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Abstract: Orifice-restricted hydrostatic thrust bearings are broadly employed in ultra-precision
machine tools, aerospace industries, and so forth. The orifice length-diameter ratio (OLDR) is one
of the significant geometrical parameters of the orifice-restricted hydrostatic thrust bearing, which
directly affects the performance of the bearing. To accurately guide the design of the hydrostatic
thrust bearing, the effect of the OLDR on the performance of the hydrostatic thrust bearing needs
to be thoroughly and scientifically investigated, especially for ultra-precision machine tools. In this
paper, the influences of various OLDRs are comprehensively studied using the computational fluid
dynamics (CFD) approach on the pressure pattern, velocity, turbulent intensity, and vortices, as well
as the load capacity, stiffness, volume flow rate, and orifice flow resistance of the hydrostatic thrust
bearing under identical operating conditions. The obtained results show that there are differences
in performance behaviors of the hydrostatic thrust bearing caused by different OLDRs. Some new
findings are obtained, particularly in the second-order small vortices which appear in the annular
recesses with all OLDRs except that of 2, and the flow resistance does not always increase with
increasing OLDRs. Finally, the proposed CFD approach is experimentally validated.

Keywords: hydrostatic thrust bearing; orifice restrictor; length—diameter ratio; CFD simulations

1. Introduction

Hydrostatic thrust bearings have excellent advantages of high film stiffness, large load
capacity, low friction, good vibration damping behaviors, and precision relative motion
even at low speeds, and are broadly employed in ultra-precision machine tools, aerospace
industries, and so forth [1-3].

The design of hydrostatic thrust bearings requires accurate selection of a series of
parameters such as bearing structure, pocket, restrictor, supply pressure, bearing clearance,
and so on. Therein, the restrictor is an essential feature of the hydrostatic bearing which
can significantly affect the performance characteristics of the hydrostatic bearing. In order
to meet the prescribed requirements with respect to specific characteristics of load capacity,
stiffness, precision, and so forth in a wide range of industrial products, the investigation
on restrictors of hydrostatic bearings has been constantly updated over the last several
decades. Jain et al. comparatively studied the effects of various types of restrictors, such
as orifice, capillary, membrane restrictors, and constant flow valve, on the performance
of a multirecess flexible journal bearing [4]. Gohara et al. studied the static characteristics
of a water-lubricated hydrostatic thrust bearing using a membrane restrictor to achieve
higher stiffness and lower power consumption at high speeds [5]. Sawano et al. studied a
hydrostatic bearing using a variable inherent restrictor with a thin metal plate and found
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that the bearing stiffness and response behaviors were improved and the oil flow was
reduced by applying the inherent restrictor with a thin metal plate [6]. Sharma et al. studied
the combined effects of the geometric shape of the recess (such as circular, rectangular,
elliptical, and annular recesses) and the compensating device (such as capillary, orifice,
and constant flow valve restrictors) on the performance of the hydrostatic thrust pad
bearing [7]. Moreover, thermal effects of the hydrostatic bearing with orifice restrictors
or porous domain were studied by the computational fluid dynamics (CFD) simulation
method [8-10].

Oirifice restrictors, which are very compact devices, are most commonly restrictors
for hydrostatic bearings because of simple manufacturing [11-14]. Sharma et al. ana-
lyzed the influence of wear on the performance of a four-pocket hybrid conical journal
bearing compensated with an orifice restrictor of which the length-diameter ratio was
more than 2.5 [15]. Nicodemus et al. investigated the performance of a four-pocket
orifice-compensated hydrostatic journal bearing system with various recess shapes (square,
circular, elliptical, and triangular) operating with micropolar lubricant [16]. Chen et al.
found that the orifice-compensated hybrid bearings were better from the point of stability
than capillary-compensated hybrid bearings for a rigid rotor subject to a specific load [17].
Du et al. investigated the static performance behaviors of the orifice-compensated hy-
drostatic bearing with four lubrication-fluid cases by numerically solving the turbulent
Reynolds equation [18]. Sinhasan et al. conducted a theoretical study on the static and
dynamic performance characteristics of the hydrostatic multirecess journal bearings with
orifice restrictors using non-Newtonian lubricants [19]. Sharma and Yadav investigated
the effects of microdimples on the frictional power loss of the hybrid orifice-compensated
circular thrust pad bearing system and found that partial texture thrust bearing could
significantly decrease the frictional power loss [20,21]. The orifice length—diameter ratio
(OLDR) is one of the significant geometrical parameters of the orifice restrictor which
directly affects the performance of the bearing. Although many papers had been pub-
lished on the orifice-compensated hydrostatic bearing, the design of the OLDR is mainly
dependent on engineering experience, and little literature was reported on the effects of
the OLDR for the orifice-restricted hydrostatic thrust bearing. To accurately guide the
design of the hydrostatic thrust bearing, the effect of the OLDR on the performance of the
hydrostatic thrust bearing needs to be thoroughly and scientifically investigated, especially
for ultra-precision machine tools.

Therefore, in this paper, the fundamental model for an orifice-restricted hydrostatic
thrust bearing system is established and used to find the relationship between the OL-
DRs and the characteristics of the orifice-restricted hydrostatic thrust bearing. The CFD
simulation method is employed to numerically analyze the influences of various OLDRs
on the pressure pattern, flow velocity, turbulent intensity, and vortices, as well as the
load capacity, oil film stiffness, volume flow rate, and orifice flow resistance of the hy-
drostatic thrust bearing. The experiments are conducted to validate the employed CFD
simulation approach.

