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Abstract: There is an increasing demand for large-sized hydrostatic rotary tables due to the industrial
need for the precision machining of large workpieces for wind generation, aerospace, shipbuilding,
and national defense applications. As a consequence, under eccentric loads, the deformation of the
large-sized hydrostatic rotary table of a horizontal boring machine would negatively affect machining
precision. Indeed, the hydrostatic thrust-bearing recess layout design is the main factor that affects
the rotary table’s resistance against deformations caused by eccentric loads. This study focused on
the capillary-compensated constant-pressure large-sized hydrostatic rotary table for a horizontal
boring machine. ANSYS software was used to simulate the thermal and structural deformation of the
worktable under eccentric loads. In addition to the original layout of the hydrostatic thrust bearing,
three other bearing recess layouts, which involved two different recess diameters, were designed
in order to examine the deformation of the worktable under eccentric loads. The results showed
that, in terms of a single-ring hydrostatic thrust-bearing layout, a larger recess diameter resulted
in a smaller worktable deformation compared to a smaller recess diameter; in terms of a dual-ring
hydrostatic thrust bearing layout, the worktable deformation was smaller than that of the single-ring
layout with a larger recess diameter. Under the spatial and geometric constraints of the worktable,
adopting a hydrostatic thrust bearing with a dual-ring recess layout would minimize the worktable
deformation under eccentric loads. For thermal deformation in a single-ring hydrostatic bearing
pad layout, however, a larger recess diameter resulted in a larger worktable thermal deformation
compared to a smaller recess diameter.

Keywords: hydrostatic rotary table; hydrostatic thrust bearing; eccentric loads; bearing recess layout

1. Introduction

A horizontal boring machine allows boring, drilling and milling in a single setup,
thus effectively enhancing the machining efficiency of large workpieces. Horizontal boring
machines are widely applied in the military, aerospace, shipbuilding, and wind generation
industries. The rotary table of a conventional horizontal boring machine has a functional
design that includes a linear slideway system with a linear feed drive as well as a rotary
table. Since horizontal boring machines are mainly used in the machining of large work-
pieces, in order to bear the weight of these large workpieces, the machines are generally
equipped with a complete hydrostatic bearing design, i.e., a hydrostatic rotary table with a
closed-type hydrostatic slideway system.

