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Abstract: Due to their excellent stability and zero leakage capability, thrust bearings with herringbone
spiral grooves are frequently used in transmission mechanisms. However, the lubrication mechanism
of thrust bearings has not been clearly understood and explained, preventing the optimization
of the bearing performance. Thus, this paper is devoted to solving this problem by building a
three-dimensional finite element flow model. In this model, the change in viscosity temperature is
considered using Roelands equation, and the turbulence and cavitation are taken into consideration.
Using the established model, the influence of parameters such as spiral angle, groove width ratio,
and rotational speed on the cavitation area of the thrust bearing are analyzed. The pressure contour
and speed distribution are obtained inside the clearance, as well as the volume fraction of the gas
phase at the end face. Finally, according to the analysis results, the optimum structural parameter
for the herringbone spiral groove structure is proposed, which enables higher bearing stability and
provides a reference for engineering practice.

Keywords: cavitation effect; herringbone spiral groove; optimum structural parameters; turbulence;
water lubrication

1. Introduction

Herringbone groove thrust bearings (HGTBs) have broad application prospects in
hydraulic machinery, machine tool spindles, and other industrial fields [1-3], due to the
advantages of good stability, high stiffness, and zero leakage. In the bearing, oil and
air are commonly used as lubricative mediums. However, the gas-lubricated HGTB has
low stiffness, and the oil-lubricated HGTB has a rapid temperature rise. On the opposite,
the water-lubricated [4,5] HGTB has excellent dynamic stability and low frictional power
consumption. Therefore, water-lubricated HGTBs are more suitable as spindle supports
for ultra-precision machine tools under high speeds [6-8]. Cavitation, however, commonly
occurs in water lubrication, reducing bearing performance and service life. It is valuable
for establishing a three-dimensional water-lubricated flow field model considering the
cavitation effect, which is used to explore the influence of structural changes on the bearing
performance.

In recent years, more and more scholars [9,10] have achieved bearing resistance
reduction, and the bearing stability was improved. In some research, it was shown that
changes in the lubricating properties of bearings were closely related to the design of the
surface texture [11-13] (distribution, shape, and size). Guenat [14,15] used the experiment
to study the effect of the herringbone groove geometry on lubrication performance deeply.
Wang [16] developed a thermo-hydrodynamic model of a combined bearing, and the effect
of the groove structure on the bearing characteristics was investigated. If the bearing
worked at high speed, the cavitation inception number of water is much higher. Thus,
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cavitation effects cannot be ignored. Some researchers treat cavitation lubricants as gas—
liquid mixed fluids. According to the different calculation methods of the gas volume
fraction, the cavitation models in the mixed fluid model can be divided into three types:
(1) Model based on the R-P equation [17,18]; (2) Equation model based on gas solubility
and surface tension of bubbles [19,20]; (3) Model of the Transport Equation based on Gas
Volume Fraction [21,22]. Moreover, some researchers used CFD to analyze the cavitation.
In this theory, the journal bearings were investigated numerically in three dimensions
by using FLUENT software [23], and the viscosity changes have a significant impact
on the pressure distribution, cavity volume, and load-bearing capacity. Furthermore,
based on the multi-phase flow cavitation model and the dynamic mesh technology, the
cavitation characteristics of the liquid film in the dynamic pressure mechanical seal gap
were investigated [24]. Meanwhile, Xu et al. [25] determined the optimal mass transfer
coefficient in the Lee phase transition mass transfer equation, and the influence of groove
structure parameters on the vaporization characteristics was studied.

In the above literature summary, the herringbone groove structure has been widely
used and studied in thrust bearing design. However, the effects of temperature change and
cavitation on lubrication states have rarely been studied. In this paper, CFD is used for
modeling and analysis. The cavitation effects of the herringbone groove under changes
in viscosity and temperature are studied, and its sealing performance and load-bearing
performance are analyzed. The lubrication mechanism of the herringbone groove seal is
explored, and the influence of the groove structure on the cavitation effect is summarized.

