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Abstract: This study was initiated in view of the phenomenon that hydrostatic turntable rails are
prone to scrape damage when the liquid hydrostatic turntable is running under fixed partial load. The
existing bias-load hydrostatic turntable oil film bearing characteristics are mainly calculated by using
the calculus integration method and CFD fluid simulation method. The calculating formula obtained
by the calculus integration method is complex and inefficient. The CFD fluid simulation calculation
method requires 3D modeling and meshing of the oil film, which is a tedious and time-consuming
process and may not yield convergent calculation results due to improper meshing methods or
boundary condition settings. In order to solve the shortage of the above calculation methods, this
paper simplifies and equates the uneven thickness of the oil film of each sealing edge of the oil pad
of the bias-loaded hydrostatic rotary table to the equivalent uniform thickness of the oil film, and
based on this idea, the analytical calculation formula of the oil film bearing capacity, bending moment
and stiffness under constant bias-load conditions of the constant-flow liquid hydrostatic rotary table
is derived. In this paper, Fluent software was used to numerically simulate the oil film under this
working condition, and a hydrostatic turntable test bench was established to conduct an experimental
study on the biased load hydrostatic turntable; the experimental data and simulation results were
compared with the results obtained from this simplified method of calculating the oil film loading
characteristics. The results show that the error of oil film bearing capacity is less than 6% and the error
of overturning moment is less than 7%, which has verified the validity of the calculation method. The
simplified analytical calculation method proposed in this paper is used to study the influence of tilt
displacement rate, lubricant flow rate and turntable speed on the basic performance parameters of oil
film, which provides a theoretical basis for the study of oil film load-bearing characteristics under
constant bias-load conditions of the constant-flow liquid hydrostatic turntable.

Keywords: constant oil flow; hydrostatic rotary table; CFD flow simulation; partial load oil film

1. Introduction

The constant flow oil supply hydrostatic turntable (hydrostatic turntable) has the
advantages of high rotation accuracy, high stiffness, large bearing capacity, strong anti-
overturning stability, and so on, and is widely used in precision and ultra-precision
heavy-duty vertical machine tools. When the hydrostatic turntable is working, it is influ-
enced by factors such as workpiece shape and clamping position, which makes the rotary
table tilted by uneven force, and the oil film height is no longer equal everywhere. The
processing quality will be lowered, and even the turntable may be scratched and damaged,
resulting in accidents under the eccentric load condition. Therefore, studying the oil film
bearing characteristics of the static pressure turntable under eccentric load conditions plays
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critical roles in solving the scratch accident of the hydrostatic turntable, which has notable
engineering practical value.