Hydrostatic bearings provide excellent performance in terms of positioning resolution,
damping property, motion smoothness, and load carrying capacity [1]. These characteristics
are especially suitable for precision/heavy-duty machine tool applications. A substantial
literature has described the design of hydrostatic bearings with capillary restrictors [2-5].
In 2012, Lee et al. [6] optimized the hydrostatic rotary table of a floor-type boring machine
as a lightweight and high-rigidity structure by using a FEM structural analysis and a
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genetic algorithm. In 2013, Shie and Shih [7] studied the optimization of the uniform
pressure distribution of three different chamber-sets in a hydrostatic rotary table by using
a hybrid Taguchi genetic algorithm and Gray relational analysis to obtain the optimal
parameters of bearing surface recess. Wang et al. [8] investigated the effect of the oil state
(sufficient/deficient state) on the temperature field distribution and temperature rise of
heavy-duty hydrostatic bearing. Based on the principles of fluid dynamics, lubrication
theory, and the finite volume method, Srinivasan [9] employed repetitive algorithms to
perform numerical calculations on the conditions of the two-dimensional oil film pressure
fields in thrust bearings that supply oil at constant flow rates. The results indicated
that with increasing rotary table rotational speed, the pressure of the oil recess remained
unchanged, while its temperature gradually increased. In 2014, Zhao et al. [10] analyzed
the bearing capacity of the oil pocket with and without the mass offset of the hydrostatic
worktable of a gantry moving milling center. Zhang [11] studied the parameters of the
slide table of a heavy-duty CNC floor-type boring machine with a constant-pressure oil
supply system. The author pointed out that the initial oil film should not be too thick
and that the thickness should range between 30 to 60 um, so as to avoid instability in
the hydrostatic slideway of the heavy-duty machine tool. Zhang et al. [12] performed a
systematic analysis on the thermal deformation field of a hydrostatic bearing rotary table
and its disciplinary guidance for the production of a hydrostatic bearing table in 2015. In
2016, Wang et al. [13] found that the uneven pressure distribution and the temperature rise
of lubricant film in the resistive oil edge of a hydrostatic circular pad were related to the
increase in dimensionless hydrodynamic parameters due to the thermal and hydrodynamic
coupling effect. Wang et al. [14] showed that the deviation of the oil film thickness and the
dynamic performance of the hydrostatic rotary table were reduced by unbalance loading.
In 2017, Wang et al. [15] designed the geometrical parameters of oil pads on a hydrostatic
turntable to minimize energy consumption by using particle swarm optimization. In
2018, Chang [16] proposed design changes to the effective recess area of the axial thrust
bearings in a horizontal boring machine worktable, such that the most suitable bearing
pressure could be obtained under desired loads. Fundamental and pioneering research
works of stepped or tapered thrust bearings have been performed intensively since the
early 1950s by Kettleborough et al. [17-25], mainly in the form of solution methods of
pressure, temperature and vibration, experimental investigation, and applications. Thermal
designs of thrust bearings were critical in applications that were discussed by Gohar and
Rahnejat [26] and other researchers [27-30]. In summary, the aforementioned literature
focused on either the modeling or the analysis of three fields: (i) the structural deformation
of hydrostatic rotary table under loading, (ii) the temperature rise in or thermal deformation
of the bearing pad, (iii) optimized bearing pad design for maximum load capacity. However,
none of these studies discussed the layout design of hydrostatic thrust bearings to withstand
the eccentric load in a hydrostatic rotary table.

This study focuses on a capillary-compensated large-sized hydrostatic rotary table
for horizontal boring machine applications. One-way fluid-solid interaction was modeled
through ANSYS software (version 19.0) to simulate and analyze the thermal deformation
and the eccentric loading condition of the rotary table structure in the original and three
different recess layouts of the hydrostatic thrust bearing. Based on the simulation results,
the study then compares the advantages and drawbacks of the original and the three
different recess layouts on the structural deformation under eccentric loads, as well as
the thermal deformation of the hydrostatic rotary table. Finally, the study discusses the
best recess layout in the hydrostatic thrust bearing of a large-sized eccentric load-resistant
hydrostatic rotary table for horizontal boring machine applications. The research results
of this study can provide some design guidelines for the bearing-pad layout design of a
large-sized hydrostatic rotary table to withstand eccentric loads.
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2. Model and Research Method
2.1. Introduction to the Research Model
2.1.1. Structural Analysis of the Model

Figure 1 depicts the hydrostatic slideway rotary table in this study. It is a uniaxial
linear hydrostatic slideway system consisting of one hydrostatic rotary table on top of
the linear guide-table [31]. Its external dimensions (2200 mm x 1800 mm) are shown in
Figure 2. Figure 3 shows the internal structure of the gear connector and the configuration
of the hydrostatic bearing pads inside the rotary table. The main components include
a hydrostatic journal bearing, a gear connector, and a hydrostatic thrust bearing. The
dimensions of the oil recess of the hydrostatic thrust bearing are detailed in Figure 4 and
Table 1. The diameter of the oil recess in its original layout is shown in Figure 5.

Figure 1. Hydrostatic slideway rotary table.

1800

&
2200

=71 N

2076

813

o

Figure 2. Dimensions of rotary table.
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Hydrostatic journal bearing Gear connector

Hydrostatic thrust
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Figure 3. Structure of the hydrostatic rotary table.
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Figure 4. Oil recess of hydrostatic thrust bearing.

Table 1. Dimensions of the hydrostatic thrust bearing’s oil recess.

