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Abstract: Adequately designed and positioned surface textures are recognized as a promising way
to increase load-carrying capacity and reduce frictional losses of journal bearings. The aim of this
work is to analyze the local lubrication mechanisms of textures in journal bearings from microflow
perspective, while considering the interactions between textures and the film formation in the whole
bearing. For this purpose, hydrodynamic lubrication models of textured journal bearings are built.
The results show that placing textures downstream of the high-pressure region leads to a reduced
friction force, with a less severe loss of load-carrying capacity. The effects of textures on the load-
carrying capacity include the positive micro-hydrodynamic pressure effect and the negative effect
caused by the discontinuity of the high-pressure region. The micro-hydrodynamic pressure of textures
can be generated on one hand by limiting pressure drop (cavitation) in the divergent gap and on the
other hand by the inertia effect. For the friction, the vortex inside textures affects the friction force by
influencing the maximum shear stress at the minimum oil film. In turn the vortex is influenced by
the bearing lubrication film. The research provides the fundamental reference and theoretical basis
for the design and optimization of textured journal bearings.

Keywords: journal bearings; textures; microflow; Computational Fluid Dynamics; lubrication mechanisms

1. Introduction

Journal bearings have attracted much attention for its widely potential applications,
including various subsystems in engines and powertrains [1,2]. The growing demand
for energy efficiency and sustainability requires lower friction and higher load-carrying
capacity in journal bearings [3-5]. Surface textures have been proven to be a promising
way for improving tribological behaviors of journal bearings [6,7]. Several beneficial
effects have been identified experimentally and numerically, including acting as local
lubricant reservoirs [8,9], entrapping wear debris [10,11], reducing contact area under
direct contact of surfaces [12,13], especially reducing friction [14-16] as well as building
up an additional micro-hydrodynamic pressure [17-19]. However, textures also can be
detrimental if designed wrong, for example, the full texturing or distribution within the
high-pressure region as reported by Dobrica et al. [20] and Fowell et al. [21]. To determine
the optimal geometries and positions for textures, the lubrication mechanisms of textures
in a whole journal bearing including loading enhancement and friction reduction need to
be clear.

To understand the tribological performance enhancement of textures, a large number
of numerical investigations have been conducted from a single texture cell during the past
years [22-24]. For instance, the cavitation effect in a textured surface was firstly proposed
by Hamilton et al. [25] and Estion et al. [23,26]. A negative pressure would generate at
the entrance of textures due to the sudden increase of flow area and a positive pressure

Lubricants 2023, 11, 20. https:/ /doi.org/10.3390/lubricants11010020

https://www.mdpi.com/journal/lubricants


https://doi.org/10.3390/lubricants11010020
https://doi.org/10.3390/lubricants11010020
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://orcid.org/0000-0002-3279-7179
https://orcid.org/0000-0002-7564-288X
https://orcid.org/0000-0002-4795-6451
https://orcid.org/0000-0002-7696-8312
https://orcid.org/0000-0002-4900-2184
https://doi.org/10.3390/lubricants11010020
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com/article/10.3390/lubricants11010020?type=check_update&version=2

Lubricants 2023, 11, 20

2 of 20

was following because of the convergence of flow area. When the cavitation occurred,
the negative pressure was limited by the saturation pressure which caused an asymmetric
but overall lifting pressure. Subsequently, inertia effect was proposed and investigated
by Arghir et al. [27]. By solving Navier—Stokes equations, they concluded that a positive
load-carrying capacity could be generated by an inertia effect, especially for the lubrication
conditions with a high Reynolds number. This conclusion was also in agreement with
the findings by Sahlin et al. [28] and Keller et al. [29]. Another lubrication mechanism
was the entrainment and inlet suction effect suggested by Fowell et al. [30]. The negative
pressure at the entrance of textures sucked more lubricant into dimples, thus enhancing
the pressure build-up and load-carrying capacity of textured contacts. Besides, Tender [31]
proposed the collective effect and showed that the change of film thickness caused by
textures had a similar function as a Rayleigh step bearing to create an additional load-
carrying capacity. However, most of the aforementioned lectures focused on the loading
mechanism, whereas the friction reduction mechanism was not the focus of these works.
In addition, those studies were mainly based on a single texture element. Multiple textures
and their interactions were not considered, making the results not applicable to journal
bearings directly, due to the local differences in pressure and the potential perturbation of
lubricant flow on the component level.