Recently, a few scholars at home and abroad have studied the bearing characteristics
of hydrostatic turntables under a fixed eccentric load condition. Ma, L. et al. [1] used Fluent
software to simulate the relationship between pressure, piston rod speed, eccentricity,
partial load and asymmetric hydrostatic bearing oil film performance. Wang, L. et al. [2]
deduced the relationship between hydrodynamic and thermal coupling on pressure distri-
bution and load carrying capacity of the circular oil pad, based on Christensen’s stochastic
model of rough surface. Kozdera, M. et al. [3] analyzed the relationship between the
pressure field, load carrying capacity and static pressure variation of annular hydrostatic
thrust bearings. However, none of them gave an intuitive analytical formula for calcu-
lation. Rehman, W.U. et al. [4] developed a mathematical model and robust control de-
sign system and used fractional-order control techniques and optimization algorithms
to improve the static-dynamic characteristics of actively controlled hydrostatic bearings.
Alves, D.S. et al. [5] introduced the oil film nonlinear characteristics by creating an ana-
lytical model. Liu, C. et al. [6] used the FSI technique and computational fluid dynamics
(CFD) method to develop a novel flow-structure—thermal coupling model to study the
hydrostatic rotary table under different operating conditions. Andrés, L.S. et al. [7] de-
veloped a large volume flow model of axial clearance of hydrostatic thrust bearing with
supply pressure, load and flow resistance of the membrane surface. Liu, Z. et al. [8] stud-
ied the coupling characteristics of tilting and thermal effects and found that tilting has
a huge effect on the groove pressure, load capacity and stiffness of hydrostatic bearings.
Dong, X. et al. [9] established the Reynolds equation for oil film solved by the finite differ-
ence method and continuous over-relaxation iterative algorithm and numerically analyzed
the oil film characteristics of circular oil pad and annular oil pad. Li, M. et al. [10] studied
the lubrication performance of hydrostatic thrust bearings of heavy/large equipment based
on large circular oil pads and established a mathematical model for the distribution of
lubrication performance such as velocity field, flow field and pressure field. However, these
experiments did not investigate the sectoral multi-pad planar hydrostatic thrust bearings.
Gao, Q. et al. [11] uses fractional-order control techniques and optimization algorithms
to improve the static-dynamic characteristics of actively controlled hydrostatic bearings.
Yu, X. et al. [12] constructed a mathematical model of the relationship between rotational
speed and load carrying capacity of a double rectangular hydrostatic bearing and analyzed
the load and rotational speed characteristics of the temperature and pressure fields of the
hydrostatic bearing oil film. Liu, Z. et al. [13] proposed an analytical calculation method to
determine the load carrying capacity and moment of a circular oil pad. Liang, P. et al. [14]
proposed a new analytical method to calculate the static performance of hydrostatic radial
bearings. However, only the notch pressure and flow rate at the same eccentricity and oil
notch wrapping angle are involved. Hsiao, S.T. et al. [15] used the flow resistance network
method to analyze the bearing carrying load capacity. Wu, L. [16] used CFD method to
model the oil film in the hydrostatic bearing of a gear pump operating at high pressure and
speed. However, these studies did not conduct a comprehensive study of the pressure, flow
and load carrying capacity of the bearings. Bouyer, J. et al. [17] experimented with steady-
state and transient bearing operation. The speed was found to be a critical parameter: as
it increases, the hydrostatic pressure effect is affected, and the film thickness decreases.
Gao, S. et al. [18] analyzed the effects of hydrostatic thrust bearing load capacity, stiffness,
volumetric flow rate and orifice flow resistance. Yu, X. et al. [19] derived the load carrying
capacity, flow rate, oil film thickness equation and oil film stiffness of hydrostatic-pressure
hybrid bearings under variable viscosity conditions, based on tribological principles and
lubrication theory. Tian, Z. et al. [20] discussed the static characteristics of hydrostatic thrust
bearings by considering the inertia effect in the area of the oil supply hole. In turn, new
expressions for pressure, load capacity and flow rate are given. Zhang, Y. et al. [21] pro-
posed a new method for calculating the oil film temperature, considering the effect of hot
oil carryover, and analyzed the effect of some parameters on the temperature distribution.
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In Zhang, Y. et al. [22], a mathematical model of the lubrication characteristics of a vertical
hydrostatic guideway is established, and the relationship between the groove pressure and
the oil film thickness is derived. Zhang, Y. et al. [23] also constructed a mathematical model
of the bearing characteristics of a multi-oil pad hydrostatic bearing. Based on the idea of
equivalent oil film thickness, Our Subject Group [24] proposed an analytical formula for the
load-bearing characteristics such as oil film load capacity, bending moment and stiffness
of a liquid hydrostatic rotary table with a small orifice throttling ring in constant pressure
supply under biased load conditions. However, they are not applicable to constant flow
liquid hydrostatic rotary tables for off-load conditions. Zhao, J. et al. [25] studied the effect
of machining and assembly tolerances on the performance of the turntable. The hydrostatic
oil film is assumed as the elastomer in this paper; the load-bearing capacity of oil pockets
with table mass offset was studied. The effect of machining tolerance of oil seal with gap
on the load-bearing capacity of the oil bag is analyzed.

In summary, the hydrostatic turntable oil film load-bearing characteristics under
constant bias load conditions can be studied by the micro-integral calculation method and
CFD fluid simulation calculation method. The calculating formula obtained by the calculus
integration method is complex and inefficient. The CFD fluid simulation calculation method
requires 3D modeling and meshing of the oil film, which is a tedious and time-consuming
process and may not yield convergent calculation results due to improper meshing methods
or boundary condition settings.

In view of the shortcomings of the above methods for calculating the oil film bearing
characteristics of hydrostatic turntables under fixed bias load conditions, this paper simpli-
fies and equates the uneven thickness of the oil film of each sealing edge of the hydrostatic
turntable oil pad to a uniform equivalent oil film and derives the analytical formula for
calculating the oil film bearing capacity, bending moment and stiffness under constant bias
load conditions of hydrostatic turntables with constant flow, based on this idea. In this
paper, Fluent software was used to numerically simulate the oil film under this working
condition; a hydrostatic turntable test system was established, and an experimental study
was conducted on the biased load hydrostatic turntable; the experimental data and sim-
ulation results were compared with the results obtained from this simplified method of
calculating the oil film bearing characteristics, and the validity of the calculation method
was verified.

2. Analytical Calculation Method for the Bearing Characteristics of Oil Film Supplied
with Constant Oil Flow Hydrostatic Turntables under Fixed Eccentric Load Condition,
Based on Equivalent Oil Film Thickness

This paper analyzes the physical model of tilted oil film of the liquid hydrostatic
turntable under a fixed bias load condition, equates the uneven thickness oil film of each
sealing edge of the hydrostatic turntable oil pad to the equivalent uniform thickness oil
film, and establishes a simplified analytical calculation mathematical model of tilted oil
film bearing characteristics under a bias load condition of the liquid hydrostatic turntable
based on this idea.

2.1. Physical Model

The quantitative pump will pump the lubricant from the oil tank and provide the
lubricant to the oil chamber through the inlet hole of each oil chamber. When the lubricating
oil film pressure on the surface of the hydrostatic guide is greater than the turntable gravity,
the liquid hydrostatic turntable floats up, and the upper and lower hydrostatic guide
surfaces are in a pure liquid friction state. The lubricating oil flows back to the oil tank
through the gap of the sealing oil edge. As shown in Figure 1, hydrostatic turntables are
affected by the shape of the workpiece and of clamping position during operation, so that
the turntable is subjected to overturning torque, and the shape of the oil film changes.
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Figure 1. Schematic diagram of the hydrostatic turntable subjected to bias load.