2. Governing Equations
2.1. Conservation Equations

Fluid domains are analyzed using CFD methods, and the relative equations can be
found as following.
The mass conservation equation is expressed by Equation (1):

dp =y
g‘FV'(PU)—O (1)

where, p represents the fluid density, p? is the gravitational body force, and ¢ is the time.
The momentum equation is presented as Equation (2):

dv
where, v is the fluid velocity vector, p represents the static pressure, and T is the stress. The
energy equation is given in Equation (3):

+ Sn ®)

where, E represents the total energy of the fluid, 4; is the enthalpy of component j, ke is
the effective heat transfer coefficient, k. = k + k¢, ki denotes the turbulent heat transfer
coefficient, | is the diffusion flux of component j, and S, represents the volumetric heat
source term.

2.2. Cavitation Equations

The cavitation phenomenon easily appears in the high-speed rotation of the water
film. When the temperature changes drastically, the water rises to the boiling point, the
originally small bubbles rapidly expand and escape from the surface of the liquid. In this
study, the phase change process is mainly controlled by temperature. The volume of fluid
(VOF) model is chosen for the tracing of the gas-liquid interface.
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The interphase interface is tracked by solving the continuity equation. This equation
is solved by using the volume fraction of one (or more) phases. For the g phase, this
equation has the following form:

110 — o .
oe [at(""ip’i) +V- (“qpqvq) = Su; Zl(mm — tigp) @)
p:

In Equation (4), &, is the phase g volume fraction, p; is the phase q density, 114, is the
mass transfer from phase g to phase p, and 11, is the mass transfer from phase p to phase g.
The source term on the right-hand side of Equation (4) (Say) is zero.

Among various cavitation models, the Lee model is relatively mature and matches
the VOF model well. Therefore, this study adopted the Lee model as the phase transition
model. By simplifying Equation (4), the transport equation of the bubble phase is obtained.

d

g(“upv) + V. (“UPU?) =R, — R, (5)

In Equation (5), R, and R, represent the evaporation and condensation terms in the
phase transition process, respectively. They are respectively determined by using the
gas and liquid phase medium temperatures, the saturation vaporization temperature is
considered, and the relevant equations are as follows:

Tl > Tsat, R, = coeff x Dépl%

(6)
(Tsat - Tv)

sat

Ty < Tsat, Re = coeff x (1 —a)py

where, T represents the local saturation vaporization temperature; coeff is the evaporative
condensation coefficient derived from the interfacial concentration under vesicular flow.

6 M XyPo )
coeff = — L 7
dy T\ 27T R Tt <p, ~ oy )

where, d is the vapor bubble diameter, and 7 represents called the coefficient of adaptation
and characterizes the adsorption of vapor molecules on the surface of the liquid, approx-
imated by 1 under equilibrium conditions. L is the latent heat of vaporization, M is the
molar mass, and R is the gas constant.

3. Model Analysis
3.1. Geometric Model

The simplified structure of the herringbone thrust bearing is shown in Figures 1 and 2.
Compared with the general single-sided spiral groove structure, the lubricating medium at
the inner and outer diameters is pumped into the groove when the bearing is in operation.
This structure has excellent lubrication and sealing performance. Its structural expressions
in the -0 coordinate system are given by Equations (8) and (9):

Rip = Ryef<0th (8)

Rout = Rpe fc0th ©)
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Figure 1. Bearing structures.

Figure 2. Surface texture model.

In Equations (8) and (9), R; is the inner diameter, R, represents the outer diameter,
is the spiral angle, 6 denotes the angle, Ry, is the inner spiral, Royt is the outer spiral, By is
the groove width, B; is the ridge width, B is the groove width ratio, B = Bg/ B,, Hj is the
water film depth, and H; is the bearing clearance.

3.2. CFD Model

The calculation model is simplified on the premise of assuring the accuracy of the
calculation results and given the following assumptions: the effects of body force and
inertial force are ignored, the speed slip is neglected, the effect of surface roughness is
ignored.

