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Abstract

A new method is developed to assess and analyze the dynamic performance of hydrostatic bear-
ing oil film by using an amulets-layer dynamic mesh technique. It is implemented using C Language
to compile the UDF program of a single oil film of the hydrostatic bearing. The effects of key lubrica-
tion parameters of the hydrostatic bearing are evaluated and analyzed under various working condi-
tions, i. e. under no-load, a load of 40t, a full load of 160t, and the rotation speed of 1r/min,
2r/min, 4r/min, 8r/min, 16r/min, 32r/min. The transient data of oil film bearing capacity under
different load and rotation speed are acquired for a total of 18 working conditions during the oil film
thickness changing. It allows the effective prediction of dynamic performance of large size hydrostatic
bearing. Experiments on hydrostatic bearing oil film have been performed and the results were used
to define the boundary conditions for the numerical simulations and validate the developed numerical
model. The results showed that the oil film thickness became thinner with the increase of the operat-
ing time of the hydrostatic bearing, both the oil film rigidity and the oil cavity pressure increased sig-
nificantly, and the increase of the bearing capacity was inversely proportional to the cube of the
change of the film thickness. Meanwhile, the effect of the load condition on carrying capacity of
large size static bearing was more important than the speed condition. The error between the simula-
tion value and the experimental value was 4.25% .
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0 Introduction

Compared with traditional hydrostatic bearings,
hydrostatic bearings presented has a number of advan-
tages, such as large bearing capacity, high calorific
value, and high linear velocity. There is a trend in the
modern mechanical engineering development to pursue
high speed, high efficiency, high precision and auto-
matic machining, in which new technology in hydro-
static sliding bearing plays an important role. One of
the technical issues yet to be addressed is to accurately
predict the dynamic performance of the hydrostatic
bearing. The dynamic performance of hydrostatic bear-
ing changes with the change of the oil film thickness af-
ter running for a period of time from the initial state.
Numerical techniques for performance prediction using
traditional classical lubrication theory need to be adap-
ted to the new operation situation and engineering prac-
tice.

In the research of hydrostatic bearing, studies
have been conducted on lubricating medium to improve
environmental protection' . In 2012, Jagadeesha in-
vestigated the Reynolds equation with regards to the in-
fluence of the viscoelastic properties of the lubricant,
and obtained a modified version of the Reynolds equa-
tion by using a finite element analysis method and iter-
ative computation'®’. Also in 2012, Nicodemus, et al.
studied the effect of the clearance oil film on the wear
performance of the hybrid radial bearing system under
the condition of micro polar lubrication, and estab-
lished the Reynolds equation with variable flow veloci-
tym.

Xie, et al. analyzed the dynamic characteristics
of a typical hydrostatic bearing. They proposed a sim-
ple method for determining the stability of the hydro-
static bearing by using a finite difference method to ob-
tain 8 dynamic characteristic coefficients of the linear
In 2009, Yu, et

al. established a numerical analysis model of the large

four-chamber hydrostatic bearing'®’.
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scale hydrostatic bearing fluid-solid coupling. Guo, et
al. had carried on the theory research on the static and
dynamic performance of the floating thrust bearing by
using the hydrostatic and hydrodynamic tech-
197 'In 2010, Gao, et al. derived the dynamic
performance of the rectangular static pressure guide

nlques

which was based on the previous analysis of the hydro-
Wu and Tao
studied the static performance of the hydrostatic bearing