According to the force translation theorem, load-bearing force of the hydrostatic
turntable can be decomposed into an axial force W and an overturning moment M = Wi,
where eccentricity [, is the distance from the center of gravity of the workpiece to the center
of the turntable. If only axial force W is applied, the table translates to the base of the guide
at a distance ¢,. The overturning moment M acts to tilt the turntable, changing distribution
of the load in each oil chamber. hj is the distance from the center of the turntable circle
to the center of the lower circular guide, g is the tilt angle of the turntable, and e, is the
maximum offset of displacement. Tilt displacement rate at the maximum displacement of
the turntable is ep; = ep1/hg. As shown in Figure 1, biased load turntable tilt direction is
x-axis direction. ¢; is the angle between the x-axis direction and the symmetrical centerline
of the oil pad (the angle between the x-axis direction and the centerline of symmetry of the
oil pad).

The subscript i is the oil pad number. The oil pad intersecting the x-axis in the positive direction
is defined as No. 1, and along the counterclockwise direction is defined as No. 2, 3,4, ... in that
order. As shown in Figure 2, ¢;, 911, @i2, @i3, @ia, Pis, @ic indicate the angles of each position in the
i-th oil pad with respect to the x-axis (i=1,2,3, ... , n, nis the number of oil pads) [26-29].

For this physical model, the following assumptions are made: (1) The lubricant flow
state is laminar flow. (2) Contact between lubricant and wall is without slip. (3) The quality
force of the lubricant is tiny relative to the shear force and ignored. (4) The pressure, density
and viscosity of the lubricant remain constant along the direction of oil film thickness.
(5) Only the velocity gradient along the direction of the oil film thickness is large and the
others can be ignored, when the lubricant flows. (6) The oil film thickness is little compared
with the radius of the oil pad, so the curvature of the oil film is neglected. The speed of
movement can be replaced by the speed of rotation.

Figure 2. Cont.
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Figure 2. Schematic diagram of load and overturning moment of turntable under partial load.
(a) Guide rail and parameter schematic; (b) Overall physical picture of the turntable; (c) Guides and
their internal structure. 1—QOil chamber; 2—Turntable; 3—Guide.

2.2. Calculus Approach

The oil pads are separated from each other by oil return grooves, and each oil pad
is independent of each other. One of the individual sector oil pads in the annular oil pad
hydrostatic bearing is shown in Figure 2. 6 is half of the corresponding circle angle of the
sector-shaped oil pad, 6, is half of the corresponding circle angle of the sector-shaped oil
chamber. The half of the circle center angle corresponding to the effective bearing area of the
oil pad derived from the simplified calculation is set as 6,. In Figures 2 and 3, #; and 6, are
known parameters, ¢;, ¢i1, @iz, i3, Pis, Pi5, Pic, O are expressions about known parameters.
The relationship between the parameters can be found as follows:

Q; = 27T(i - 1)/1’1 + @0, ¢i1 = @; —0.50q,

@Qip = @; —0.507, @3 = @; +0.56,
¢is = ¢; +0.561, @5 = ¢; — 0.56e,

Pie = Qi + 0.56,,8, = (91 + 92)/2-
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Figure 3. Schematic diagram of a single fan-shaped flat oil pad.

Length in the circumferential direction of the straight sealing edge (No. 1 and No. 2
sealing edge):

L= %R(Hl —6) 1)

Equivalent radius:
Re - (Rel + REZ)/Z (2)

The uneven thickness oil film of each sealing edge of the hydrostatic turntable oil
pad is equated to the equivalent of uniform thickness oil film. In view of the problem
of calculating the load-bearing characteristics of the inclined oil film of a biased-load
hydrostatic turntable, a simplified method of calculating the equivalent oil film thickness is
adopted, based on the previous differential integration method.

Equivalent oil film thickness is the volume of oil film on each sealing edge of in-
clined oil film divided by the corresponding sealing edge area; calculation formula is:

he = [ hdS/ ( J dS) (S is the area of the corresponding sealing edge). The method of
S S

calculating the oil film bearing characteristics of an off-load hydrostatic turntable using
equivalent oil film thickness is called the equivalent oil film thickness method. This method
equates each sealing edge gap to a parallel flat slit of equivalent oil film thickness, thereby
simplifying the equation for calculating the oil film loading characteristics of a hydrostatic
turntable under constant bias load conditions.

(1) Equivalent oil film thickness of any oil pad sealing oil edge
Integrate the face of any oil pad No. 1 sealing edge corresponding to the hydrostatic guide:

Ry ¢i2
/rdq)dr = (¢i2 — ¢i1) (Ri - R%) /2 ©)
Ry ¢i1

Integrate the body between the upper and lower two descending guides corresponding
to the oil sealing edge of any oil pad No. 1:

Ry 92
/hrddeV = ho(@i2 — ¢i1) (Rﬁ - R%) /2 — (sin @jp — sin @;1) tanw(RZ - R%) /3 (4)
Ry ¢i1
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The equivalent oil film thickness of any oil pad No. 1 sealing edge:

. f qulf hrdpdr o 2(sin gy — sin @1 ) tana (R? 4+ R1Ry + R3)
“ f Jo2 rdqdr 3(¢i2 — ¢i1)(R1 + Re)
where subscript e—Equivalent oil film thickness mark; subscript i—Oil pad number mark;
subscript 1—No. 1 oil sealing edge of the i-th oil pad.
In the same way:

©)

J&d 9% hrdgdr . 2(singis —sin gig) tana (R} + RiRy + R3)
2 =~ =hp — —— (6)
f fq)l‘* rdodr 3(@is — ¢i3) (R1 + Ry)
fR3 ffPA hrd pdr B 2 tan a(sin @4 — sin ¢;1) (R% + R3R4 + Ri)
heiz = —x—0———— =ho — : : ()
f fq)“‘ rdedr 3(¢ia — ¢i1)(R3 + Rq)
o — M o — 2tana(sin @;4 — sin ¢;1) (R% 4+ RiRy + R%) ®)
R o gy 3(¢ia — ¢in) (R1 + Rz)

(2) Flow Rate of any oil pad sealing oil edge

In consideration of the liquid hydrostatic turntable speed, the flow rate of each sealing
edge of any oil pad is calculated according to the formula of fluid flow rate between parallel
flat gaps as [30]:

b hezl3
12],1L

Qn = bh611WRe 9)
Ap;—Pressure difference between the inside of the i-th 0il chamber and the atmosphere
pu—Lubricant viscosity

w—Turntable speed

bh
Qi = 12ij Api+ 3bhepwR, (10)
 Bpheis® , Bcheis® 22 p2
Qi3 = Ry /Re) P T Guin(Ry /Ry) 0P (R4 Rs ) (1)
 Bpheis® . Ocheis® 2(p.2 2
Qi = n(Ro /R P ™ Guin(Ro/Ry) 0P (R2 Ry ) (12)

Based on the above equation, the oil supply quantity of any oil pad is:

Qio = Qin + Qi + Qiz + Q= (Cin1 + Cio1 + Ciz1 + Cig1)AP;A-(Cit2 + Cinp + Cizp + Cis) (13)

h C: _ bhey3. C: _ Lph.nwR.: C: _ bhy?, C: _ lbh, R.:
whnere L1 = 12;@/ i12 = T30Miiwhke; Lipp = TouLs “i22 = ei2W e,
. _ 96”’ . — 99h6i33 2 2 _ 2\. . _ 96”‘114
Car = 6z»1n<R4TR3> Ciz = Gum(RaRy 0-19Pw* (Ra* = Rs%); Cin = g, 7ms)
) _ Opheiy” 2 _p.2
C142 6;41n(R2/R1)0 15pw (R2 Rl )

(38) Bearing characteristics of oil film supplied with constant oil flow hydrostatic turntables
after simplifying the analytical formalism

(a) Bearing capacity of the entire oil film

Qjo is always a certain value for a constant flow supply of hydrostatic turntable [31].
When the oil film thickness is certain, the pressure in any oil chamber is:

Qio — (Cirz + Ciop + Cizp + Ciap)
Cit1 + Cio1 + Ciz1 + Cig

Ap; = (14)



Processes 2022, 10, 2017

8 of 18

The effective bearing area of the fan-shaped oil pad is:

A, = %(Rezz - Relz) (15)

The bearing capacity of the whole oil pad is:

n
W =Y ApA. (16)
i=1
(b) Stiffness of the entire oil film
oF
K= —-——— 17
g (17)
(c) Overturning moment of the entire oil film

As shown in Figure 1, the hydrostatic turntable is tilted around the y-axis. Therefore,
the oil film overturning moment is along the y-axis direction.
Effective bearing area inner circle radius [30]:

2
Ra =R, m (18)
Effective bearing area outer circle radius [30]:
1— (R3/Ry)?
Rez = Ry m (19)
Effective radial width (difference between effective inner and outer radius):
b=Re— R (20)
Overturning moment of the arbitrary oil pad is:
R @ie
M; = / / pir cos rdedr = p;(sin ¢;6 — sin @;5) (R?z - Rg’l) /3 (21)
Re1 ¢i5
So, overturning moment of the whole oil film is:
n
M=) M (22)
i=1

3. CFD Simulation Calculation

For a typical model of the liquid hydrostatic rotary table under different tilt displace-
ment rate working conditions, this paper adopts the most comprehensive and widely
adaptable Fluent software to numerically simulate the bearing force and overturning
moment of the oil film under this working condition. At the same time, the hydrostatic
turntable test system was established to conduct experimental studies on the biased hy-
drostatic turntable. The simulation results and experimental data are compared with the
results obtained by this simplified method of calculating the equivalent oil film thickness
of oil film load characteristics to verify the effectiveness of this calculation method.

The following basic assumptions were made in conducting the numerical simulations:
@ Lubricants are considered incompressible fluids. @ No relative sliding occurs between
lubricant and solid. (3 Lubricant outlet pressure is zero. (» Laminar flow of lubricant
exists inside the bearing. ) Ignore the force and heat deformation of lubricant and solid
base boundary.
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A typical model of liquid hydrostatic turntable lubricant pad related parameters are
as follows:

@5 =0,0; = 26°, 6, = 18°, Ry = 850 mm, Ry =917 mm, R3 = 83 mm, R4 = 1050 mm,
L =436.46 mm, b = 66 mm.