One of the initial works considering the textures’ interactions was carried out by Tala-
Ighil et al. [32,33]. By solving the Reynolds equation, they found the partial texturing was
more efficient to improve the tribological performance than the full texturing. Furthermore,
an analysis was carried out by Brizmer and Kligerman to study the effect of surface textures
on load-carrying capacity at the fixed eccentricity ratio of 0.1-0.9 [34]. They reported that
the load-carrying capacity could only be improved by partial texturing at low eccentricities.
Similar conclusions were also made by Kango et al. [35]. Usman et al. [36] compared the
friction coefficient at the ratio of 0.6~0.9 and demonstrated that textures could effectively
reduce the friction. This conclusion was experimentally confirmed by Vlddescu et al. [37]
and numerically verified by Singh et al. [38].

The effects of different textured geometry and distribution on the lubrication char-
acteristics of journal bearings have also been investigated. The friction performances for
the bearings with the compound dimples and simple dimples were compared by Meng
et al. at the eccentricity ratio of 0.8 [39]. Liang et al. [40] studied the effects of textured
geometrical parameters and distribution on the bearing lubrication performance at the
eccentricity ratio of 0.3 and showed that the beneficial effect of the micro-textures needed
the reasonable combination of the textured depth and distribution. Shinde et al. [41] con-
ducted the numerical analysis on the performance of hydrodynamic journal bearing with
partial texturing at the eccentricity ratio of 0.6. They stated that the bearing lubrication
performance was significantly influenced by textured position. Furthermore, as pointed
out by Arif et al. [42], the textured position can significantly affect the bearing lubrication
performance, and even more than textured geometry. An external load should be specified
instead of a fixed eccentricity when optimizing the textured journal bearings, as recent
work stated by Marian et al. [24] and Yamada et al. [43]. In contrast, as demonstrated in the
aforementioned studies [34-36,38-41], the method with a fixed eccentricity ratio is suitable
to study the flow characteristics of the textured journal bearings. However, most of the
related studies focused on comparing the influence of different textured parameters on the
bearing performance from the whole journal bearing, and the reasons of those influence
are not analyzed from the microflow inside textures.

In addition, the microflow effects in textures and the macro-hydrodynamic lubrication
film formation influence each other [44]. Therefore, both of them must be considered in
one model. However, the classical Reynolds equation, which is widely used to analyze
the flow field of textured journal bearings, is simplified from the Navier-Stokes equations
by neglecting the inertia effect and the flow across the film gap. According to the inertia
effect mentioned above, the Reynolds equation cannot predict this microflow phenomena
as demanded [27-29]. In addition, the vortex which was neglected by the Reynolds
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equation was found inside textures by Sahlin et al. [28]. The vortex was indicated to be
related to textured bearing performance by Wang et al. [45,46]. However, how will the
vortex in textures influence the flow in bearing clearance has not been clarified. Therefore,
the lubrication mechanisms of textures as well as their interaction with the lubrication film
in the whole bearings need to be based on a more accurate prediction, and it should be
derived from the microflow analysis inside the textures.

Consequently, the aim of this study is to analyze the lubrication mechanisms of tex-
tures in journal bearings from the microflow perspective while considering the interactions
between textures and the film formation in the whole bearing. For this purpose, Computa-
tional Fluid Dynamics (CFD) models of textured journal bearings with different geometries
and positions are firstly built up to investigate the macro-effect of textures on the bearing
performance. Subsequently, the microflow inside textures is captured to clarify the micro
lubrication mechanisms of textures. Finally, the microflow of textures under different
positions of lubrication film is investigated to clarify the interactions between the microflow
inside textures and the macro-hydrodynamic lubrication film.

2. Numerical Method
2.1. Governing Equations

The hydrodynamic simulation in the current work is carried out in the cavitatingFoam
solver of OpenFOAM. This solver is based on a homogenous equilibrium model for cavita-
tion, which means that the two phases liquid /vapor are supposed to be in thermodynamic
equilibrium [47,48]. A barotropic equation of state is implanted in the continuity equation
to produce a pressure equation. When the pressure falls below the saturation pressure,
it will lead to the occurrence of cavitation.