2. Orifice-Compensated Hydrostatic Thrust Bearings

The schematic illustration of hydrostatic thrust bearings is shown in Figure 1, in which
1 depicts the orifice restrictor, 2 is the annular recess, 3 and 4 are the sealing lands. The
inner diameter of the sealing land (D) is 101 mm, the inner diameter of the annular recess
(Dy) is 109 mm, the outer diameter of the annular recess (D3) is 123 mm, the outer diameter
of the sealing land (Dy) is 133 mm. There are four orifice restrictors evenly located in the
circumferential direction, and the distribution circle diameter of the orifices (Ds) is 116 mm.
The oil inlet diameter (D) is 4 mm, the oil inlet length (L) is 4 mm, the oil film thickness ()
is 0.02 mm, the annular recess depth (t) is 0.6 mm, the orifice diameter (d) is 0.8 mm. To
investigate the effects of the length—diameter ratio (I/d) of the orifice restrictor, only the
orifice length (J) is varied and the other geometrical parameters of the hydrostatic thrust
bearing are constant. The length—diameter ratios are varied as 0.25, 0.5, 1, 2, 3, 4, and 5.
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a1—y is the bottom line of the oil film, and b;-b, is the middle line of the oil film. ¢;—c5 is
the middle line of the orifice restrictor on which m is the upper middle node and 7 is the
bottom middle node of the orifice. In this paper, node # is fixed for various OLDRs and
node m is varied along with different OLDRs. Each m; (i=1,2 ... 7) is associated with one
OLDR from 0.25 to 5. Node O located on the line of c;—c; is the starting point at which the
fluid enters the oil film.
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Figure 1. Schematic configuration of the orifice-compensated hydrostatic thrust bearing. (a) The hydrostatic thrust bearing;

(b) local enlarged view of I.

3. CFD Modeling

It had been verified that the CFD simulation method was an effective means to
accurately analyze the fluid characteristics of hydrostatic bearings [13,22-25]. Hence, the
CFD simulation method is employed to investigate the effects of varied OLDRs on the
performance of the hydrostatic thrust bearing.

The CFD simulation model of the hydrostatic thrust bearing is constructed under
conditions of the following assumptions:

(a) Isothermal flow occurs in the fluid field of the hydrostatic thrust bearing. Circulating
water cooling is applied to the bearing, which keeps the temperature field of the
hydrostatic thrust bearing constant.

(b) The oil viscosity is mainly affected by the temperature and the oil flows out of the
sealing lands in a very short time, so the oil temperature can be considered constant.
Then, the oil viscosity is assumed to be constant.

(c) The geometric tolerances of the hydrostatic thrust bearing are not considered in
this paper.

(d) The fluctuation of the supply oil pressure of the bearing is ignored.

In this study, the 3D Navier-Stokes equations are solved for numerical simulations.
According to the dimensional parameters and the operating conditions of the hydrostatic
thrust bearing, the realizable k-¢ turbulence model is employed in the CFD model. The
realizable k-¢ turbulence model has shown substantial improvements where the flow
features include strong streamline curvature, vortices, and rotation, which is suitable to
investigate the streamline and vortices in this paper [26,27]. The governing equations are
solved in steady state, which take no account of rotational velocity and gravity force [28].
The maximum y+ of the working wall of the oil film (S, shown in Figure 1) is about 3.33.
The enhanced wall treatment is employed as a near-wall modeling method in this paper,
which can be used with coarse meshes and possesses the accuracy of the standard two-layer
approach for fine near-wall meshes [26].

The ambient pressure (p,) is 101,325 Pa, which is set as the operating pressure. The
boundary conditions for the inlets and outlets are pressure inlet and pressure outlet,
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respectively. The inlet gauge total pressure (p;,) is set to 25 times that of the p, and the
outlet gauge pressure (pyut) is set to 0 Pa. The working wall of the oil film (S, shown in
Figure 1) is modeled as a “stationary wall”. The No. 2 spindle oil is specified for the
hydrostatic thrust bearing, of which the oil density is 799.47 kg/m3 and the dynamic
viscosity is 0.00223Pa-s.

The pressure-based solver is chosen for the numerical analysis in this study, and
the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm is used to
obtain a converged solution and the others are default. The residual convergence criteria
is assumed to be achieved [29] when: (i) the net flow rate of fluid entering and leaving
the model is less than 7.5 x 10~° L/min; (ii) the averaged force of the wall S reaches a
stable level.

To ensure the accuracy of the numerical solution, a comparative check on grid inde-
pendence is conducted for the CFD model. The OLDR of 2 is selected as a case study. Two
different meshing schemes are conducted for the CFD model. Specifically, scheme 1 has
1,822,043 cells and 2,021,829 nodes, and scheme 2 has 4,227,466 cells and 4,596,011 nodes.
The effect of the mesh density on the pressure pattern along the line of a;—a is illustrated
in Figure 2. Furthermore, comparisons of load capacity, volume flow rate, and oil film
stiffness of the hydrostatic thrust bearing with two different meshing schemes are depicted
in Table 1. It can be found from Figure 2 and Table 1 that the differences of node pressure
and other performance specifications are very small as the mesh density increases, but the
time needed for convergence increases largely. It is to say that the mesh density of scheme
1is enough, and consequently, the same meshing scheme of case 1 is used for all the CFD
models in the current study.