This model of hydrostatic turntable uses No. 46 lubricant. When the density p = 0.917 x
10°Kg/m?3 and the temperature is 30 °C, the kinematic viscosity 77 = 0.0688Kg/ (m - s).

The pre-processing software ICEM was used to model the fluid. Considering the
accuracy of the calculation results and the requirements, such as the number of meshes, the
fluid region is divided by a hexahedral regular mesh, as shown in Figure 4. The oil film
thickness direction is divided into 8 layers, the oil film surface is divided by quadrilateral,
the body mesh is in pave mode, and the number of fluid domain mesh nodes is about
1.15 million. Additionally, we set the corresponding boundary conditions as follows: the
inlet hole is defined as the velocity inlet, the inner and outer cylindrical surfaces of the oil
film is defined as the pressure outlet, the upper surface of the oil film is the rotating wall
surface, and the others are the wall surfaces.

(a) (b)
Figure 4. Oil film fluid domain mesh. (a) Fluid domain mesh, (b) Local magnification diagram.

Fluent software was used to solve the model. The solver is a single-precision split
solver; the SIMPLE algorithm is chosen to solve the problem in the standard format, and
the second-order windward format is chosen for the discrete format of the momentum.
The following convergence criterion is set, and the relative errors in solving the control
parameter equations are all 1 x 1073, and the under-relaxation factors of pressure and
velocity are all 0.3 and others are 1. The specific parameters of the boundary conditions are
set as follows: the inlet oil supply speed is 0.1061 m/s (total flow rate is 6 L/min) and the
outlet pressure is 0 MPa. As shown in Figure 5, the pressure distribution cloud of the oil
film is at the center height of 0.15 mm and the tilt displacement rate of 0.1.

ANSYS

Pressure
Contour 1

3.528x105
‘ 3.176x105
2.823%105
2.470x10°
2.117x10%
1.764x10°
1411105
1.058x10°
7.057x10*
3.528x10¢
-3.528x10°

(Pa) e

Figure 5. Cloud diagram of pressure distribution of biased oil film.
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4. Experimental Analysis
4.1. Experimental Program

As shown in Figure 6, in order to further verify the reliability of the method of
calculating the equivalent oil film thickness of the oil film bearing characteristics of the
liquid hydrostatic turntable under fixed bias load conditions, a heavy-duty vertical CNC
lathe hydrostatic turntable test system was constructed. The system consists of a hydrostatic
turntable, temperature control system, hydraulic system, power system, detection system
and control system.

Temperature control box
I Electrical cabinet

biased load

Digital control

Panel

Figure 6. Heavy duty hydrostatic turntable test system.

The operating principle of the heavy-duty hydrostatic rotary table test system is shown
in Figure 7. The temperature of the lubricating oil in the tank is controlled by a temperature
control system. Lubricating oil flows into the hydrostatic turntable guide the oil chamber
through the hydraulic system to provide lubrication for the spindle and keep the liquid
hydrostatic turntable in a hydrostatic working condition. Lubricating oil flows out through
the oil side of the hydrostatic guide seal and then flows back to the tank through the
hydraulic system. The control system controls the lubricant flow and rotary table speed by
controlling the frequency of the two inverter motors that drive the oil supply pump and
the rotary table. The main parameters of the real-time working status of the hydrostatic
turntable (oil film thickness, rail temperature, pressure in the oil chamber) are monitored
by the monitoring system and transformed into electrical signals for input to the control
system and are controlled in real time according to the working requirements for early
warning or shutdown protection in case of emergency. The HMI allows the user to program
and operate the hydrostatic turntable and to read the relevant values directly.

Control
System

AC variable
frequency
motor

Figure 7. Heavy duty hydrostatic turntable test system working principal diagram.

Temperature
Control
System
System
we1sAg
uo119939(

Hydraulic

Experimental conditions: the flow rate of oil supplied to the turntable by the control
dosing pump is 6 L/min and the speed of the turntable is 20 r/min. The weight of the
turntable is 9.4 t.

Data acquisition: Based on the maximum oil film thickness and minimum oil film
thickness monitored by the four displacement sensors, the average maximum oil film
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thickness and average minimum oil film thickness are found out, respectively, and the
tilt displacement rate is calculated. The load carrying force is the sum of the load gravity
and the self-weight of the rotary table. The overturning moment is obtained from the load
gravity and eccentric displacement.

4.2. Analysis of Experimental Results

The experimental data, simulation calculation results and the results obtained by the
equivalent film thickness calculation method of the bias-loaded liquid hydrostatic turntable
load bearing characteristics proposed in this paper are compared and analyzed to verify
the feasibility and effectiveness of the calculation method.

It is difficult to conduct experimental studies on heavy-duty hydrostatic rotary tables
with deflection loads. On the one hand, a load of tens or even hundreds of tons is required
to produce a large tilt displacement rate; at the same time, the convenience of clamping
needs to be considered, making it difficult to find a loaded workpiece that matches the
experimental requirements. On the other hand, due to the high cost of the turntable,
so the experiment to ensure the safe operation of the turntable, to avoid scraping the
upper and lower guide surfaces of the turntable, resulting in the selection of experimental
conditions is limited. Therefore, experimental studies were carried out for only a few
typical operating conditions.