Size Position Thrust Oil Recess
6 (deg) 35
R1 (mm) 371
R2 (mm) 404
R3 (mm) 544
R4 (mm) 577
Effective area (m?2) 0.045
Recess depth (mm) 2

In order to examine the effects of the structural design of the hydrostatic thrust bearing
on the thermal and structural deformation of the rotary table, this study made isogonic
modifications to the dimensions of the planar fan-shaped recess according to the recess
angle (0). Two recess designs with different dimensions but with the same effective area
were yielded. The external dimensions of the recesses are shown in Figure 6 and detailed
in Table 2. Several combinations were made based on these two recesses, which resulted in
the three recess layouts depicted in Figure 7, described as follows:

Layout I: A single-ring recess layout that uses the minimum-diameter recess; the diameter
(o) is 1059 mm, and the internal diameter of the recess (R1) is aligned with the internal
diameter of the connector.

Layout II: A single-ring recess layout that uses the maximum-diameter recess; the diameter
(o) is 1228 mm, and the external diameter of the recess (R4) is aligned with the external
diameter of the connector.

Layout III: A dual-ring recess layout in which the positions of the minimum-diameter
recess and the maximum-diameter recess are staggered.
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Figure 5. Hydrostatic thrust bearing of rotary table (original layout).

(a) (b)

Figure 6. Recess dimensions of new hydrostatic thrust bearing. (a) Recess of maximum diameter;

(b) recess of minimum diameter.

Table 2. New recess dimensions.

Recess of Minimum Diameter

Dimension Recess of Maximum Diameter
0 (deg) 35 35
R1 (mm) 459.5 371
R2 (mm) 492.5 404
R3 (mm) 581 515.85
R4 (mm) 614 548.85
Effective area (m?2) 0.03619 0.03619
2 2

Recess depth (mm)
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Figure 7. Three layouts of hydrostatic thrust bearing.

2.1.2. Recess Flow Field Model

The recess flow field models were constructed according to the specifications in
Tables 1 and 2 are shown in Figure 8a—d. Each of the four recess flow field models had an
initial oil film thickness of 50 um.

A
Vs
YO

0
\V/a\%

(a) Original layout (b) Layout I

2R
N\ R
A

0
N\ =2

(c) Layout IT (d) Layout III
Figure 8. Flow-field model of different hydrostatic thrust bearing layouts.

2.1.3. Verification of Flow Field Model

While using ANSYS Fluent to model the flow field of hydrostatic thrust bearing,
one important parameter in analysis is the length of capillary restrictor in designed film
gap. In this study, we construct the hydrostatic bearing model in FLUENT, including
the capillary restrictor. The length of capillary restrictor is calculated by using theoretical
formula (shown in Equation (1)) and is then simulated by using FLUENT. Equation (1) is
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the formula to calculate the length of capillary restrictor. PS is the supply pressure (20 bar)
of the lubricant, P, is the recess pressure of 10 bar. I, is the length of capillary in mm, d. is
the inner diameter of the capillary (2 mm), y; is the viscosity of the lubricant in 0.0279 Pa.s
(ISO VG32 oil). Qy is the outlet flow rate of the bearing recess at designed film gap.

nd* x (Ps — P,)
128VtQhO

Ps A,
2)
Re 3. R (
1+R—hg(1 — €)% RS

lc = (1)

W=A,x P, =

Equation (2) calculates the load-carrying capacity (W) of the hydrostatic bearing. A, is
the effective area of the recess. R is the flow resistance of capillary restrictor at designed
film gap. R is flow resistance of capillary restrictor in final film gap. Rjg is the flow
resistance of bearing sill at designed film gap. ¢ is the film gap displacement rate (or
eccentricity rate) e = e/hg. e is the reduced film gap during loading condition. hj is the
designed film gap. Since capillary restrictor is a fixed restrictor, the flow resistance of
capillary restrictor is constant regardless the film gap. Therefore R./ R is one in any case.
Figure 9 is the schematic diagram of capillary restrictor.