2.5%x10° 1 —=— Scheme 1
—— Scheme 2

2.0x10°
1.5x10°

1.0x10°

Node pressure (Pa)

5.0x10°

0.0 1

T " T "~ T T T T T T T " T 1
50 52 54 56 58 60 62 64 66 68

Node position (mm)

Figure 2. Pressure comparison of two meshing schemes along the line of a;—a5.

Table 1. Comparisons of performance specifications of the hydrostatic thrust bearing with two
different meshing schemes.

. Load Capacity Volume Flow Rate Oil Film Stiffness
Meshing Scheme ) (L/min) (N/im)
Scheme 1 6811 4.22 520
Scheme 2 6885 4.23 513
Schemel —Schene2 |
Schemel 1.09% 0.24% 1.35%
100%

The meshing scheme of case 1 is depicted in detail as follows:

Because the oil film thickness is far less than other geometrical parameters of the
hydrostatic thrust bearing, six elements are meshed along the oil film thickness direction.
The meshing size is set to 0.1 mm in the orifice zone. The annular recess depth is divided
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into six elements. Hexahedral and tetrahedron elements are employed to mesh the whole
geometry, which would result in a remarkable increase in the total number of elements. To
decrease the computing time, the maximum aspect ratio of all meshes is controlled to less
than 80 for an acceptable accuracy. The computational meshes are shown in Figure 3.

Figure 3. Partial computational meshes.

4. Simulation Results and Discussions

In this paper, the Fluent software (ANSYS, Inc, Canonsburg, PA, USA) is employed to
carry out the CFD calculation and the Tecplot code is used to do the post-processing. The
operating conditions of the hydrostatic thrust bearing are identical for varied OLDRs. The
CFD simulation results on the effects of various OLDRs for performance of the hydrostatic
thrust bearing are calculated and discussed. The intrinsic characteristics of flow field and
the macroscopic characteristics of the bearing are all analyzed in detail. Specifically, the
pressure distributions, velocity profiles, and turbulent intensity along different lines are
obtained with various OLDRs. The vortices, turbulent intensity, and pressure contours of
corresponding sections and surfaces are presented. Furthermore, the load capacity, oil film
stiffness, volume flow rate, and orifice flow resistance of the hydrostatic thrust bearing are
compared with different OLDRs.

The node pressure patterns along the line of ¢;—c; for different OLDRs are depicted in
Figure 4. It can be found from Figure 4 that the oil pressure is equal to the inlet pressure at
the beginning and then it decreases rapidly along the flow direction with almost the same
declining rate for various OLDRs. The oil pressures of nodes from m; to my are almost
identical, indicating that there are few effects of OLDRs on the oil pressure of the orifice
inlet. However, oil pressure presents different profiles in the orifice zone along the line
of m-n with respect to different OLDRs. Specifically, the oil pressure reaches a minimum
value and then increases slightly, and then decreases slightly, and then increases again
along the flow direction for the OLDRs of 4 and 5, looking like a basin, and named a basin
pressure profile in this paper. The oil pressure only increases slightly in the basin bottom
for the OLDRs of 2 and 3. The oil pressure decreases to a minimum level and then increases
rapidly along the flow direction for the OLDR of 1, presenting a pressure profile with no
basin bottom. Only the pressure drop occurs in the orifice zone along the flow direction
for the OLDRs of 0.25 and 0.5. It has almost the same pressure profile along the line of
n—c; with various OLDRs. Based on the aforementioned analysis, it can be found that
the basin pressure effect is more obvious with increasing OLDRs in the orifice zone. That
is to say, there is a pressure hold effect in the orifice zone and it will be more significant
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Node pressure (Pa)

with increasing OLDRs. In addition, the minimum oil pressure (p’) in the orifice zone with
respect to various OLDRs has the following relation:

P'17d=025 > P'170=05 > P'1/a=5 > P'17a=1 > P'17d0=4 > P'17a=3 > P'1/a=2 1)

2.6x10° 7 i 1.80x10°
5 4x10° ] 1.77x106-
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| — T 1.60x10° L——!

4 5 6 7 8 9 0.6 2 3
Node position (mm) Node position (mm)
(a) (b)

Figure 4. Pressure patterns of various orifice length—-diameter ratio (OLDRs) along the line of c;—c;. (a) Node pressures of

various OLDRs along the line of ¢;—¢;; (b) local enlarged view of L.

The velocity magnitude patterns along the line of c;—c; for different OLDRs are
depicted in Figure 5. It can be found from Figure 5 that the fluid velocity magnitude
is almost identical at the oil inlet and then it increases rapidly along the flow direction
with almost the same growth rate for various OLDRs. The fluid velocity magnitudes of
nodes from m; to my are almost identical, indicating that there are few effects of OLDRs
on the fluid velocity magnitude of the orifice inlet. However, fluid velocity magnitude
presents different profiles in the orifice zone along the line of m—n with respect to different
OLDRs. Specifically, the fluid velocity magnitude reaches a maximum value and then
decreases slightly, and when the fluid reaches the orifice outlet, the fluid velocity magnitude
decreases rapidly along the flow direction for the OLDRs of 2, 3, 4, and 5, looking like
an inverted basin, and named an inverted basin velocity magnitude profile in this paper.
The velocity magnitude increases to a maximum level and then decreases rapidly along
the flow direction for the OLDR of 1, presenting a parabola profile with no basin bottom.
The velocity magnitudes only increase in the orifice zone along the flow direction for the
OLDRs of 0.25 and 0.5. It has almost the same profile of the velocity magnitude along the
line of n—c;, for various OLDRs. It can be concluded that the inverted basin effect of the
fluid velocity magnitude is more obvious with increasing OLDRs in the orifice zone. In
other words, there is a velocity magnitude hold effect in the orifice zone and it will be more
remarkable with increasing OLDRs. In addition, the maximum oil velocity magnitude (v’)
in the orifice zone with respect to various OLDRs has the following relation:

! ! ! ! / ! /
V17d=025 < U 1/d=05 < U1yd=5 < Vjd=1 < Vjjg—a < V'jq—3 < V'j/4—2 ()

Turbulent intensity (I) is an important parameter to characterize turbulence of the
flow field, which is defined as follows:

I= 3)

Ugvg

where u” depicts the root-mean-square of the velocity fluctuations, 1, represents the mean
flow velocity.
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The turbulent intensity patterns along the line of c1—c; for different OLDRs are depicted
in Figure 6. It can be found from Figure 6 that the turbulent intensity is almost identical,
about 0.07%, at the oil inlet and then it increases along the flow direction with almost the
same growth rate for various OLDRs.

484,

Velocity magnitude (m/s)
Velocity magnitude (m/s)

T T T T T T T T T T T T T T T T 1
0 061 2 3 4 5 6 7 8 9
Node position (mm)

(@) (b)

Node position (mm)

Figure 5. Velocity magnitude patterns of various OLDRs along the line of ¢;—¢;. (a) Velocity magnitudes of various OLDRs
along the line of c1—cy; (b) local enlarged view of I.

—=—1/d=0.25
——1/[d=0.5
——ld=1
——1/d=2
——1/d=3
——1l/d=4
——1l/d=5

Turbulent intensity (%)
Turbulent intensity (%)

Node position (mm)
Node position (mm)

(a) (b)

Figure 6. Turbulent intensity patterns of various OLDRs along the line of c¢;—c;. (a) Turbulent intensities of various OLDRs
along the line of c1—cy; (b) local enlarged view of I.

The turbulent intensities of the fluid reach almost the same local peaks at different
orifice inlets (m;, i = 1, 2 ... 7) with various OLDRs. However, the turbulent intensity
presents different profiles in the orifice zone along the line of m—n with respect to different
OLDRs. Specifically, the turbulent intensity reaches a peak point at node m and then
decreases slightly, and then increases slightly along the flow direction for the OLDRs of 3,
4, and 5, looking like a basin, and named a basin turbulent intensity profile in this paper.
The turbulent intensities only decrease in the orifice zone along the flow direction for the
OLDRs of 0.25, 0.5, 1, and 2. Furthermore, the turbulent intensity decreases to the valley
point when the flow reaches the orifice outlet (node #) for the OLDR of 2. It has almost
the same profile of the turbulent intensity along the line of n—c; for various OLDRs. The
turbulent intensity reaches its maximum (about 9.73%) at node O for various OLDRs. Based
on the aforementioned analyses, it can be concluded that the turbulent intensity is very low
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at the oil inlet, indicating that the fluid field is the laminar flow at the oil inlet. The basin
effect of the fluid turbulent intensity is more obvious with increasing OLDRs in the orifice
zone, presenting that there is a turbulent intensity hold effect in the orifice zone and it will
be more remarkable with increasing OLDRs. The turbulent flow reaches its most intense at
the transition point (node O) at which the fluid enters the oil film from the annular recess
for various OLDRs.

The node pressure patterns along the line of b;—b; for different OLDRs are depicted
in Figure 7. It can be found from Figure 7 that the oil pressure is nearly symmetric with
respect to the node position of 58 mm. The maximum node pressure is located at the node
position of 58 mm, and then a pressure drop and a limited pressure recovery occur further
downstream. The node pressure has a linear decrease in the sealing land regions. The
maximum node pressure for different OLDRs decreases as in the sequence of OLDRs of
0.25,05,1, 2, 3,4, 5. However, the node pressure for different OLDRs decreases as in the
sequence of OLDRs of 2, 3, 1, 4, 5, 0.5, 0.25 in the zone of II. It can be concluded that a too
large or too small OLDR is not conducive to pressure maintenance.

1 —=—1/d=025 2.500x10°
2.5x10° I —e—1/d=05 | 1
| ﬁ —a—d=1 .
2 0x10° I ——ld=2 2.375x10°
&) | i ——1d=3 g 1
T 15x10°4 =4 3 2.250x10° —=—1/d =029
7 . —e—ld=5 2 —e—1/d=0.5
o 6 o —
g 1.0x10 g 5 125x10° —a— =1
3 1 3 — —1/d =2
2 5.0x10° 1 2 1 ——1/d=3
1 ﬂow‘_‘_’ﬂow 2.000x10° ——ld=4
0.0 ] —e—l/d=5
T v T v T v T v T v T v T v T v T v 1 T v T v T v T v T
50 52 54 56 58 60 62 64 66 68 57.6 57.8 58.0 58.2 58.4
Node position (mm) Node position (mm)
(a) (b)
1.68x10° —=—1/d=0.25
o —e—1/d=05
—— =1
_1.65x10° ——d =2
<
& ——1/d=3
e . ——ld=4
3 1.63x10° 1
[}
=
3 dg
2 1.60x10°

1.58x10°

————7—
54.5 55.0 55.5 56.0 56.5 57.0
Node position (mm)

(©)

Figure 7. Pressure patterns of various OLDRs along the line of b;-b;. (a) Node pressures of various OLDRs along the line of

b1-by; (b) local enlarged view of I; (c) local enlarged view of II.