In the present study, a steady state is assumed and the thermal effect is ignored.
The lubricant is assumed as a Newtonian fluid with a constant viscosity. To solve the fluid
flow, basic flow governing equations, including the continuity equation and momentum
conservation equation [49], are given as follows:

0

g(Pm) + V- (omom) =0 @
0 =
E(vam) + V. (vam'vm) -V (T) = —VP + Sy (2)

where p;; represents density, v, is velocity vector, p is pressure, T is the stress tensor (given
in Equation (3)), and S, is the gravity force.

_ 2
T :Um(va+(va)T) +5V-onl 3)

where 1, is fluid viscosity, I is the unit tensor, and the second term on the right-hand side
is the effect of volume dilation.

In Equation (2), the first two terms in the left-hand side are the inertia terms. To analyze
the inertia effect of textures, a new solver without inertial term is created as Equation (4):

—V~(7’>:—V;ﬂ+50 @)

The mixture density can be calculated by considering the fraction of vapor in the fluid.
The mixture’s equilibrium equation of state is following:

Pm = (1 - V)P? + (YIFU + (1 - 'Y)IFI)Psut + lFm(P — Psut) 5)
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where p? is the density of liquid at reference pressure, ¥; and ¥, are the compressibility of
liquid and vapor, - is the mass fraction of vapor in the fluid mixture, which is calculated by:

_ Pm — Plsat
Pv,sat = Pl,sat

(6)

where oy, 01 55t and pysar are density of the mixture, liquid and vapor densities at saturation
pressure, respectively. There is no cavitation when 7y = 0, whereas the fluid cell is fully
occupied by vapor when 7 = 1. Then, the mixture compressibility ¥, is obtained by the
Wallis linear model [50]:

P = 7% + (1 - W)YI )

The local mixture viscosity u;, is calculated as:

Mm = Yo+ (1=7)m 8

where, 77; and 7, are the viscosity of liquid and vapor, respectively.

The flowchart of the simulation is presented as Figure 1. For a more detailed descrip-
tion, the reader is referred to Ref. [49]. Firstly, the mesh model and boundary conditions are
implemented. Subsequently, the fraction of oil is calculated and updated from Equation (6).
Then, the transport properties, including the mixture compressibility and the mixture
viscosity, are updated according to Equations (7) and (8). Next, Equations (1) and (2) are
solved based on the PIMPLE Algorithm to update the pressure and velocity field while
considering the inertia effect. To study the impact of inertia effect, the momentum conser-
vation equation is modified. Equations (1) and (2) are replaced by Equations (1) and (4).
In both cases, the mixture density is further updated based on Equation (5).

| Import mesh model

l PIMPLE Algorithm
1
I
Update o1l distribution i Solve the momentum | _ :
Eq.6 ! equations |
1
: :
I
Update transport ! Solve the pressure Pressure-velocity i
t=1+At roperties Eqs.7-8 i i i
prop q ' Cotrector equation coupling loop i
| loop :
Update pressure and i Update the velocity !
velocity Eqs.1-2 or : field !
Eqs.l and4 A .
Update transport pand vy
properties Eq.5

Yes
N T

Figure 1. Simulation flowchart.

2.2. Physical Model

The geometry of the journal bearing investigated in the present work is composed
of a moving smooth wall with a constant angular velocity and a stationary textured wall,
which is schematically illustrated in Figure 2. The lubricant flows into the bearing from
the top side and flows out from the both sides. As stated in the introduction, the fixed
eccentricity ratio is used to clarify the influence of microflow inside textures on the flow in
the bearing clearance. The parameters of bearing geometry and boundary conditions used
in the present study are listed in Table 1.
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Figure 2. Hydrodynamic journal bearing geometry. O; means center of journal bearing, Os; means

center of shaft, e means eccentricity distance, N means rotational speed, R; means bearing radius, Rs

means shaft radius, D; means textured depth, W; means textured width, 6. means textured space

in circumferential direction, S, means textured space in axial direction, x means starting angle of

textured zone, W means bearing width.

Table 1. Geometric parameters of the bearing model.