......................................

Figure 9. Schematic diagram of capillary restrictor.

The planar fan-shaped recess of hydrostatic thrust bearing design in this study is
shown in Figure 10. Its effective area is calculated by Equation (3). The equivalent length of
L and ! is calculated by Equations (4) and (5), respectively.

A, ~ %(LH)(B +b) ®)
(B2
(235 (2)

B

|
bl | |

Figure 10. Schematic diagram of equivalent conversion of flat fan-shaped recess.

Figure 11 depicts the outlet flow rate at four sills of the rectangular hydrostatic bearing
pad. The equation to describe the oil flow of hydrostatic bearing pad is continuity equation.
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That is to say, the inlet flow rate of the capillary must be equal to the sum of outlet rate
through four bearing pad sills.

L

/1 1 /1
o il y
bl A
A
q1 b
= o o gy |B
q3
Y
‘ bl w
A

Figure 11. Outlet flow rate at four sills of the rectangular hydrostatic bearing pad.
For continuity equation of flow rate [31]: Qjuiet = Qoutiet

mdt x (Ps — Py)

Q=0 =Qc0 =

Where Q. is the inlet flowrate of the capillary restrictor, Qyg is the outlet flow rate of
the four sills of the bearing pad. To calculate the flow rate for each sill:

i xpox (L= (%)= (%)) )

n= 12 % % by
3 _ () _ (&

= kg x pro Xlz(i Vt(leg (21)) ®)
3 _(h)_ (4

RIS OR0)
3 _ () _(u

’— hg < pro Xlz(i yt(lel? ( 21>) (10)

Total outlet flow rate Qy,0:

Qu=qn+q+493+494 (11)

From the flow continuity equation, the recess pressure and the load carrying capacity
of the bearing pad can be calculated. The flow rate of all the hydrostatic thrust bearings
in this research model were checked for their correctness by using continuity equation of
oil flow.

2.2. Boundary Conditions of Stimulation

Following the construction of the flow field model, the data were imported into ANSYS
software for pretreatment. The boundary conditions applied to the simulation of one-way
fluid-structure interactions are as follows:

1.  In the steady-state thermal and the static-structural models, the air-side natural
convection temperature of the hydrostatic rotary table model was specified at 27 °C.
Since this study only took into account the effects of oil film temperature rise on
the hydrostatic rotary table, the simulated temperature rise distribution results of
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the original and the three new hydrostatic axial thrust bearing designs (as obtained
through ANSYS FLUENT software) were jointly incorporated into a structural heat-
transfer model in order to perform one-way fluid-solid interactions. The simulated oil
film temperature rise distribution results at a maximum rotational speed of 15 rpm
were applied to the hydrostatic axial thrust bearing and the hydrostatic journal bearing,
while the results at a maximum feed speed of 2 m/min were applied to all recesses in
the closed-type hydrostatic slideway.

This study utilized the Joint_Type_Bushing structural model tool to simulate the oil
film stiffness of all recesses at the initial oil film thickness. The initial oil film thickness
of the recess served as the initial spacing between the structural models simulated
through Joint_Type_Bushing. As shown in Figure 12a, the model spacing between
the connector and the hydrostatic axial thrust bearing recess was 50 um; the model
spacing between the hydrostatic journal bearing recess and the connector was 50 pm.
As shown in Figure 12b, the model spacing between the main and vice recesses and
the fixed guide rail was 50 pm; the model spacing between the side recess and the
fixed guide rail was 50 pm.

The contact conditions of the gear connector and the small gears in the gearbox are
shown in Figure 13. The frictional contact type was selected here. The contact between
the clamp and the gear connector was frictional, as shown in Figure 14. The contact
condition between the ball screw and the fixed guide rail was bonded, as shown in
Figure 15.

The maximum external load utilized in this study consisted of the maximum axial
workpiece weight of 117,682 N and the maximum axial specific drilling force of
9348 N.