The velocity magnitude patterns along the line of b1-b, for different OLDRs are
depicted in Figure 8. It can be found from Figure 8 that the distribution of fluid velocity
magnitude is M-shaped and is almost symmetric with respect to the node position of
58 mm. There are four stages of the fluid velocity variation along the flow direction:
acceleration—deceleration—acceleration—nearly uniform speed. The velocity magnitudes
are very low at the node position of 58 mm for different OLDRs, which decrease as in the
sequence of OLDRs of 2, 4, 5, 0.25, 0.5, 1, 3. The velocity magnitude is rapidly accelerated
to the maximum value within a radius of 0.6 mm, which is increased by about 6 times.
The maximum velocity magnitudes for various OLDRs decrease as in the sequence of
OLDRs of 0.25, 0.5, 1, 2, 3, 4, 5. It can be concluded that the smaller the OLDR is, the larger
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the maximum velocity magnitude is. Furthermore, the maximum velocity magnitudes of
OLDRs of 0.25 and 0.5 are almost equal, presenting that further reduction of the OLDR has
few effects on the maximum velocity magnitude. When the velocity magnitude reaches
its maximum value, it begins to decrease. As the fluid flows out of the annular recess,
the small clearance of the sealing lands that follows offers an increased resistance to flow,
causing a considerable acceleration of the flow. Finally, the fluid flows out of the sealing
lands at a nearly uniform velocity.

15 I 35.0 o]
] - %f 8'25 ——1/d= 029
_ 301 o ld=0. ——1/d=0.5
. —a—/d=1 - V=1
E 25'_ ——ld=2 E32.5— Vd=2
g 204 ——Ud=3 2 _
= 207 Y g ——1d=3
5 154 V=5 gﬂ ——/d=4
£ o] * 2300 —e—1/d=>5
2 10+ =
2 s E
S )
>
01 ; 3 > 275
s 1 3 flow 1 flow |
- T T TN T A D" L L B |
SO 52 5435657458 Me 60 662 64 66 68 5
Node position (mm) Node position (mm)
(a) (b)
5.5
g
2
Esod —a—/d=0.25
5™ —e—1/d=0.5
= —a—ld=1
2 ——l/d=2
° ——1l/d=3
> 4.5 ——l/d=4
—e—//d=75
T T T T T T T T T
57.96 57.98 58.00 58.02 58.04
Node position (mm)
(c)

Figure 8. Velocity magnitude patterns of various OLDRs along the line of b;-b,. (a) Velocity magnitudes of various OLDRs
along the line of b;—by; (b) local enlarged view of I; (c) local enlarged view of II.

The turbulent intensity patterns along the line of b;—b, for different OLDRs are de-
picted in Figure 9. It can be found from Figure 9 that the pattern of turbulent intensity of
each OLDR is almost symmetric with respect to the node position of 58 mm. The maximum
turbulent intensity occurs near the center of the orifice inlet and it continually decreases
along the flow direction until the fluid reaches near the boundary between the annular
recess and the sealing lands. Then, a limited turbulent intensity recovery occurs further
downstream. Finally, the fluid flows out of the sealing lands at a nearly uniform low-level
turbulent intensity. The maximum turbulent intensity for different OLDRs decreases as in
the sequence of OLDRs of 0.5, 0.25, 1, 2, 3, 4, 5. Furthermore, the turbulent intensities of
OLDRs of 0.25 and 0.5 are almost equal, presenting that further reduction of the OLDR has
little effect on the turbulent intensity.
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Figure 9. Turbulent intensity patterns of various OLDRs along the line of b1-b,. (a) Turbulent intensities of various OLDRs
along the line of b;—by; (b) local enlarged view of L.

The line of a;-a, is one part of the operating wall S which is the boundary wall of
the oil film. The node pressure patterns along the line of a;—a; for different OLDRs are
depicted in Figure 10. It can be found from Figure 10 that the node pressure profile along
the line of a1—a5 is similar to that of the line of by—b,. Furthermore, the maximum difference
between the pressure values along the line of 4;—a; and the line of b;-b; is only 0.9%, which
is too small to ignore. That is because the distance between the line of 21—, and the line of
b1-b; is only 10pm. It can be considered that the flow characteristics are constant along the
oil film thickness direction. So, the velocity magnitude and the turbulent intensity along
the line of a;-a, are not mentioned again in this section.
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Figure 10. Pressure patterns of various OLDRs along the line of a;—a,. (a) Node pressures of various OLDRs along the line
of a1—ay; (b) local enlarged view of [; (c) local enlarged view of II.
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To investigate the influence of various OLDRs on pressure distributions of the wall S,
the static pressure of the wall S for various OLDRs are calculated, as shown in Figure 11.
It can be found that the maximum pressures are all located at the orifice zones (red circle
zones in Figure 11). The ring-shaped high pressure located in the annular recess zone
makes the oil film pressure more even, reflecting the pressure uniform effect of the annular
recess. By comparing the annular pressures of various OLDRs, the annular pressure for
different OLDRs decreases as in the sequence of OLDRs of 2, 3,1, 4, 5, 0.5, 0.25.

