q

Check for
updates

Effects of Relief Hole on the Static
Characteristics of Externally Pressurized
Steam-Lubricated Hybrid Journal-Thrust

Bearing

Zhansheng Liu, Jinlei Qi®™®, Xiangyu Yu, Peng He, Bing Han, Yishun Yang,
and Jiaqi Wang

Harbin Institute of Technology, Harbin 08544, NJ, China
gijinlei@stu.hit.edu.cn

Abstract. In order to improve the static performance of externally pressurized
steam hybrid journal-thrust bearing (EPSHJTB), this study proposes a novel relief
hole structure. First, based on the classical bearing experimental data, the correct-
ness of simulation method is verified. The detailed flow analysis of hybrid bearing
is conducted using the computational fluid tool. Flow field variables are presented
which include pressure, temperature and etc. Second, the relief hole structure is
designed to reduce the radial and axial film outlet pressure. This study compares
the static load capacity of EPSHJTB with and without relief holes. It’s found that
the relief holes actually improve the load capacity of bearing. The numerical results
also show that the position of relief holes influence the pressure distribution.

Keywords: Externally-Pressurized Steam Lubrication - Hybrid Journal-Thrust
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1 Introduction

With the development of high power density and closed-cycle steam turbines in deep-sea
exploration missions, studies on process fluid lubrication represent a growing field due
to its numerous advantages [1, 2]. Externally pressurized steam-lubricated bearing is one
of the key components of process fluid lubrication, which plays a crucial role in oil-free
and closed-cycle steam turbines. Understanding how bearing geometrical structure and
parameters affect the bearing overall performance is in importance in light of practical
application.

A considerable amount of literature has been published on improving the load capac-
ity of externally pressurized gas bearing. Structure design is the fundamental direction
for bearing optimization. Mori [17] conducted a detailed theoretical analysis of aero-
static thrust bearing and pointed out that the conical cavity structure could improve the
load capacity of aerostatic thrust bearing. Du et al. [14] considered the effect of pressure
equalizing grooves on aerostatic journal bearing. Li et al. [15, 16] proposed a backflow
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channel aerostatic thrust bearing with shunt injection to increase the load capacity and
stiffness.

In order to further reduce the structure size and improve machine power density,
numerous researchers have tried to combine thrust bearings and journal bearings. The
previous patent by Yates [4] demonstrated a journal-thrust hybrid bearing which made
use of leakage flow from journal bearing to supply thrust bearing. This novel design has
obvious advantages such as decreasing the total mass flow and simplifying the whole
system [3]. Zhang [11] designed a new gas flow path for aerostatic hybrid bearing in ultra-
precision spindle and concluded that hybrid bearing could achieve effective lubrication.
Lu et al. [9, 10] researched the fluid-structure interaction effect on the hybrid bearing
characteristics and also found that aerostatic spindle could be supported readily.

Taken together, these studies support the notion that improving the load capacities
of hybrid journal-thrust bearing is fundamental for machine reliability. However, there
is a relatively few studies on the relief hole. Work is needed to fully understand the
implications and effects of relief hole. This paper researches the EPSHJTB based on
CFD-numerical method. On the basis of flow and heat transfer of the EPSHITB, a novel
relief hole structure and hollow shaft concept are proposed to improve the load capacity.
A further study on relief hole geometrical parameters is also conducted.

2 Numerical Method

2.1 Geometry Model and Mesh

Externally pressurized steam hybrid journal-thrust bearing (EPSHJTB) makes use of
high temperature and high pressure superheated steam as the lubricating medium. Super-
heated steam flows through 3 rows of radial throttle orifices and 1 row of axial throttle
orifices and finally forms continuous lubricating film, as shown in Fig. 1. The axial relief
holes are distributed uniformly on the shaft circular plate. And the radial relief holes are
distributed uniformly on the shaft surface. The thickness and pressure distribution of the
lubricating film will be nonuniform due to shaft eccentricity. Geometric parameters of
the EPSHJTB are presented in Table 1.
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Fig. 1. Externally pressurized steam journal-thrust bearing sketch
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Table 1. Geometric parameters of EPSHITB

Parameter Value
Diameter of the journal D 109.924 mm
Diameter of the bearing Dy 110 mm
Average radial film thickness c 0.038 mm

Axial film thickness hy/hy

0.0075 mm/0.0225 mm

Outer diameter D5 220 mm
Distribution Circle Diameter Dy 165 mm
Length of the bearing L; 110 mm
Diameter of the orifice d; 2 mm
Diameter of the orifice dp 2 mm
Radial Position Ls 25 mm
Axial Position L4 10 mm
Axial Position L3 40 mm
Axial Position Ly 55 mm
Diameter of the relief hole d3 3 mm
Eccentricity ratio /Eccentricity distance e 0.5/0.019 mm
Number of radial orifices 3x16