static bearing of the circular guide rail.
used in gas lubrication, and obtained the relationship
curve on the supporting performance. Xia, et al. car-
ried out the modal analysis of the hydrostatic bearing in
the gear shaping machine by using the finite element
method'"""*. In 2011, Wang studied the static and
dynamic performance of the radial thrust bearing. He
got the distribution of gas velocity and pressure in the
bearing as film by using the software of Fluent to calcu-
late, and carry out experiments'*’. In 2012, Zhou, et
al. studled the hydrodynamic thrust bearing to evaluate
its performance at different speeds'”'. In 2011 and
2013, Yu, et al. proposed that the fluid flow of the oil
film of the hydrostatic thrust bearing had a significant
effect on the lubrication performance, which was con-
cluded that the oil chamber and oil film were laminar
flow' """ In 2009 and 2011, Shao used the finite ele-
ment method and finite volume method to calculate the
flow field of the oil film of large scale hydrostatic bear-
ing, and revealed the flow law of oil film of the hydro-
static bearing by considering the influence of variable
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(a) Hydrostatic bearing design state

viscosity and centrifugal force 2",

From the above, it can be seen that research is
mainly focused on radial bearing and hydro-hybrid
bearing. However, few studies have been reported on
hydrostatic bearing with multiple oil pads, especially
on the transient flow field of the hydrostatic bearing
based on dynamic mesh method. In this paper, under
three operating conditions, i.e. the no-load, load and

full load,

static bearing in the transient state is investigated and

oil film pressure field of large scale hydro-

the bearing capacity of the hydrostatic bearing is de-
rived. The research results provide valuable theoretical
basis for improving machining accuracy and work effi-
ciency of the heavy hydrostatic thrust bearing.

1 Model of oil pad

Hydrostatic bearing is the use of special oil supply
system, and leads lubricating oil with a certain pres-
sure through the oil hole into the static pressure cavity
of the hydrostatic bearing. The hydrostatic bearing sys-
tem diagram is shown in Fig. 1 and the parameters in
the picture are the main parameters of the hydrostatic
bearing, including geometric structure parameters of
the hydrostatic bearing, design parameters (W, P,,
hy, Qy, T,) and working state parameters (W, + AW,
P, h(t), Q(t), T(t)) of the hydrostatic bearing.
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(b) Hydrostatic bearing working state

1: Pump; 2: Guide-way; 3: Workbench; W: surface load; h: oil film thickness; P: oil film pressure

Fig.1 Hydrostatic bearing system

The clearance oil film of the hydrostatic bearing
investigated in this work is of the lubrication mode of
ring type oil cushion. A total of 24 oil cavities are in-
cluded on the circumference, and they show a periodic
symmetric distribution. Based on the practical industri-
al application, a 3D model of the large scale hydrostat-

ic bearing gap oil film is modeled. The three dimen-
sional model of the clearance oil film of the hydrostatic
bearing is shown in Fig.2 which includes oil cavity,
oil filler hole and other

land, return chute, oil film,

components.
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Fig.2 Hydrostatic bearing oil film 3d model

2 Transient mathematical model of the hy-
drostatic bearing oil film

A single oil pad structure of allergen scale hydro-
static bearing is shown in Fig. 3 and the effective bear-
ing area is shown in the picture as the headed area,
where R, R,, R,, R,, ¢,, ¢, are the structure di-
mensions of the round guide.

Fig.3 A single oil pad structure size

Analysis of the bearing capacity: The bearing ca-
pacity of large scale hydrostatic bearing is the external
load that can be carried out by the oil film pressure
acting on the surface under a certain oil film thickness,
and the oil film thickness must make the oil pad fully
covering the surface of the supporting parts. Under the
same working condition, the more external load it can
afford, the greater load-carrying capacity it has'*/.

For the sector oil cushion, under the influence of
the initial design load, the oil film thickness is h, and
the oil chamber pressure expression is as

P, :6M30[ (2L _2l) . (Bz_b>2 ] (1)

L -1) + (B -b")

The bearing characteristics equation is
Y Y

2L -] + [B -b"]

_ 3pOLL(R, + R)@:)? = [(Ry + Ry)@11%] - [(Ry —R)? = (Ry - Ry)?]
2[R, + Ry)x )% = [(Ry + R @171 + [(Ry = R)? = (R3 = Ry)?]