The influences of varying OLDRs on streamlines, the turbulent intensity, and the veloc-
ity magnitude of the fluid field along the orifice longitudinal sections (shown in Figure 11b)
are simultaneously illustrated in Figure 12. As can be seen from these figures, the turbulent
intensities at the oil inlet are all very low (about 0.07%, blue zones in Figure 12) for various
OLDRs. In addition, the streamlines in the oil inlet zones are parallel and smooth for all
OLDRs, presenting that the fluid field in the oil inlet zone is the laminar flow. After the
high-pressure fluid passes through the orifice, two large vortices are formed in the annular
recess. The two vortex centers are located near 56 mm and 60 mm along the Y direction,
respectively. The left vortex rotates clockwise, and the right vortex rotates counterclockwise.
The two vortices differ in the shape and the corresponding turbulent intensity.

So, the zone of high turbulent intensity is not symmetrical with respect to the node
position of 58 mm, as shown in Figure 12h. The maximum turbulent intensity is not located
at the orifice center line, and decreases as in the sequence of OLDRs of 0.5, 0.25, 1, 2, 3, 4, 5.
It is noted that the difference of the maximum turbulent intensity between OLDRs of 0.25
and 0.5 is 0.12%, presenting that the turbulent intensities for OLDRs of 0.25 and 0.5 can be
regarded as the same.

Furthermore, the second-order small vortices can be found in the annular recesses
with all OLDRs except the OLDR of 2, and are located at the lower right corners of the
annular recesses for the OLDRs of 0.25, 0.5, 1, 3 and at the lower left corners of the annular
recesses for the OLDRs of 4 and 5. It had been reported that the small vibration of the
hydrostatic bearing was mainly caused by the vortex and the vibration energy of the
hydrostatic bearing increases with the strength of vortices [30-32]. Comparing the vortices
of annular recesses with respect to various OLDRs, the OLDR of 2 has the minimum
quantity of vortices and has the best ability to decrease the vibration and improve the
stability of the bearing.

It can be found from the aforementioned analyses that the fluid characteristics of the
orifice-restricted hydrostatic thrust bearing are not absolutely symmetric with respect to
the node position of 58 mm. That is because the orifice-restricted hydrostatic thrust bearing
is axisymmetric with respect to the central axis, and the fluid field of the orifice longitudinal
section is not absolutely symmetric with respect to the node position of 58 mm. Besides,
the orifices are located at the radius center line of the thrust bearing, and so the fluid field
behaviors of the orifice section are nearly symmetric about the orifice central node.

The influences of varying the OLDR on the load capacity, oil film stiffness, volume
flow rate of the bearing, and the flow resistance of the orifice are shown in Figure 13. It
is clear from Figure 13a that the load capacity with an OLDR of 2 is larger than those of
other OLDRs, and the load capacity for different OLDRs decreases as in the sequence of
OLDRs of 2, 3, 1, 4, 5, 0.5, 0.25, which is consistent with the order of annular pressure. So, it
confirms that annular pressures play a dominant role in the bearing capacity.

In this paper, the oil film stiffness is calculated by the difference method (load variation
divided by displacement variation). As can be found from Figure 13b, the OLDR of 0.25
corresponds to the maximum stiffness and the minimum stiffness is located at the OLDR
of 1. The stiffness for different OLDRs decreases as in the sequence of OLDRs of 0.25, 5, 2,
4,3,05,1.



Appl. Sci. 2021, 11, 959

12 of 17

1d =025

Static pressure (Pa)

+06

2.5180x10'
2.3386x10°
2.1592x10°
1.9799x10™°
1.8005%10"*
1.6211x10°
1.4418x10*
1.2624x10"
1.0830x10™°
9.0367x10
7.2430x10""
5.4494x10""
3.6557x10'"
1.8621x10""
6.8388x10'"

105

60 407 2o

=1

Static pressure (Pa)

2.5031x10™
2.3248x10%
2.1465x10™
1.9682x10°%
1.7899x10 %
1.6116x10°™
1.4333x10"
1.2550x10°
1.0767x10°
8.9838x10"”
7.2008x10™"
5.4178x10°"
3.6348x107"
1.8518x10™
6.8851x10°"

60 407 20

601

401

201

Y (mm)

-204

-401

-601

Static pressure (Pa)

2.4495x10'*°
2.2750x10™
2.1005x10™
1.9261x10*
1.7516x10™
1.5771x10™"
1.4027x10°°
1.2282x10™
1.0537x10"
8.7924x10°"
7.0477x10°
53030x10™
3.5583x10™
1.8136x10'*
6.8917x10™

Static pressure (Pa)

2.5137x10 %
2.3346x10°%
2.1555x10"
1.9765x10
1.7974x10™°
1.6184x10™
1.4393x10°™
1.2602x107™
1.0812x10°*
9.0213x10™"
7.2307x10°"
5.4401x10"
3.6495x10°
1.8590x10°%
6.8385x10°"

80

Static pressure (Pa)
2.4797x10""
23031x10'*
2.1265x10°
1.9498x10'"
1.7732x10°"
1.5966x10™"
1.4199x10°
1.2433x10°"
1.0667x10™
8.9005x10°"
7.1342x10""°
53679x10°
3.6016x10™
1.8353x10'"
6.8985x10°"

Static pressure (Pa)

2.4167x10'°
2.2446x10™°
2.0725x10™°
1.9003x10
1.7282x10™°
1.5561x10"
1.3839x10°"
1.2118x10™
1.0397x10°
8.6754x10°"
6.9541x10"°
5.2327x10°
3.5114x10"°
1.7901x10'%
6.8733x10°"

-60

Static pressure (Pa)

2.3827x10
2.2130x10""
2.0433x10°
1.8736x10"
1.7039x10°
1.5342x10™°
1.3645x10'
1.1948x10"
1.0251x10™
8.5538x10°"
6.8567x10""
5.1597x10'"
3.4626x10'"
1.7656x10"
6.8489x10'"

+06

607407 30

2040060 ' 80
Z (mm)

(8)

80

Figure 11. Pressure distributions of wall S for various OLDRs. (a) [/d = 0.25; (b) [/d =0.5; (c) [/d=1;(d) I/d =2; (e) I/d = 3;

(®1/d=4;(g)1/d=5.