Side oil recess

Main oil
Model spacing : 50 um atn ot recess

Model spacing : 50 um

| ‘ O | % T'Vice oil recess

| Fixed guide rail Model spacing : 50 um
X

(a) Model spacing of hydrostatic guide rail

Hydrostaticjourmat
bearings oil recess - Gear Connector
Model spacing : 50 um

1 T .=
Hydrostatic thrust

|
T |
T | |
Hydrostatic journal bearing oil recess 1 L
f_ILV
I| bearing oil recess
Model spacing : 50 um
YL

L‘ X Hydrostatic axial thrust bearing oil recess

(b) Model spacing of closed hydrostatic rotary table

Figure 12. Model spacing of structural analysis models.
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2 200100 LT (W) {]\ X
)
100 45000

Figure 13. Gear contact conditions.

Gear Connector

000 250,00 $00.00 (mm) /I\ X
e —  S—

125.00 375.00

Figure 14. The contact condition between the clamp and the gear connector.

020 1000.9C 2000.60 im=)
T )

SEO0Y 150C.00

Figure 15. Contact condition of ball-screw and fixed guide rail.2.3. Methods of Simulation
and Analysis.

First, FLUENT was used to simulate the oil-film temperature rise distribution of the
original as well as the three different recess layouts of the hydrostatic axial thrust bearing.
The simulation results were then imported into the steady-state thermal heat transfer model
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to simulate the thermal deformation of the worktable. After the simulation was complete,
the thermal deformation results were imported into the static-structural model to simulate
the structural deformation of the worktable under an evenly distributed load as well as
an eccentric load. Finally, the simulation results were compared in order to determine
the layout with the smallest total deformation, that is, the optimal recess layout of the
hydrostatic thrust bearing in a large-sized eccentric load-resistant hydrostatic rotary table
for horizontal boring machine applications.

3. Analysis Results
3.1. Simulation Results of the Oil Film Temperature Field of Different Hydrostatic Thrust
Bearing Layouts

Table 3 compares the outlet flow rates between the original, maximum-diameter, and
minimum-diameter recesses. The maximum-diameter recess had the largest outlet flow
rate, followed by the minimum-diameter recess, and then by the original recess. Based
on these findings, even though the two new designs had larger outlet flow rates than the
original, the increases in flow rates were rather marginal.

Table 3. Comparison of outlet flow rate between new recess and original recess.

Outlet Flow Rate

Min. diameter recess 1.290 x 107° m3/s
Max. diameter recess 1.460 x 107> m3/s
Original recess 1.106 x 107> m3/s

Table 4 shows the simulated maximum oil film temperatures of the original, maximum-
diameter, and minimum-diameter recesses at a maximum rotating speed of 15 rpm. The
maximum-diameter recess had the highest temperature, followed by the original recess,
and then the minimum-diameter recess. Figure 16 depicts the oil film temperature rise
distribution of the original and the three new hydrostatic thrust bearing recess layouts.
When the rotational speed of the connector was fixed, the hydrostatic thrust bearing
recesses had different tangential speeds at different layouts. The faster the tangential
speed of a recess located farther away from the center of the rotary table, the higher its oil
film temperature.

Table 4. Maximum oil film temperature of three recesses at 15 rpm.

Max Oil Film Temperature

Min diameter recess 29.97 °C

Max diameter recess 30.58 °C

Original oil recess 30.02 °C
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Figure 16. Oil film temperature rise of three layouts at 15 rpm.

