad structure and deep-shallow chamber
structure can be combined to analyze whether the lubri-
cation performance of hydrostatic-hydrodynamic spindle
can be improved.
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