Appl. Sci. 2021, 11, 959

13 of 17

X (mm)

X (mm)

X (mm)

X (mm)

-1
TT557756 757 5§59 60 6162
Y (mm)
(a)
Jld=1 Turbulent intensity (%)
] Velocity
1 magnitude 9.79366
54 (m/s) | 9.0991
1 46718 8.40455
] 42471 7.70999
49 38223 | 7.01544
1 33976 i 6.32088
1 29.729 5.62633
31 2s4m2 | 493177
] 21235 4.23721
2] ] 16988 ) 3.54266
] 12.741 4 2.8481
] 8.494 2.15355
1 4247 ! 1.43899
] 0.000 0.764435
] 0.0698797
%
]i Second order vortex
"T55 7756 5758 59 60 61 62
Y (mm)
(©)
7: ld=3 Turbulent intensity (%)
{velocity 9.35358
1 magnitude 8.69046
6; m/s) 8.02734
1 46.850 7.36422
5 :égg: 6.7011
e e S
1 29.813 :
E 25554 471174
3 21.295 4.04862
] 17.036 3.3855
27 12777 2.72238
] 8518 2.05926
E : 139614
1 . 0.733022
] 4 B 0.0699023
] Second order vortex

Vd=0.25 Turbulent intensity (%)

1 Velocity 9.93623

magnitude (m/s 9.23145
43464 | 8.52668
39513 7.8219
35562 7.11713

6.41235

31610 |

570758
27.659 30028
23.708 4.29803

19.756 359325
15.805 \ I 2.88847

11.854 " 2.1837
7.903 \ ) 1.47892
3.951 8 i 2 0.774148
0.000 / 0.0693729

] Second order vortex

5477557756 57 58 59 60 61 62 63
(mm)

(e)

| V=5 Turbulent intensity (%)
8, Velocity i 8.96145

i magnitude (m/s) 8.32631

| 46571 7.69117
6 42792 7.05603

| 39.012 6.42089

, 35233 578575

] 31454 5.15061
4 27.675 451547

, 23.896 3.88033

, 20.117 324518

E 16337 261004
2 12.558 1.9749

E 8.779 1.33976

1 5.000 0.704622

1 0.0694814
0_

54 56 58 0 2
Y (mm)

X (mm)

X (mm)

X (mm)

N

el TR A

1/d=05

] Velocity Turbulent intensity (%)

+ magnitude 994814
31 @is) 924252
] 45.237 8.53689
4] 41125 | 7.83127
q | 3oz 7.12564
1 32.900 6.42002
3{E B 5.71439
15 Sose | 5.00877
1 eac0 430315
2 ' 3.59752
] 12337 28919
1B 2 2.18627
17 0,000 1.48065
i 0.775024
§ 0.0694

=]

Second order vortex

-1 — e o — — —
557756 57 58 59760 61 62
Y (mm)
(b)
Vd=2
Velocity Turbulent intensity (%)

magnitude i 9.61916
(m/s) 893708

8.25499
46.898
1635 757291
3871 6.89083
4108 620874
2084 552666
g 484458
25.381 4.16249
21317 3.48041
17.054 279833
12.790 2.11624
8.527 143416
4.263 0752078
0.000 0.0699943

57 58 59 60 6l 6
Y (mm)

(d)

Vd=4 Turbulent intensity (%)

55

7] Velocity 9.14581
magnitude 8.49752
64 (m/s) i 7.84922
46732 | 7.20093
5 42483 i 6.55264
38235 S 5.90435
—_ 33.987 N 5.25605
g 4 29.738 ]
£ 25.490 4.60776
= 3 124 3.95947
<l 16993 I 331117
2 12745 2.66288
8497 h 2.01459
1 4.248 i 1.3663
0.000 j'“ 0.718003
0 | = 0.0697104

Second order vortex

5477557756 57 58 59 60 61 62 63
(mm)

b - —+ - —I-

Figure 12. Streamlines and turbulent intensities contours of orifice longitudinal sections for various OLDRs. (a) I/d = 0.25;
(b)1/d=05;(c)l/d=1;(d)1/d=2;(e)/d =3;(f)|/d =4;(g)|/d =5; (h) local enlarged view of I



Appl. Sci. 2021, 11,959

14 of 17

Load capacity (N)

Volume flow rate (L/min)

6816
6804
6792

6780

530
528

526

Stiffness (N/um)

520 -
0.0 ] 0.5
’ ld
(b)
2.5
244 2367

~
NN\,

AN

&)

w
L
AW

A\

g e N
o —_ )
I B |

Flow resistance (x10’(m's) ")

o
1

AN

T T T T T T T
1.0 15 20 25 3.0 35 40 45 5.
d 0.25 ld

(c) (d)

Figure 13. Performance characteristics of the bearing for various OLDRs. (a) Load capacity; (b) oil film stiffness; (c) volume
flow rate; (d) flow resistance of the orifice.