3.2. Simulation Results of the Thermal Deformation of Worktable from Different Hydrostatic
Thrust Bearing Layouts

The simulated oil film temperature distributions of the original and the three different
recess layouts of the hydrostatic thrust bearing are shown in Figure 16. These results were
imported into the static-structural and the steady-state thermal models to simulate the
thermal deformation of the worktable structure, which is presented in Figure 17. Figure 17a
depicts the simulation results of the thermal deformation of the table structure caused by
the original recess layout of the hydrostatic axial thrust bearing. The maximum thermal
deformation of the worktable was 11 um. Figure 17b—d depict the simulation results of the
thermal deformation of the worktable structure caused by the three different recess layouts
of the hydrostatic thrust bearing. The maximum thermal deformations of the worktable at
Layouts I, II, and IIl were 8.5 um, 12 pm, and 11 pum, respectively. In short, Layout II caused
the greatest thermal deformation on the worktable structure, followed by Layout III, the
original layout, and then Layout L.
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Max
H:1154mm
Total Deformation 8.5 um
Type: Totsl Deformation
Unit: mm

0.0085405 Max  Min
0.0076069 0.1 um
0.0066733

Time: 1
2020/5/21 T4 02553

0.011609 Max

0.010859 00057396
e 0.004806
sy 0.0038723
00078552 0.0029387
pporkisc 0.002005
0.0056027 0.0010714 N
0.0048518 Min 0”'377’] Mln .
(a) Thermal deformation of table structure in (b) Thermal deformation of table structure in
Original layout layout I
Max Max
12 pm 11 um
— p

0.012544 Max
0011799

0.011772MaX  pMin
0.01104

5 um
0011054 0.010309
0.010308 00095769
00095632 00083452
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00073278 0.00665
00065326 00059183
0.0058375 Min 0.0051866 Mir Nt
(c) Thermal deformation of table structure in (d) Thermal deformation of table structure in
layout II layout ITI

Figure 17. Thermal deformation of worktable with different layouts.

3.3. Simulation Results of the Structural Deformation of the Worktable Caused by an Evenly
Distributed Load

An evenly distributed load of 127,030 N, including the maximum axial workpiece
weight of 117,682 N and the maximum axial specific drilling force of 9348 N, was applied
onto the worktable, so as to simulate the structural deformations. A schematic of this
procedure is shown in Figure 18.

Distributed Load

11111
D
4 I ,

Figure 18. Schematic diagram of evenly distributed load on the worktable.

Figure 19 shows the simulation results of the structural deformation of the original and
the three different recess layouts of the hydrostatic axial thrust bearing. Layout I caused the
greatest worktable deformation, followed by Layouts II and III, which had similar results.
Comparing between the deformation results, under an evenly distributed load, Layouts II
and III had similar results and caused the smallest worktable deformation, while Layout I
caused the greatest worktable deformation.
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(c) Structural deformation of layout II

; —
(d) Structural deformation of layout III

Figure 19. Structural deformation of the worktable with different hydrostatic thrust bearing layouts.

Comparing between the worktable deformation results caused by the original and
the three different recess layouts of the hydrostatic axial thrust bearing, Layout I caused
the largest deformation, followed by the original layout, and then by Layouts II and III.
Layouts II and III caused similar deformations on the worktable, which was primarily
due to them having the same (and maximum) recess layout diameter. Among the three
different layouts, Layout I caused the largest deformation on the worktable, because the
minimum recess layout diameter was used in this layout. The recess layout diameter used
in the original layout was larger than that of Layout I; hence, the original layout caused a
smaller deformation on the worktable compared to Layout I.

3.4. Simulation Results of the Structural Deformation of the Worktable Caused by an
Eccentric Load

In reality, the center of mass of a workpiece is not always placed in the center of the
worktable, and this lack of equilibrium can cause the worktable to tilt. This affects the
machining accuracy of workpiece if the worktable deformation caused by an eccentric load
is too large. In order to examine the maximum deformation caused by an eccentric load
acting on the rotary worktable in this study, four zones (A, B, C, and D) were drawn out,
such that the eccentric load applied on each zone had the longest diagonal, as shown in
Figure 20.



Lubricants 2022, 10, 49 15 of 20

Figure 20. Four zones (A to D) to apply maximum eccentric load on worktable.