Number of axial orifices

1x16 each thrust face

Number of axial relief holes

1x16 each thrust face

Number of radial relief holes

2x16

Groove depth H 1 mm
Groove outer diameter D3 120 mm
Groove inner diameter Dg 111 mm

The relief hole structure is demonstrated in Fig. 2. Radial relief holes and thrust relief
holes are marked. Model A is one sixteenth of the whole fluid domain and model B is
one half of the radial bearing part. There are 2 radial relief holes and 2 thrust relief holes
in model A. Besides, there exist 2 relief grooves in model A. And there are 18 radial
relief holes in model B.

The fluid domain and mesh details are displayed in Fig. 3. Based on the ICEM CFD
19.0, structured multiblock grids are adopted to decrease the total mesh number of the
computational fluid domain, considering the large dimensional difference between film
thickness direction and circumferential/axial direction. O-blocks are created in order
to improve the mesh quality. Meshes are locally refined around throttle orifices. The
mesh convergence test result is shown in Table 2. The node number in the film height
direction is more important than the aixal node number and circumferential node number,
which affects significantly the load capacity result. When the node number in the film
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Fig. 2. EPSHIJTB fluid domain with relief hole structure: a Model A; and b Model B

height direction reaches 14, the load capacity changes slowly and tends towards stable.
Therefore, an appropriate node distribution is adopted and there are 13 layers in film
thickness direction. With regard to model A, the total nodes number is 1589772 and the
total elements number is 1670526. The axial node number is 360 and the circumferential
node number is 60. The minimum determinant 3x3x3 value is above 0.77 and mesh
quality is above 0.60 for model A. With regard to model B, the total nodes number is
6958980 and the total elements number is 7304888. The axial node number is 320 and
the circumferential node number is 640. The minimum determinant 3x3x3 value is above
0.60 and mesh quality is above 0.55 for model B.

(a)
Fig. 3. EPSHITB fluid domain mesh details: a Model A; and b Model B

2.2 Properties of Steam

Figure 4 presents the pressure-temperature diagram of steam with various pressures and
temperatures. This graph shows that the real properties of steam according to Coolprop
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Table 2. Mesh Convergence

Mesh Model | Mesh Number | Aixal Node | Circumferential | Film Hegiht | Load Capacity
Number Node Number | Node Number

Model A 1431438 360 60 4 1060.333 N
1527198 360 60 8 728.995 N
1670526 360 60 14 516.187 N
1790538 360 60 19 474.169 N
1862358 360 60 22 472.29IN

Model B 4830258 320 640 4 842325 N
1432460 160 320 8 981.865 N
4775560 210 400 8 1043.873 N
5820110 320 640 8 1009.769 N
6562499 320 640 11 1250.012N
7304888 320 640 14 1396.605 N
8542203 320 640 19 1476.220 N
9284592 320 640 22 1384.252 N

database [20]. Itis apparent that the inlet steam is superheated and the degree of superheat
is 66.15 K.
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Fig. 4. Pressure-temperature diagram of steam
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Table 3 lists the thermodynamic properties of steam. The dynamic viscosity and

thermal conductivity are assumed to be constant which don’t vary with temperature and
pressure changing. Redlich-Kwong Equation is adopted as the steam equation of state.

Table 3. Properties of steam

Lubricant-Steam Value
Temperature 573.15K
Pressure 3 MPa
Dynamic viscosity 1.34x10 -5 Pa-s
Thermal conductivity 26.1 W/(m-K)

Standard Redlich-Kwong Equation:

RT o
P = — (D
V—b V(V+bT05
R2T2‘5
oo = 0.42748 = (2
P
RT,
b = 0.08664 3)

c

where R is gas constant, T, is critical temperature and P, is the critical pressure.