As shown in Figure 8, the oil film thickness is 0.13 mm; the tilt displacement rate is
0, 0.1, 0.2, 0.3; the experimental measured oil film bearing capacity with the simulation
value is represented; the comparison graph of the analytical value is represented. In
the figure, the trend of the hydrostatic turntable oil film load capacity measured by the
dynamic grid algorithm, the analytical algorithm and the experiment is consistent with
the growth of the tilt displacement rate of the turntable. Simulated values are compared
with experimental values for tilt displacement rates of 0, 0.1, 0.2 and 0.3, with errors within
6%, 3.2%, 5.2%, 6% and 5.2%, respectively. The simulated values are within 0.5% of the
resolved values, with errors of 0.4%, 0.2%, 0.2% and 0.3%, respectively. It is shown that the
method of calculating the equivalent film thickness of the load-bearing characteristics of
the bias-loaded liquid hydrostatic turntable is effective and feasible.

15.54

15.0J —a— Theoretical value

—— Simulation value

145
14.0

—a— [Experimental value

13.54
13.04
12.54

Load carrying capacity (t)

12.04

1.5

000 005 010 0.15 020 025 030

Tilt displacement rate A
Figure 8. Relationship between load bearing force and tilt displacement rate.

As shown in Figure 9, comparison of the experimentally measured oil film overturning
moment with the simulated and analyzed values for tilt displacement rates of 0, 0.1, 0.2 and
0.3, respectively, is represented. In the figure, the trend of the oil film tilting moment
with the increase in the tilt displacement rate measured by dynamic mesh algorithm,
analytical algorithm and experiment is consistent. When the tilt displacement rate is 0, the
overturning moment is considered to be 0 because the turntable is not tilted. The simulated
values are significantly larger than the analyzed values when the tilt displacement rates
are 0.1, 0.2 and 0.3, with errors of 29%, 18.9% and 18.7%, respectively. The main reason
is, compared with the analytical method, the dynamic mesh method reflects the effect
of turntable motion on the oil film flow field. The turntable motion causes a significant
change in the pressure field distribution of the entire annular oil film, which increases the
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overturning moment. The simulated values were within 7.2% of the experimental values
when the tilt displacement rates were 0, 0.1, 0.2 and 0.3, with errors of 0, 5%, 7.2% and
2.5%, respectively. It is shown that the calculation of the oil film overturning moment of the
turntable is effective and feasible by the method of calculating the equivalent film thickness
of the load-bearing characteristics of the off-load liquid hydrostatic turntable.

X 10*

6 —a— Theoretical value

—e— Simulation value
—&—  [xperimental value

Overturning moment (Nm)

000 005 010 015 020 025 0.30

Tilt displacement rate A

Figure 9. Relationship between overturning moment and tilt displacement rate.

Through the above comparative analysis, it shows that the experimental data are
basically consistent with the results of the equivalent film thickness calculation method of
the load-bearing characteristics of the bias-loaded liquid hydrostatic turntable proposed in
this paper, which confirms that the calculation method is effective and feasible.

5. Analysis on the Influence of Working Parameters on Bearing Characteristics of Oil
Film Supplied with Constant Oil Flow Hydrostatic Turntables under Fixed Eccentric
Load Condition

5.1. Effects of Tilt Displacement Rate on Oil Film Thickness and Oil Chamber Pressure of Oil Pad

Under the condition of constant bias load, the tilting of the turntable causes the
thickness of the oil film on the sealing edge of each oil pad to change, and the pressure in
the oil chamber also changes [32]. In this paper, a typical model of a large heavy-duty liquid
hydrostatic turntable is selected for study. The hydrostatic turntable consists of 12 oil pads
evenly distributed, as shown in Figure 1. Oil pad numbers are numbered counterclockwise.
The influence law of inclined displacement rate on the average oil film thickness and oil
cavity pressure of each oil pad outer arc sealing edge are shown as Figure 10.

When the lubricant temperature is 30 °C, the oil film thickness is 0.15 mm, and the
rotation speed is 0 r/min; the relationship between the oil chamber pressure and the
inclined displacement rate of each oil pad is shown in Figure 10. The icon serial number
indicates the corresponding oil pad number.

As shown in Figure 10, with the increase in the tilt displacement rate of the hydrostatic
turntable, the oil film thickness of the outer arc sealing edge of the No. 4 oil pad changes
the least, and the change of the pressure in its 0il chamber is small. As No. 1, 2, 3 oil
pad outer arc seal o0il edge thickness decreases, the pressure in the oil cavity increases,
where the increase in pressure in the oil chamber of oil pad No. 1 is very significant.
Additionally, the pressure in the oil cavity of oil pad No. 5 and 6 decreases. The reason is:
as shown in Figure 1, when the liquid hydrostatic turntable is subjected to bias load, the
oil film thickness decreases on the tilted side, and the pressure in the 0il cavity increases.
Conversely, on the other side, the thickness of the oil film increases and the pressure in the
oil chamber decreases. Specifically, the oil film thickness of oil pads No. 1-3 decreases, with
oil pad No. 1 having the smallest film thickness and the most significant change in pressure
in the oil chamber. The oil film thickness of oil pads No. 5 and No. 6 increases, where the
oil film thickness of No. 6 is the largest and the oil chamber pressure is the smallest. Since
the No. 4 oil pad is in the tilted rotation axis position, the oil film thickness changes less,
and the pressure in its oil chamber changes the least.
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Figure 10. Influence of tilt displacement rate on pressure of oil pad cavity and average thickness of
the outer circular sealing edge of oil pad. (a) Effect on the average oil film thickness of the outer arc
sealing edge of each oil pad; (b) Effect on the pressure in each oil chamber; (c) Local magnification of
effect on the pressure of each oil chamber of the oil pad.
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5.2. Effects of Tilt Displacement Rate on Bearing Capacity, Overturning Moment and Stiffness of
Oil Film