Figure 21a-b show the simulation results of the worktable deformation when the max-
imum eccentric load was applied on Zones A and B. The structural deformation in Zones A
and B ranged from 0.0015 mm to —0.142 mm and 0.0019 mm to —0.142 mm, respectively.
Figure 21c,d show the simulation results of the worktable deformation when the maximum
eccentric load was applied on Zones C and D. The structural deformation in Zones C and
D ranged from 0.0015 mm to —0.145 mm and 0.0014 mm to —0.143 mm, respectively.

- S . Original layout e —— Original layout

Min
0.0015 mm

0.0019mm

‘ (d) Zone D (¢) Zone C

Figure 21. Structural deformation of the worktable: original layout under maximum eccentric load.

Figures 21-24 show the simulation results of the worktable deformation when the
maximum eccentric load was applied to each of the four zones in the three different
recess layouts of the hydrostatic thrust bearing. Table 5 lists the simulation results of
the worktable deformation magnitude when the maximum eccentric load was applied
in the three different recess layouts of the hydrostatic axial thrust bearing. According to
Table 5, the greatest worktable deformation occurred when the maximum eccentric load
was applied to Zone C in all three layouts.
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Layout I R e p—— i —— Layout I

Min
0.0036 mm

>
(a) Zone A

v v N Layout I LayoutI

Max
-0.148 mm
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0.0035 mm

Min
0.0037 mm

- o — Layoutll ~ WWESomm— . Layout II

Min Min
0.0015 mm ; 0.0018 mm
Max ey Max > S
-0.138 m 2 ) /L. -0.138m ‘ 3 /I\
(a) Zone A (b) Zone B
W"':!" i » S LayoutII 'l“";- vy N LayoutII
Max Max
-0.139 -0.141 mm
Min i Min
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Figure 23. Structural deformation of the worktable: Layout II under maximum eccentric load.
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Figure 24. Structural deformation of the worktable: Layout III under maximum eccentric load.

Table 5. Comparison of worktable deformation magnitude under eccentric load in various zones

and layouts.

Layout Layout I Layout II Layout III
Eccen. Load Deformation (mm) Deformation (mm) Deformation (mm)
Zone Min Max Min Max Min Max
A 0.0034 —0.148 0.0015 —0.138 0.0015 —0.139
B 0.0036 —0.148 0.0018 —0.138 0.0018 —0.139
C 0.0037 —0.150 0.0014 —0.142 0.0014 —0.141
D 0.0035 —0.148 0.0012 —-0.139 0.0012 —0.140

Regardless of the original or of the three different recess layouts of the hydrostatic
thrust bearing, the largest worktable deformation occurred when the maximum eccentric
load was applied to Zone C. This was primarily due to the structural effects of the closed-
type hydrostatic slideway. Figure 25 shows the bottom view of the hydrostatic worktable,
in which the circled area highlights the long rear span of the guide rail, which weakened
its support strength. Therefore, this study used the maximum deformation at Zone C as a
reference to compare between the maximum worktable deformation under the original and
the three different recess layouts. As shown in Table 6, the largest deformation occurred
in Layout I, followed by the original layout, Layout II, and then by Layout III. Based
on the simulation results, the maximum worktable deformations in Layouts II and III
were marginally close, which was mainly due to the same hydrostatic bearing diameter
of 1228 mm. Since Layout III was a dual-ring layout, the worktable deformation was
smaller. Layout I had the largest deformation, as the smallest hydrostatic bearing diameter
(1059 mm) was used.



Lubricants 2022, 10, 49 18 of 20

l. rear span | Front spa;l

Zone D N Zone A
SA U )

[ L 0]
—

Iy
i

EIww]s]
[oooal
7

H|= (=]
mmc: i
! olf ||
BOdy B —E ::\
DD% o] - 2 z
\V
Zone C \/\er/\ /\/ Zone B L, X

Figure 25. Bottom view of the hydrostatic worktable.