(2)

In the running process of the hydrostatic bearing,

the bearing capacity of the hydrostatic bearing is influ-
enced by the rotating speed of the working table and

running time. When the speed is higher or the running
time is longer, the bearing temperature will be raised,
it will reduce the viscosity of the lubricating oil, and
the lubricating oil resistance of sealing oil side outlet
decline, that will decrease the bearing capacity of the
hydrostatic bearing, and the oil film thickness becomes
thinner.

The oil film thickness in the initial state of the hy-
drostatic bearing is h, when feeding oil by the static
pressure. When the static pressure workbench rotates,
as the oil film shear heat causes the clearance oil film
of the hydrostatic bearing to become thin, the rotary ta-
ble is moving down. The instantaneous oil film thick-
ness of running state is h,,. Film thickness is

hoy = hy =Ah, (3)
where, h, is the initial film thickness, Ah, is the
workbench shift distance.

When the rotating table is added to force Ap, the
workbench will decline, oil film thickness becomes
thin, and a new expression of the oil cavity pressure
was derived under equilibrium condition as follows

Py +Ap = 6';:%0[ (L(zL_ lzl)) + ((B;}z _bl))z)] (4)

The running transient equation of the bearing ca-

pacity of the hydrostatic bearing is
C3wQ[L =P - [B -b"]
() — 3
20, [0 =] + [B* - b*]
~ 3uQlL(R +R) @y )% = [(Ry + Ry 1] - [(Ry —R))® = (B3 - Ry)?]
D2 LR+ R) @ 1> = [(Ry + Ry) @ 1] + [(Ry = R)? = (Ry = Ry)?]

(5)

where, u is the dynamic viscosity of lubricating oil,

h(t) is the instantaneous oil film thickness, @ is the
fuel delivery, R,, R,, R, R,, ¢,, @,are the structure
dimensions of the static pressure guide.

From Eq. (5), one can see that the bearing ca-
pacity not only depends on the geometrical structure
size of the oil cavity of the static pressure guide and oil
seal edge, but also on the oil film thickness and the
viscosity-temperature characteristics of the oil.

3 UDF procedure and boundary conditions

In order to express the regional division of the hy-
drostatic bearing fluid grid more clearly, the C-C pro-
file of a single oil pad in Fig.4 is taken to provide a
flow chart of oil film in Fig. 5. The static area (station-
ary) and deformation region ( deforming) of the large
scale hydrostatic bearing gap oil film are indicated in
the figure, where the upper surface of the oil film is the
rotating wall ( moving-wall ) , the moving-wall is the
contact surface between the oil film and the working ta-
ble. The oil film thickness varies with the rotating
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speed of the working table, the bearing capacity and
the viscosity of the lubricating oil.

c
L.

Fig.4 Hydrostatic bearing oil film model

Moving-wall

S j Deforming
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Fig.5 Oil film dynamic grid locale

In order to determine the velocity and position of
the boundary of oil film upper wall, this paper uses the
DEFINE _ CG _ MOTION macro function in the dynam-
ic grid technique, and determines the function of vis-
cosity temperature property of the selected lubricating
medium by the program.

UDF procedures are as follows:

#include < stdio. h >

#include “udf. h”

# define NUM _ CALLS 3

# define Zone ID _moving wall _ zhuan5

DEFINE CG _ MOTION (wall _ move, dt, cg
vel, cg _omega, time, dtime)

%

if (time< =8.0)

cg vel[2] = —-0.00001;
else

cg _vel[2] =0.0;

f

DEFINE _ PROPERTY ( cell _ viscosity, cell,
thread )

4

real mu0 =3.5665E31;
real temp0 =300 ;
realmu lam;
real temp =C _ T(cell,thread) ;
if (temp <300)
mu _ lam =mu0;
else
mu _ lam = mu0 * pow ( temp, -13.
22838) ;

returnmu _ lam;