When the hydrostatic turntable is subjected to a constant bias load, the oil chamber
pressure and load capacity of each oil pad change with the tilt of the oil film, which in
turn generates the overturning moment. The inclined displacement rate of the lubricant
film has a significant effect on the load-bearing characteristics of a constant bias-loaded
hydrostatic turntable.

When the lubricant temperature is 30 °C, the oil flow rate is 6 L/min, and the rotation
speed is 0 r/min; the relationship between the oil film bearing capacity, overturning mo-
ment, stiffness and oil film inclined displacement rate of the constant bias load hydrostatic
turntable is shown in Figure 11.

Tilt displacement rate A
—SF N70.1 e /1,70.12 e 1,=0.15

x 10°
5
g
8
z,
2
w
z
=
=
7
0.2 0.4 0.6 0.8 02 04 06
Tilt displacement rate 2 Title displacement rate A
—F— N;=0.1 —gp— h;=0.12 —— h,=0.15 —s5— hy=0.1 —4— h;=0.12 —g— h;=0.15
(b) (©

Figure 11. Influence of inclined displacement rate on bearing characteristics. (a) Influence on oil film
bearing capacity; (b) Influence on oil film overturning moment; (c) Influence of inclined displacement
rate on oil film stiffness.

As shown in Figure 10, oil film load capacity, overturning moment and stiffness
increase with the increase in the tilt displacement rate of the turntable. The larger the tilt
displacement rate, the more significant the effect.

In the oil film thickness of 0.15 mm working condition, when the tilt displacement
rate is 0, the oil film bearing capacity is 8.03 t, the overturning moment is 0, and the oil film
stiffness is 3.39 x 103N/ pm. When the tilt displacement rate is 0.2, 0.4, 0.6, 0.8 and 1, the oil
film bearing capacity is 8.81 t, 11.8 t, 20.35 t, 52.65 t and 366.3 t, and the overturning moment
is 1.93 X 10*N - m, 493 x 10*°N - m, 1.19 x 10°N - m, 3.74 X 10°N - m and 2.91 x 10°N - m.
The oil film stiffness is 4 x 103N /pum, 6.67 x 10°N/um, 1.66 x 10*N/um, 7.37 x 10*N/pum
and 8.78 x 10°N/um, respectively.
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5.3. Effects of Lubricant Flow on Bearing Capacity, Overturning Moment and Stiffness of Oil Film

For the hydrostatic turntable subjected to a constant bias load, when the thickness of
the oil film center and the tilt displacement rate are constant, the lubricant flow rate plays a
key role in influencing the bearing capacity, overturning moment and stiffness.

When the lubricant temperature is 30 °C, the table center clearance is 0.15 mm, and the
rotation speed is 0 r/min; the relationship between oil film bearing capacity, overturning
moment, stiffness and lubricant flow rate of the constant bias load liquid hydrostatic
turntable is shown in Figure 12.

Overturning moment M/(N-m)

o 2 4 6 8 10 12
Flow rate Q/(L/min)
—F—2:0 —H—21:02 ——21=04 —8—21=0.6

() (b)

Flow rate Q/(L/min)
—5—1=0 —B—1=02 —9—1=04 —8—1=06

Stiffness K/(N/um)

Flow rate Q/(L/min)
—F—1=0 —8—21=02 —9—21 =04 ——2=06

()

Figure 12. Influence of flow rate on bearing characteristics. (a) Influence on oil film bearing capacity;
(b) Influence on oil film overturning moment; (c) Influence of inclined displacement rate on oil film
stiffness.

As shown in Figure 12, the oil film bearing capacity, overturning moment and stiffness
of the hydrostatic turntable are linearly related to the flow rate of lubricating oil and
increase with the increase in flow rate. The reason is: the mathematical model of a constant
bias load hydrostatic turntable oil film bearing capacity, overturning moment and stiffness
are proportional to the lubricant flow. The greater the tilt displacement rate, the more
significant the effect of lubricant flow on the hydrostatic turntable load bearing capacity,
overturning moment and stiffness.

The linear factor of oil film bearing capacity and lubricant flow rate for tilt displacement
rate of 0, 0.2, 0.4 and 0.6 are 1.34, 1.47, 1.97 and 3.39, respectively; the linear factor of
overturning moment and lubricant flow were 0,3.21 x 103,8.22 x 10%,1.98 x 10%; the linear
factor of oil film stiffness and lubricant flow were 267.67, 314.5, 515.33, 1249.17.