Symbol Parameter Value
Rj/mm Bearing radius 15
W/mm Bearing width 20
Rs/mm Shaft radius 14.97
e/mm Eccentricity distance 0.018
6/° Attitude angle 45
o/° Starting angle of textured zone 50~250
0./° Textured space in circumferential direction 10
S;/mm Textured space in axial direction 3
N./mm Textured number in circumferential direction 8
N,/mm Textured number in axial direction 7
N/rpm Rotational speed 600
P, /MPa Inlet pressure 0.15
Pyt /MPa Outlet pressure 0.1
Psqt/Pa Saturation pressure 29,185
p1/kgm=3 Density of lubricant 822
u;/Pa-s Dynamic viscosity of lubricant 0.014
po/kgm~3 Density of vapor 1.29
Uy/Pa-s Dynamic viscosity of vapor 5.953 x 1070

In the present work, four geometry cases are named accordingly to width and depth
of textures. Five different positions are considered and defined by the starting angle of
textured zone «. Each geometry is simulated under the five textured positions from 50° to
250°. All the simulation cases are listed in Table 2.

Table 2. Parameters of simulation cases.

Simulation Cases W1D15 W1D50 W2D15 W2D50
W;/mm 1 1 2 2
D;/mm 0.15 0.50 0.15 0.50

position/° o =50/100/150/200/250

The mesh quality and mesh density of the model are keys to ensuring the accuracy
of the calculation results. With the aim of determining the proper mesh quantity, a mesh



Lubricants 2023, 11, 20

6 of 20

independence study is carried out and shown in Figure 3. As a result, the division across
the film thickness is 5 and the division across the textured depth is 6. The interval size used
in the other directions is 2 x 10~* m. The mesh model of the textured journal bearing is
exemplarity shown in Figure 4, and the mesh parameters of the simulation model are listed

in Table 3.

120

—

]

(o)
1

—
—

D 0
(o) ()
1 1

Load-carrying capacity/N
S
<
|

20

165,040
|

Number

15000 75000 135,000

of mesh

Figure 3. Mesh independence for the simulation model.

Textured
inlet

Textured
depth

Mesh for textures

Mesh between textures

Figure 4. CFD mesh model of the textured journal bearing.

Table 3. Mesh parameters.

195,000 255,000

Item Elements Nodes Average .Mesh Average
Quality Skewness
values 165,040 770,804 5.02 x 1072 2.60 x 1072
Item Average aspect Jacobi value Jacobi value Orthogonal
ratio (MAPDL) (Gauss Point) quality
values 51 1.02 0.99 0.99
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Pressure/Pa

Pressure/Pa

£=0.5, N=600rpm Ap = 3.86%

2.3. Validation

To verify the reliability of this solver, the simulation results from our model are firstly
compared with that from the Reynolds equation. The forced boundary condition is used
for cavitation in the calculation of Reynolds equation. The pressure is set to ps;y when
p < psat [51]. It can be seen from Figure 5a,b that the pressure profiles calculated with the
current method are in a good agreement to that from the Reynolds equation. Specifically,
the differences of the maximum pressure are both within 5%, which is assumed to be related
to the different cavitation models used in the two approaches and the simplifications of the
Reynolds equation.

£=0.7, N=600rpm Ap = 4.43%

4x10° 4x10°
Current method Current method
Reynolds Equation Reynolds Equation
3x10°+ 3x10°
2]
&
2x10°- £ 2x10°1
wv
g
(a9
1x10° 1x10°
0 T T T T T 0 T T T T T
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Angle/° Angle/°
(a) (b)
8.0x10° 8.0x10°
=06 —— Current method =07 —— Current method
—— Result in reference —— Result in reference
6.0x10° - 6.0x10°
<
&
4.0x10° 5 40%10°
g
(a9}
2.0x10° 2.0x10°
0.0 0.0 4
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Angle/® Angle/°
(0) (d)

Figure 5. Validation of the current method. (a) € = 0.5, Reynolds equation; (b) ¢ = 0.7, Reynolds
equation; (c) € = 0.6, Ref. [52]; (d) ¢ = 0.7, Ref. [52]; Top: Validation of current method with Reynolds
equation, Bottom: Validation of current method with data from Ref. [52].