%

4 Numerical calculation and analysis of oil
film

The bearing capacity of the bearing is reflected by
the pressure field of large scale hydrostatic bearing gap
oil film. Based on theoretical analysis, the dynamic
meshing technique is used to analyze the transient oil
film as a function of time. The load bearing of the large
scale hydrostatic bearing is evaluated under three oper-
ating conditions, i. e. no-load, load and full load. The
loads are Ot, 40t, and 160t respectively. The oil film
bearing capacity was evaluated in the transient state
under the speeds of 1r/min,2r/min, 4r/min, 8r/min,
16r/min, 32r/min, respectively. The transient calcu-
lation results of the gap oil film pressure field of the hy-
drostatic bearing are shown in Fig.6, respectively.
Typical results from rotating speed of 8r/min are shown
here, and calculation results under other rotating speed
conditions are provided in the following results analysis
curve diagram.

From the simulation results of the transient distri-
bution of the oil film pressure field, which are carried
by large scale static pressure bearing under three oper-
ating conditions, no-load, load and full load, and the
speed of 1r/min, 2r/min, 4r/min, 8r/min, 16r/min,
32r/min, the change curves of the transient pressure of
oil film in different loading conditions are derived when
the rotating speed is 8r/min, as shown in Fig.7, and
the change curves of the transient pressure of oil film in
different rotating speed conditions are also got when the
load is 40t, as shown in Fig. 8.

From the results of the pressure field of the large
size hydrostatic bearing gap oil film in Fig. 6, it can be
seen that the oil film pressure distribution laws at dif-
ferent time are similar, and they all are the area where
the oil chamber pressure is the highest, then the pres-
sure value decreases gradually along the fluid domain
of the four sides sealing oil, and the pressure distribu-
tion law is consistent with the pressure distribution of a
single oil pad under the theoretical study, which is also
consistent with the actual operating conditions and
boundary conditions.

Examining the change curve of the transient pres-
sure value of the static pressure bearing under different
conditions in Fig.7 and Fig.8, it is known that with
the increase of the operating time of the table, the film
thickness becomes thinner and the pressure value of the
oil chamber increases, and then, the oil film rigidity

increases.
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Fig.6 Different time oil film pressure field in 40t load condition ( Unit; Pa)
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Fig.7 Transient pressure of oil film in different
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Fig.8 Transient pressure of oil film in different rotating

speed conditions

For the impact of load and speed on the oil cavity
pressure, the oil cavity pressure increases with the in-
crease of load and speed, but at the same time, load
factor influences much more on the oil cavity pressure
of the large scale static bearing capacity than speed
does.

S  Experimental research on multiple oil
pad hydrostatic bearing

The large scale constant current static pressure
bearing is used for the model of DVT1000 x 50/1500-
NC ten-meter double column vertical CNC lathe. The
main technical parameters of the lathe are shown in Ta-
ble 1, and the large scale hydrostatic bearing system is
shown in Fig. 9.

The total weight of the machine tool is 380t,
among which, the weight of the rotary table is 62t, and
the base weight of a circular rail with a multi pad is
37t. The rotating speed of the working table is continu-
ously variable, and its material is grey cast iron
HT300, and the guide plate of the base plate is made
of aluminum alloy, and the lubricating oil is used in

the hydraulic oil of 46.

Tablel DVT1000 x50/150 Q-NC main technology parameter

Horizontal range of left

Table diameter 6,300mm . . - 60mm ~4,400mm
and right vertical turret

Maxi .

aximum cutting 10,000mm  Maximum ram travel (left / right) 1,250mm/2 ,500mm

diameter
Maxnnun.n working 5.000mm Sliding pillow cross section SOmm x 250mm/320mm x 320mm
height (left / right)