2.3 Numerical Model and Verification

The numerical simulations in this article are conducted on ANSYS FLUENT 19.0.
Based on previous numerical studies, we use realizable k-epsilon turbulence model and
standard wall function. The convergence residual criteria for continuity, momentum
and energy are all set to 10-6. The solution algorithm for pressure-velocity coupling is
SIMPLE. Steady absolute pressure-based solver is adopted. The governing equations are
discretized with the second-order upwind scheme in density/momentum/energy, with the
second-order scheme in pressure, while with the first upwind scheme in turbulent kinetic
energy and turbulent dissipation. The gradient is discretized by least squares cell-based
method.
Continuity equation:

Dp - dp -
L i ozVou=-214V. =0 4
Dt pyu ot (pu) @

Momentum equation:

8(,07)

G Vo (piii)= ~Vp+ V-1 5)
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Energy equation:

a(ph* ad
(gt ) _ a—];+V~(pUh*)=V~(AVT)+V-(U-r) ©)
As shown in Table 4, no-slip velocity condition and adiabatic condition are imposed
on all walls. The inlet total pressure is equal to 3 MPa and inlet total temperature is equal
to 573.15 K. The inlet turbulent intensity is set to 5% and the inlet turbulent viscosity
ratio is set to 10. The outlet pressure is assumed to be 0 and outlet temperature is assumed
to 300 K.

Table 4. Boundary conditions

Position Boundary Conditions

Inlet Gauge total pressure is 3 MPa,
Total temperature is 573.15 K,
Supersonic and initial pressure is O;

Outlet Pressure is 0, Temperature is 300 K

Wall No slip and static wall without heat flux

The externally pressurized steam-lubricated journal bearing static performance is
characterized by load capacity and mass flow rate. In this study, such an approxi-
mate method is adopted to calculate the load capacity of EPSHJTB: calculate the axial
load capacity by using the thrust gas film pressure distribution of model A and calculate
the radial load capacity by using the radial gas film pressure distribution of model B.
Besides, we calculate the mass flow rate by using the inlet flow of model A.

Axial Load Capacity:

Foiai= 16/ P.dSs 7
mod el—A
Radial Load Capacity:
Fradial: 2/ P-dS (8)
mod el—B
Mass Flow Rate:
m= 16 f ot - dS 9)
mod el—A

In this study, we compare the distribution of gas film pressure [7]. Based on the
Fig. 5, we find that Realizable k-epsilon turbulence can capture the pressure depression
phenomenon and the pressure distributions are similar. The reason for the deviations
is the influence of throttle orifice inlet length and structure difference. The orifice inlet
geometry will change the gas flow field such as pressure and velocity distribution, so
the final gas film distribution will be influenced.
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Fig. 5. Curve of radial pressure distribution: a Whole radius; and b Enlarged view

3 Results and Discussion

3.1 Traditional Externally Pressurized Steam Hybrid Journal-Thrust Bearing

This section focuses on investigating the flow and heat transfer characteristics of tradi-
tional hybrid journal-thrust steam bearing (EPSHJTB), which includes pressure distri-
bution and temperature distribution. The purpose of this section is to show load capacity
generation mechanism.

Figure 6 depicts the pressure distribution of whole fluid domain. It can be seen that
the radial gas film pressure is uniform due to high outlet back pressure. Therefore, the
radial load capacity is nearly zero.

Figure 7 indicates the pressure distribution of main thrust face and auxiliary thrust
face along the radial direction. The pressure of thrust gas film fluid domain near the
radial gas film domain has the higher pressure than near the outlet. The pressure of main
thrust face gas film is 2.9961 MPa. And the pressure of auxiliary thrust face gas film
is 2.8803 MPa. It can be seen that the pressure suddenly drops near the throttle orifice
of the auxiliary thrust face from 3 MPa to 2.2917 MPa and 2.5562 MPa. This pressure
depression phenomenon is related to the clearance value [17, 18]. When the clearance
is 7.5 wm, the pressure depression phenomenon is disappeared such as the main thrust
face. The axial load capacity is generated due to the pressure distribution difference

between main thrust face and auxiliary thrust face.

Figure 8 shows the temperature distribution of main thrust face and auxiliary thrust
face. It can be seen that the temperature distribution is similar to pressure distribution.
The temperature of main thrust face gas film near the radial part is 572.95 K. And the
temperature of auxiliary thrust face gas film near the radial part is 571.85 K. The similar
temperature depression phenomenon is also observed near the throttle orifice of the
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auxiliary thrust face. The temperature drops from 573.15 K to 557.74 K near the outlet
and drops from 573.15 K to 564.49 K near the radial gas film.
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Fig. 6. Pressure distribution contour of traditional EPSHITB
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Fig. 7. Curve of thrust film pressure distribution

3.2 Externally Pressurized Steam Hybrid Journal-Thrust Steam Bearing
with Relief Holes

This section focuses on investigating the flow characteristics of EPSHITB with relief
holes, which includes pressure distribution. The purpose of this section is to show the
difference between traditional EPSHJTB and EPSHITB with relief holes. Radial relief
holes and thrust relief holes are all opened in EPSHJTB with relief holes.
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Figure 9 presents the pressure distribution contour of model A. It is apparent from
this figure that thrust relief hole and groove structure can effectively reduce the outlet
back pressure. Figure 10 presents the pressure distribution contour of model B. This

figure illustrates how radial relief holes lower the radial gas film outlet pressure.