The effects of varying the OLDR on the volume flow rate of the hydrostatic thrust
bearing are shown in Figure 13c. It can be seen that the volume flow rate has the same
variation pattern as the load capacity with various OLDRs. The volume flow rate of the
hydrostatic thrust bearing with an OLDR of 2 is larger than those of other OLDRs, and the
volume flow rate for different OLDRs decreases as in the sequence of OLDRs of 2, 3, 1, 4, 5,
0.5,0.25.

The orifice restrictor of the hydrostatic thrust bearing has an impedance effect on the
fluid. The relationship among the flow rate, the pressure drop, and the flow resistance
is similar to Ohm’s law in electricity [33]. Then, the flow resistance of the orifice can be
induced as follows:

Pm — Pn

q

where Ryyific 18 the flow resistance of an orifice, pi; and p, are pressures of nodes m and 7,
respectively, g is the flow rate of an orifice.

Flow resistances of the orifice with different OLDRs are shown in Figure 13d. It can
be found that the flow resistance increases with increasing OLDRs from 0.25 to 1, then
it decreases slightly with increasing OLDRs from 1 to 3, and then it increases again with
increasing OLDRs from 3 to 5, and thus does not always increase with the increasing
OLDRs. The flow resistances of the orifice for different OLDRs decrease as in the sequence
of OLDRs of 5, 1, 4, 2, 3, 0.5, 0.25.

It can be seen from Figure 13 that, although the load capacity, stiffness, volume flow
rate, and flow resistance of the thrust bearing with different OLDRs are finitely varied,
the simulation results provide theoretical direction for the accurate design of the OLDR
especially for the hydrostatic thrust bearing applied in ultra-precision machines.

Rori fice — 4)
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Based on the aforementioned comparative analyses, effects of various OLDRs on
bearing characteristics are compared from different dimensions, and engineers can make
selective references according to their own needs.

5. Experimental Validation

It is difficult to test the pressure distribution, velocity magnitude, turbulent intensity,
streamlines, and vortices of the hydrostatic thrust bearing with various OLDRs. To decrease
the experimental difficulty and cost, the proposed hydrostatic thrust bearing with the
OLDR of 2 is manufactured and assembled based on Figure 1 to validate the employed
CFD simulation method of this paper.

The load capacity and stiffness of the hydrostatic thrust bearing under the aforemen-
tioned operating conditions are tested based on the constructed experimental rig, as shown
in Figure 14. If the experimental results are in good agreement with the simulation data, the
proposed CFD simulation method of this paper will be verified and then other simulation
results of this paper will be indirectly validated.

Annular recess

S

| Sealing lands

Dial indicator

Onfice restrictor

(b)

Figure 14. Experimental bench of the hydrostatic thrust bearing with OLDR of 2. (a) Schematic diagram of the test rig; (b)

experimental setup.

The dial indicator is employed to measure the displacements of the thrust part, and the
weights combined with the gravity of the thrust part are used to balance the load capacity
of the thrust bearing. Oil is not supplied to the thrust bearing at the beginning and there is
no gap between the thrust bearing and the thrust part. When the thrust bearing is supplied
oil with gauge total pressure of 2.5 MPa, the weights are adjusted so that the displacement
of the thrust part is 20 um and 19 um, respectively. Then the load capacities of the thrust
bearing are obtained with oil film thicknesses of 20 um and 19 pm, respectively.

The stiffness is calculated by the difference method with the tested load variation and
the displacement variation. The tested load capacities and stiffness are shown in Table 2.

Table 2. Comparisons of performance specifications of the hydrostatic thrust bearing with OLDR of 2 between CFD

simulation results and experimental data.

Performance . Computational Fluid Dynamics .
Parameters Displacement (CFD) Simulation Results Experimental Data Error
20 pm 6811 6800 0.16%
Load capacity (N)
19 pm 7331 7315 0.22%
Oil film stiffness 520 515 0.96%

(N/pm)
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It can be found from Table 2 that the errors between the CFD simulation results and
the experimental data are very small, validating that the CFD simulation results of this
paper are acceptable.

6. Conclusions

This paper has presented the CFD-based investigation on effects of various orifice
length—diameter ratios on performance characteristics of the hydrostatic thrust bearing
under identical operating conditions. The simulation results are experimentally validated.
Based on the calculated results, the following conclusions can be drawn up, particularly to
accurately guide the design of high-precision hydrostatic thrust bearings:

The node pressure, velocity magnitude, and turbulent intensity present different pro-
files in the orifice zone along the line of m-n with respect to different OLDRs, and the conse-
quent basin effects of the fluid become more and more significant with increasing OLDRs.

For the line of b1—b;, a larger or smaller OLDR is not conducive to pressure mainte-
nance, the distribution of fluid velocity magnitude is almost symmetric and M-shaped,
and the maximum turbulent intensity for different OLDRs decreases as in the sequence of
OLDRs of 0.5,0.25,1, 2, 3, 4, 5.

Two large vortices are formed in the annular recess with various OLDRs, which differ
in the shape and the corresponding turbulent intensity. The second-order small vortices
appear in the annular recesses with all OLDRs except OLDR of 2.

The load capacity and volume flow rate for different OLDRs decrease as in the se-
quence of OLDRs of 2, 3, 1, 4, 5, 0.5, 0.25. The stiffness for different OLDRs decreases as
in the sequence of OLDRs of 0.25, 5, 2, 4, 3, 0.5, 1. The flow resistance of the orifice for
different OLDRs decreases as in the sequence of OLDRs of 5, 1, 4, 2, 3, 0.5, 0.25, and does
not always increase with the increasing OLDRs.
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