Table 6. Simulation results of the eccentric load deformation of the three hydrostatic axial

thrust bearings.
Maximum Deformation
Layout I —0.150 mm
Layout IT —0.142 mm
Layout III —0.141 mm
Original layout —0.145 mm

4. Analysis Results and Discussion
The simulation and analysis results and discussion for this section are as follows:

1. Under the evenly distributed load and eccentric load conditions, Layout III had the
smallest worktable deformation among the four layouts, while Layout I had the
largest deformation under both conditions. These results show that the larger the
recess layout diameter, the greater the recess’s resistance against the tilting moment,
which reduced the structural deformation of the worktable.

2. The thermal deformation caused by Layout II was the largest among the four layouts,
while Layout I had the smallest thermal deformation.

3. When the rotational speed of the rotary table was fixed, a hydrostatic thrust bearing
recess placed farther away from the center of the worktable would experience a faster
tangential speed, which increased the oil film temperature.

5. Conclusions

This study sought to explore the resistance of the recess of a hydrostatic thrust bearing
against the tilting moment in the largest diametric space from within the gear connector of a
rotary table (i.e., the table’s resistance against an eccentric load). Three layouts of the recess
of the hydrostatic thrust bearing were designed (two single-ring layouts that involved the
maximum and minimum diameter, respectively, as well as a dual-ring layout). One-way
fluid-solid interactions were modeled through ANSYS software to simulate and analyze
the thermal deformation and the eccentric load deformation of the rotary table structure
in the three different recess layouts of the hydrostatic thrust bearing. The advantages
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and drawbacks of all three layouts in terms of the worktable’s structural and thermal
deformations were then compared. Finally, this study proposes several recommendations
for the recess layout designs of a hydrostatic thrust bearing. The conclusions are as follows:

1. The layout diameter of the hydrostatic thrust bearing recess has a significant effect on
the worktable’s resistance against an eccentric load. A dual-ring recess layout offers
better resistance against the tilting moment compared to a single-ring layout while, in
single-ring layouts, a larger layout diameter offers better resistance against the tilting
moment compared to a smaller layout diameter.

2. If one chooses a recess layout based on the rotary table’s resistance against the tilting
moment, the oil film temperature must also be taken into account, due to the reduced
recess dimensions in a limited structural space. Moreover, the recess of a hydrostatic
thrust bearing placed further away from the center of the worktable experiences
a faster tangential speed, which increases the oil film temperature. In Layout II,
eight recesses were placed within the range of the maximum layout diameter, which
resulted in the largest thermal deformation of the worktable; in Layout III, only four
recesses were placed within that range, which caused a medium thermal deformation;
in Layout I, the minimum layout diameter was used, which resulted in the smallest
thermal deformation.

A recommendation for future work is the analysis of the total deformation effect of
the eccentric load acting on the linear slideway base structure beneath the hydrostatic
rotary table by considering three different layouts. This may improve understanding
of the overall deformation of the hydrostatic slideway rotary table in horizontal boring
machine applications.
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Nomenclature

A, effective area of recess P supply pressure

B width of bearing pad Py recess pressure

b width of recess Qco flow rate of capillary at designed film gap

b;  sill of bearing pad in width direction Qg outlet flow rate of bearing sills
designed film gap

dc  inner diameter of capillary Qoutiet  outlet flow rate of the recess

e eccentricity Qinet  inlet flow rate of the recess

€ eccentricity rate qip34 flowrateatsilll, 2,3, 4

hg  designed film gap Ry inner radius of the bearing pad

L length of bearing pad Ry inner radius of the recess

) length of recess R3 outer radius of the recess

I sill of bearing pad in length direction Ry outer radius of the bearing pad

I.  length of capillary R, flow resistance of the capillary
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6  angle of the recess Rep  flow resistance of the capillary
at designed film gap

uy  viscosity of the lubricant oil R0 flow resistance of the bearing sills
at designed film gap

W Load-carrying capacity of the bearing pad
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