A CFD model is built by considering the above assumptions. Solidworks is used for
geometric modeling, and ANSYS is used for the meshing. Finally, the case is solved in
Fluent. The film thickness direction is enlarged 100 times for facilitating observation. The
grid and boundary conditions for the clearance water film are presented in Figure 3. The
three-dimensional geometry of the clearance was discretized with Hexahedral elements,
the quality of the grid was assessed by checking the elements” quality (0.98), aspect ratio
(1.1), and skewness (0.04). Then, it is indicating that the grid was of high quality. Due to
the existence of fluid viscosity, there will be a boundary layer when the fluid moves in the
near-wall region. As shown in Figure 3b, grid refinements are made on both sides of the
wall. The inlet and outlet of the three-dimensional model are set as pressure boundaries,
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the walls in contact with the rotating ring are set as rotating walls, and the others are set as
static walls.

(b)

Static wall Moving wall

Figure 3. Grid and boundary conditions for the water film. (a) grid of the water film; (b) detailed
information on the grid.

3.3. Viscosity—Temperature Relationship

For the high-temperature sealing medium, the change in medium viscosity with
temperature must be considered. Roelands equation [26] is as follows:

i = poexple(x — )] (10)

T Tp
where y is the dynamic viscosity of water, T is the water temperature, and y is the viscosity
at the reference temperature Tj.

3.4. Solver Settings

A mixture model was selected and analyzed. Then, the implicit method was adopted.
In this study, liquid water was set as the primary phase, and water vapor was set as
the secondary phase. The two phases were embedded in the mass transfer mechanism.
“Dispersed” was selected as the interface type. The Zwart-Gerber—Belamri model was used
in the simulation.

A pressure-based solver was chosen for the numerical simulation. The SIMPLE algo-
rithm was used, which is an algorithm based on the pressure-velocity coupling principle.
Then, the default state was used in other settings. A tolerance of 1073 was set for the
residual terms.

3.5. Verification of the Model

The work in Ref. [27] is similar to that of this paper, and the research method has been
proved by experimental tests. Therefore, the results in Ref. [27] can be used to confirm
the model established in this paper, and the result is given in Figure 4. It is found that the
cavitation position obtained from the model established in this paper is consistent with the
result in the literature [27].
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Phase 2.Volume Fraction
Contour 1

7.954e-01
7.158e-01
6.363e-01
5.568e-01
4.772e-01
- 3.977e-01
3.181e-01
2.386e-01
1.591e-01
7.954e-02
0.000e+00

Figure 4. Vapor phase volume fraction distribution.

The leakage was obtained experimentally and validated as a quantitative indicator.
As shown in Figure 5, the results of current work calculation are analogous with theoretical
values and tests in the literature [27]. The relative error between this study and Ref. [27] is
less than 5%, which proves the reliability of the proposed model.

4.0

—=— Simulation in reference[28]
3.5 | —®— Experiment in reference[28]

—4— Calculation of present work

ol
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Figure 5. Verification of the model by using reference [27,28].

4. Results and Discussion

The subsequent simulation solution takes a single cycle model caused by the flow’s
periodicity. Then, computer resources are saved, and the accuracy of solution is improved.
The geometric and working parameters of the face seal are shown in Table 1.

Table 1. Geometric and operating parameters.

Parameters Value
Temperature T (K) 300
Groove number N 18

rotational speed n (rpm) 6000
Spiral groove angle B (°) 65
Inner radius Ry (mm) 15
Outer radius Ry (mm) 20
Pressure inlet Py, (MPa) 0.1
Pressure outlet Poyt (MPa) 0.2
Water film depth Hy (um) 30
Bearing clearance Hy (pm) 10

Density p (kg/m?) 998.2

Viscosity p (Pa-s) 8.49 x 104
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4.1. Liquid Film Flow Mechanism

The flow, which is inside a micro gap, is difficult to capture. Thus, its flow charac-
teristics cannot be accurately understood. In this paper, a cross-sectional approach was
chosen to demonstrate micro gap flow. The method is as follows: the actual film thickness
is used in the simulations, but it is scaled up in the direction of the film thickness when the
detailed flow is charactered.