Maximum working 150t Beam travel 3,500mm

weight

Fig.9 Large scale hydrostatic bearing system

Around the large size hydrostatic bearing base,
there are 24 dimensions of the same oil pad which is a
periodic symmetric arrangement, and in the experimen-
tal study, the rotation of working is counterclockwise.
Since the pressure sensors mainly capture the pressures
of the pressure oil chamber, the sensor is installed in
the oil chamber, and taking into account the small
overturning of the operating table, the three oil cham-
bers are arranged in the circumferential direction of
120 degrees. The average value from the three sensors
measured is taken as the experimental data of the final
pressure value. The specific sensor layout scheme is
shown in Fig. 10.
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o Displacement sensor

« Pressure sensor

Fig. 10 Sensor layout diagram

The test system for the oil film performance pa-
rameters of the large size hydrostatic bearing consists
mainly of a thin-film thickness sensor, an oil film pres-
sure sensor, an oil film temperature sensor, secondary
instrument, data acquisition system and data post-pro-
cessing system. In the experimental process, data of
the experiment are processed by industrial computer.
The data acquisition and processing system is shown in
Fig. 11.

Fig.11 Oil film performance parameter data

post-processing system

In the experimental study of the large size hydro-
static bearing oil film pressure, six loading conditions
are tested, i.e. Ot, 20t, 40t, 60t, 80t, and 100t.
The six loading conditions are combined with the work-
bench rotating speed of 1r/min, 2r/min, 4r/min, and
the three pressure sensors are arranged in the same po-
sition of the three oil chambers which are 120 degrees
apart from each other.

After the operation of the bearing becomes stable,
the test data are recorded, and the average value of the
measured data of the three sensors is used as the final
experimental data. The hydrostatic bearing oil film
pressure test results under different external loads are
shown in Fig. 12.
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Fig.12 Hydrostatic bearing oil film pressure test results

The curves of the hydrostatic bearing oil film pres-
sure test results show that the pressure of the oil film
increases with the increase of the external load, and
when making a vertical comparison of the test values of
rotating speed in 1r/min, 2r/min and 4r/min, it is
found that the effect of rotating speed on oil film pres-
sure is small. As the effects of rotational speed on the
pressure of oil film are mainly derived from the dynam-
ic pressure which is caused by the rotation of the work-
ing table, which shows that the dynamic pressure effect
of the large size hydrostatic bearing under the three ro-
tating speed is very small.

The simulation value is compared with the experi-
mental value. It is well known that experimental value
is smaller than simulation value, the error between the
simulation value and the experimental value was
4.25% . The difference may come from the oil pad
difference due to the machining accuracy of the work-
ing table and the loss or leakage of the hydraulic sys-
tem. Simulation results agreed well with theoretical and
experimental research results.

6 Conclusions

A new numerical modeling technique for analyzing
the dynamic performance of the hydrostatic bearing oil
film by using the multi-layer dynamic mesh technique
is proposed. This method improves the calculation ac-
curacy, and uses C language to compile the hydrostatic
bearing a single oil pad oil film UDF program. The nu-
merical simulation results agreed well with the experi-
mental results, and it shows the efficiency of the meth-
od in the calculation of the hydrostatic bearing oil film.

Transient data of the oil film bearing capacity of
large size hydrostatic bearing are acquired through tran-
sient simulation of the oil film in the large scale hydro-
static bearing running under no-load, a load of 40t, a



HIGH TECHNOLOGY LETTERSIVol. 23 No. 3 1Sep. 2017

305

full load of 160t and the rotating speed of 1r/min,
2r/min, 4r/min, 8r/min, 16r/min, 32r/min, a total
of 18 working conditions. Through this study, it is con-
cluded that; with the increase of the operating time of
the hydrostatic bearing workbench, the oil film thick-
ness becomes thinner and the oil cavity pressure in-
creases, and the increase ratio is inversely proportional
to the cube of the change of oil film thickness. At the
same time, the load factor of large scale static hydro-
static bearing oil cavity pressure is much bigger than
speed impact on the oil cavity pressure.
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