Figure 11 compares the pressure distribution between traditional EPSHITB and
EPSHJTB with relief holes. It can be seen that the new EPSHIJTB’s pressure differ-
ence between thrust faces is larger than traditional EPSHITB’s. The pressure of thrust
relief hole and groove structure domain is nearly zero. As shown in Table 5, the load
capacity and mass flow rate of EPSHJTB with relief holes is higher than tranditional

Fig. 9. Pressure distribution contour of EPSHITB with relief holes-model A
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EPSHIJTB. Besides, the radial load capacity of EPSHITB with relief holes is produced
by eccentricity.

Figure 12 displays the circumferential pressure distribution of the model B, which
is in the axial middle position of the radial gas film. When the angle equals 0 and
180 degrees seperately, the clearance film thickness value is the biggest and the smallest
accordingly. Therefore, the gas film pressure reaches the lowest and highest respectively.

In order to improve the load capacity of thrust bearing part and radial bearing part,
the thrust bearing and radial bearing outlet back pressure should be lowered.
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Fig. 10. Pressure distribution contour of EPSHJTB with relief holes-model B

3.3 Effects of Relief Holes Distribution

This section focuses on investigating the effects of relief hole distribution. The purpose
of this section is to show the static characteristic variations between EPSHJTB with
different relief hole distributions. Type A refers to EPSHJTB with radial relief holes
only, while type B refers to EPSHITB with thrust relief holes only.

Figure 13 demonstrates the pressure distribution contour of model A with type A
and type B. Figure 14 presents the pressure distribution curve in the thrust gas film. It is
found that the type B owns the lower thrust gas film outlet back pressure, which achieves
the higher pressure difference between main thrust bearing surface and auxiliary thrust
face. Therefore, the axial load capacity of type B is larger, which is 8244.17 N, as shown
in Table 6. Figure 15 compares the temperature distribution of main thrust face type A
and type B.

Figure 16 displays the pressure distribution contour of model B with type A and
type B. Figure 17 shows the pressure distribution curve in the axial middle position of
the radial gas film. It is found that the maximum average gas film pressure of type A
is about 2.825 MPa and the minimum pressure is about 2.59 MPa. Besides, maximum
average gas film pressure of type B is about 2.915 MPa and the minimum average gas
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Table 5. Comparison of load capacity and mass flow

Bearing Type Axial Force/N Radial Force/N Mass Flow/(kg/s)

Traditional 3332.40 0.00 0.0056512

Relief Holes 8259.00 2875.90 0.043208
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film pressure is about 2.8 MPa. The pressure difference of type A is larger. Therefore,
the radial load capacity of type A is larger, which is 1843.89 N, as shown in Table 6.
Figure 18 illustrates the temperature distribution curve in the axial middle position of the
radial gas film.And This temperature distribution is also similar to pressure distribution.
Taken together, EPSHJTB with radial relief holes only-type A has the smaller axial force
and the larger radial force compared with type B.
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Fig. 13. Pressure distribution contour of EPSHJTB with relief holes: a Type A-with radial relief
holes only; and b Type B-with thrust relief holes only
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Fig. 16. Pressure distribution contour of EPSHJTB with relief holes: a Type A-with radial relief
holes only; and b Type B-with thrust relief holes only
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Table 6. Comparison of load capacity and mass flow

Bearing Type Axial Force/N Radial Force/N Mass Flow/(kg/s)
All relief holes 8259.00 2875.90 0.043208
Type-A 4685.41 1843.89 0.037284
Type-B 8244.17 1162.84 0.029134

4 Conclusion

This study sets out to study the flow and load capacity characteristics of externally pres-
surized steam hybrid journal-thrust bearing (EPSHIJTB). It provides advice for improving
the load capacity of EPSHITB.

1. Traditional EPSHITB has nearly zero radial load capacity due to the high radial gas
film outlet back pressure. And the limited axial load capacity is caused by the pressure
equalization of high axial gas film outlet back pressure.

2. EPSHITB with relief holes can improve the load capacity of the traditional
EPSHIJTB by reducing the radial and axial gas film outlet back pressure.

3. The distribution of relief holes will influence the static performance of EPSHJTB
owing to the change of outlet back pressure.
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