When HGTB is working, the lubricating medium for groove structure is pumped into
the top. Under the obstruction of the ridge, a part of the fluid slows down and increases
the pressure, and the other part of the fluid climbs over the ridge. Thus, the most complex
area of flow is at the top of the groove. Figures 6 and 7 show the pressure distribution
and velocity field distribution on the radius section at the top of the groove, respectively.
As shown in Figure 6, the pressure in this section is concentrated at the top of the groove.
Because of the extremely small gap size, there is no significant pressure change in the
thickness direction of the film. From the results in Figure 7, eddy currents exist in the gap.
The fluid is divided into two parts: one part creates eddy currents in the groove, and the
other part goes to lubricate the bearing clearance.

Static Pressure (mixture) [ Pa]

i _ |

3Ix10°  4x10°  5x10°  6x10°  7x10°  8x10°  9x10° 1x10

Figure 6. Pressure distribution of cross-section in the gap.

Velocity Magnitude (mixture) [ m/s ]

Figure 7. Velocity distribution of cross-section in the gap.

In Figure 8, when the groove surface moves, the fluid in the groove is pushed from
one side to the other. Fluid flow characteristics in the micro gap are abundant. The fluid is
squeezed at the front face, and a pressure peak is generated. The fluid after the collision is
divided into two parts: one forms a vortex in the groove, and the other flows to the bearing
gap. The fluid in the clearance acts as a lubricating medium, and the bearing surfaces are
pushed apart. Thus, the load-carrying capacity is increasing, and the friction coefficient is
reduced [28].
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Figure 8. Schematic representation of the fluid motion within bearing clearance.

4.2. Influence of Rotational Speed on the Flow Field

When the speed is changing, and other parameters remain constant. The fluid film
pressure distribution can be seen in Figure 9. A high-pressure area appears at the tip of the
herringbone groove. Low-pressure areas appear at the groove root of the outer diameter
side of the herringbone groove, the groove root, and side wall of the inner diameter side
groove. As shown in Figure 10, cavitation takes place at the root of the outer diameter side
groove and the side wall of the inner diameter.

(a) (b)

Pressure Pressure

Contour 1 Contour 1
1.183e+06 [ 2.375e+06
1.066e+06 2.138e+06
9.484¢+05 1.900e+06
8.310e+05 1.663e+06
7.135e+05 1.425e+06
5.961e+05 1.187e+06
4.787e+05 9.499¢+05
3.612e+05 7.123e+05 / \
2.438e+05 4.747e+05
1.264e+05 2.371e+05
8.917e+03 -5.194e+02

[Pa] [Pa]

(©) (d)

Pressure Pressure

Contour 1 Contour 1
5.207e+06 5.555¢+06
4.673e+06 4.9726+06
4.138e+06 4.389+06
3.603¢+06 3.807e+06
3.0682+06 3.224e+06
2.534e+06 2.641e+06
1.999¢+06 2.059¢+06
1.464e+06 1.476e+06 h
9.296¢+05 8.936e+05
3.949¢+05 3.109e+05
-1.399e+05 -2.717e+05

2] [Pa]

Figure 9. Liquid film pressure distribution. (a) 2000 rpm; (b) 4000 rpm; (c) 6000 rpm; (d) 8000 rpm.
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(@) (b)
Phase 2.Volume Fraction Phase 2.Volume Fraction
Contour 1 Contour 1

1.293e-02 6.977e-02
1.163e-02 6.279e-02
1.034e-02 5.582e-02
9.049e-03 4.884e-02
7.756e-03 4.186e-02
6.464e-03 3.488e-02
5.171e-03
3.878e-03
2.585e-03
1.293e-03
0.000e+00

2.791e-02
2.093e-02
1.395e-02
6.977e-03
0.000e+00

©

Phase 2.Volume Fraction

Contour 1
2.810e-01
2.529e-01
2.248e-01
1.967e-01
1.686e-01
1.405e-01
1.124e-01
8.429e-02
5.619e-02
2.810e-02
0.000e+00

)

Phase 2.Volume Fraction
Contour 1
7.701e-01

6.931e-01
6.161e-01
5.391e-01
4.621e-01
3.851e-01
3.081e-01
2.310e-01
1.540e-01
7.701e-02
0.000e+00

Figure 10. Liquid film gas phase volume fraction distribution. (a) 2000 rpm; (b) 4000 rpm;
(c) 6000 rpm; (d) 8000 rpm.