5.4. Effects of the Rotation Speed on Bearing Capacity, Overturning Moment and Stiffness of
Oil Film

For hydrostatic turntable subjected to a constant bias load, when the thickness of the
oil film center, the tilt displacement rate and the lubricant flow rate are constant, the rotation
speed plays a decisive role in influencing bearing capacity and overturning moment.
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Bearing capacity W/t

When the lubricant temperature is 30 °C, the table center clearance is 0.15 mm, and
the oil flow rate is 6 L/min; the relationship between oil film bearing capacity, overturning
moment, stiffness and the rotation speed of the constant bias load liquid hydrostatic
turntable is shown in Figure 13.

5
0

200

400 600 800 1000

Rotational Speed w/(r/min)

—F—1=0 —F—1=0.2 —§—1=04 —@—21=06

(@)
— x 10 8000
g g _o—o—e—o—0—0—0—0——0 E o606 9o o 6 o o020
z
< = 6000
= Z
e 10 E
2 » 4000
g —6 O 000000660
= D o A D. D O
on 3 4 v v A4 Vv v v v v c
El 5 200p—g—p———8—f—5—5—5—=f
= )
g
=
g " 0 1 1 1 1 ]
o) 1000 0 200 400 600 800 1000
Rotational Speed w/(r/min) Rotational Speed w/(r/min)
—3Fm ) =0 =—fF=1=0.2 —Q—1:04 —@—21=06 F—21=0 —B—1=0.2 —9—21=04 —&8—21=06
(b) (c)

Figure 13. Influence of rotational speed on bearing characteristics. (a) Influence on oil film bearing
capacity; (b) Influence on oil film overturning moment; (c) Influence of inclined displacement rate on
oil film stiffness.

As shown in Figure 13a, the hydrostatic turntable oil film load capacity decreases as
the speed increases.

The reason is: centrifugal force reduces the oil film bearing capacity. The higher the
speed, the more obvious the effect of centrifugal force on the oil film bearing capacity. The
oil film load capacity is 12.04 t at a tilt displacement rate of 0.4 and a rotational speed of
0 r/min, the load capacity is 12 t, 11.87 t, 11.66 t, 11.37 t and 10.99 t at 200 r/min, 400 r/min,
600 r/min, 800 r/min and 1000 r/min, respectively. The reductions were 0.3%, 0.6%, 3.2%,
5.6% and 9%, respectively.

As shown in Figure 13b, the oil film tilting torque increases as the speed increases.
The reason is: the dynamic pressure effect caused by the rotational speed has an effect on
the oil film overturning moment. The higher the speed, the greater the effect of dynamic
pressure on the oil film overturning moment. When the tilt displacement rate is 0, the
hydrostatic turntable is kept horizontal, no deflection load is applied, and the overturning
moment is 0 N-m. The oil film overturning moment is 5.76 x 10* N - m at a tilt displacement
rate of 0.4 and a rotation speed of 0 r/min. The overturning moment is 5.77 x 10* [Nm] ,
5.81 x 10* [Nm], 5.88 x 10* [Nm] , 5.97 x 10* [Nm] and 6.09 x 10* [Nm] at 200 r/min,
400 r/min, 600 r/min, 800 r/min and 1000 r/min, which increased by 0.1%, 0.9%, 2.1%,
3.6% and 5.7%, respectively.
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As shown in Figure 12¢, the fluid hydrostatic turntable oil film stiffness is indepen-
dent of speed. At tilt displacement rates of 0, 0.2, 0.4 and 0.6, the oil film stiffness was
1.61 x 103 N/pum, 1.89 x 103 N/um, 3.09 x 10> N/um and 7.50 x 103 N/um.

6. Conclusions

(1) In this paper, in order to solve the deficiencies of the existing calculation methods
of the load-bearing characteristics of the hydrostatic turntable with constant bias load,
the uneven thickness of the oil film of each sealing edge of the oil pad is simplified
to be equivalent to the uniform thickness of the oil film, and based on this idea, the
calculation method of the oil film load-bearing characteristics of the hydrostatic turntable
with constant bias load is simplified. The calculation results obtained by this method are in
basic agreement with the CFD simulation calculation results and experimental data, which
confirms the validity of the calculation method.

(2) The load-bearing characteristics of the constant bias hydrostatic turntable are
mainly influenced by the operating parameters such as tilt displacement rate and lubricant
flow rate. The study shows that: (a) with the increase in the tilt displacement rate of the
hydrostatic turntable, the side where the tilt occurs, the oil film thickness decreases and the
pressure in the oil chamber increases. Conversely, on the opposite side, the thickness of the
oil film increases and the pressure in the oil chamber decreases. (b) Oil film load capacity,
overturning moment and stiffness increase with the increase in the tilt displacement rate
of the hydrostatic turntable. The larger the tilt displacement rate is, the more significant
the effect is. (c) The hydrostatic rotary table oil film bearing capacity, overturning moment
and stiffness are linearly related to the flow of lubricant and increase with the flow of
lubricant. (d) As the speed of the hydrostatic rotary table increases, the oil film bearing
capacity decreases and the overturning moment increases.
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