As the rotational speed increases, the maximum pressure of the fluid film magnifies,
and the pressure distribution law of the fluid film is unchanged. The cavitation area
gradually expands with the increasement of the rotational speed, which indicates that the
cavitation area is extensible.

4.3. Influence of Structural Parameters on the Flow Field
4.3.1. Spiral Angle

The spiral angle § directly affects the boosting effect of the thrust bearing. In the
Figures 11 and 12, the effect of the spiral angle on the bearing’s load-carrying capacity and
leakage rate was investigated. The load capacity appears to increase with spiral angle from
50° to 70°. Then, it decreases as the spiral angle increases. When the spiral angle is about
68°, the bearing capacity reaches the maximum value. When the spiral angle is 0° or 90°,
the dynamic pressure effect and step effect are greatly reduced, and the bearing capacity is
almost lost. Thus, the leakage exhibits the downtrend.

—=— 4000 —&— 5000 —&— 6000

—¥— 7000 —— 8000 —<— 9000 —»— 10, 000
160 | :
Z ol
= /
2. 120
<
(¥
0
S o0
b
g 80 /
Sm T
3
s o
— i
foli L L I L .
30 55 60 83 70 5 80

Spiral angle (°)

Figure 11. Effect of the spiral angle on the load-carrying capacity.



Lubricants 2022, 10, 182 10 of 12

—#— 4000 —&— 3000 —&— 6000
—¥— 7000 —&— 8000 9000 —»—10, 000

Leakage rate (*10kg/s)

Lo
e

—

a0 il 60 65 70 T B0
Spiral angle (°)

Figure 12. Effect of the spiral angle on the leakage rate.

4.3.2. Groove Width Ratio

From Figure 13, as the groove width ratio increases, the axial load capacity of the
thrust bearing gradually increases. When the groove width ratio is about 1, the bearing
capacity reaches the maximum value, and then gradually decreases. If the groove width
ratio is equal to O or infinite, the bearing end face becomes flat, and the dynamic pressure
effect and step effect cannot be found. Therefore, there is a suitable groove width ratio to
maximize the bearing capacity. As seen in Figure 14, when the groove width ratio increases,
the leakage also increases and tends toward a stable value. The magnified groove width

ratio corresponds indirectly increases the clearance of the bearing, and the leakage is also
increasing.

—— 4000 —&— 5000
—4&— 8000 —»— 10, 000

Load carrying capacity (N)
= = -
& E B &

-
=

0.5 1.0 15 2.0 25 30 35 4.0
Groove width ratio

Figure 13. Effect of the groove width ratio on the load-carrying capacity.

—&— 4000 —&— 6000

i —¥— 8000 —4—10, 000

Leakage rate (*10%kg/s)

Il | 1 Il
0.3 1.0 1.3 20 25 3.0 35 4.0
Groove width ratio

Figure 14. Effect of the groove width ratio on the leakage rate.
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5. Conclusions

In this study, a finite element flow field model is established to understand and explain
the flow mechanisms of HGTBs. The influence of structural parameters on the bearing
performance was investigated. In this model, viscous temperature changes, turbulence,
and cavitation are considered. The main conclusions are summarized as follows:

(1) Water is pumped into the spiral groove from both ends by vicious and differential
pressure forces. The lubricating medium is converged at the top of the herringbone groove.
Then, one part of the fluid goes over the ridge, and the other part forms vortices in the
groove. The lubrication performance of the thrust bearing is affected by the dynamic
pressure and the step.

(2) The cavitation is concentrated at the root of the outer diameter side of the herring-
bone groove and the inner diameter wall. The cavitated area is extended by the increasing
rotational speed. There is an optimum value for the groove width ratio B and the helix
angle B, which can improve the bearing performance.

(3) Optimum values for the geometrical parameters of the thrust bearing have been
determined using the load-carrying capacity and leakage. When the bearing clearance is
10 pm, the groove width ratio is taken as 1, and the spiral angle  can be selected from 65°
to 70°.
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