In addition, the validation is carried out to compare the results with the work from
Gao et al. [52], whose method was validated with the corresponding experimental data. Ac-
cording to Ref. [52], the pressure relative to the respective atmospheric pressure (101,325 Pa)
is used for the validation. As can be seen from Figure 5c,d, the pressure profiles predicted
from the current method are in a good agreement with the results from Ref. [52] at different
eccentricity ratios, which also suggests the validation of the current method. The differences
in the cavitation region are mainly caused by the different cavitation models. The Zwart-
Gerber—Belamri model was used in Ref. [52] while a homogenous equilibrium model for
cavitation is used in the present work.
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3. Results and Discussion

In order to investigate the lubrication mechanisms of textures in journal bearings,
multiple simulations with various textured geometries and positions were performed to
analyze the effect of textures on the load-carrying capacity and friction force. Subsequently,
the microflow inside textures is captured to clarify the lubrication mechanisms of textures as
well as the interactions between the microflow inside textures and the macro-hydrodynamic
lubrication film.

3.1. Effect of Textures on the Load-Carrying Capacity

The load-carrying capacity under different textured geometries and positions are
shown in Figure 6. AW is the percentage difference in load-carrying capacity between
smooth and textured bearings, defined as AW = (W; — W)/ Ws-100%. The subscripts s
and f stand for the smooth and textured bearings. It can be found that compared with the
smooth bearing, the load-carrying capacity of textured bearings is reduced, especially when
textures are distributed near the high-pressure region (from 160° to 210° in the present
work). For the small textured width (W1D15 and W1D50), the differences between textured
and smooth bearings are all within 6%. While the textured width increases to 2 mm (W2D15
and W2D50), the effect of textures is much more significant.

—=—smooth —+—W1DI15 ——WID50 —v—W2DI5 W2D50
100

95

Z90
E85

80

TS5 ~ 1-25

50 100 150 200 250
a/°®

Figure 6. Load-carrying capacity under different textured geometries and positions.

To analyze the effect of textures on the load-carrying capacity of journal bearings,
the influence of textures on the pressure distribution is firstly discussed. Figure 7 shows the
pressure contour of W1D50 under different textured positions. Figure 7d,e show that when
the textures are distributed in the high-pressure region, the continuity of the high-pressure
region is disrupted and the maximum pressure decreases. The results are in agreement
with previously published work by Lin et al. [53]. When the textures are distributed outside
the high-pressure region, the maximum pressure of the bearing will not be significantly
affected. Especially when the textures are distributed downstream of the high-pressure
region, the maximum pressure of the textured bearing even rises slightly, as shown in
Figure 71.

The pressure profiles at the centerline of textured journal bearings are captured and
compared with that of the smooth bearing in Figure 8. It can be observed that when
the lubricant flows through the textures, the pressure will drop first and then rise. This
local hydrodynamic effect can also be found in the work by Xie et al. [54]. The pressure
fluctuations caused by the textures are more obvious in the high-pressure region. When the
textures are distributed away from the high-pressure region, their impact on the pressure
distribution is slight, as shown in Figure 8a,b. However, when the textures are distributed
in the high-pressure region, the pressure accumulation will be disrupted as shown in
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pressure/Pa
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E23465 x10°

2.919x10*

pressure/Pc_
4.875x10° _
4,5833x10°

3.4375x10°

E22917x105
E1.1455x105
2.919x10*

pressure/Pa
4.617x10°
4.325x10°

3.2438x10°

E2]625><105

1.0813x10°

2.919x10*

Figure 8c,d. This can be explained by the interference of the sudden increase of the film
thickness at the textures to the original convergence effect of journal bearings.

pressure/Pa
EA.?/BXlOS
=3.5144 x10°

E23429x105
E] 1715x10°
2.919x10¢

pressure/Pa
4,632x10°
4.3405x10°

(b)

Ezwoaxlo5
E] 0851x10°
2.919x10¢

pressure/Pa
4.987x10°

| £3.2554x10°

(d)

IIIIIH

=3.5217x10°

2.3478x10°

E1.1739x105
2.919x10¢

(e) ()

Figure 7. Pressure contours under different textured positions. (a) smooth bearing; (b) « = 50°;
(c) « =100°; (d) x = 150°; (e) « =200°; (f) x = 250°.

Figure 8f represents the pressure distribution of single texture in the non-cavitation
region, which is marked in black frame in Figure 8d. In Figure 8f, the greyscale cross-
hatched area below 4.45 x 10° Pa represents the pressure drop due to the divergence at the
entrance of texture and the cross-hatched area above 4.45 x 10° Pa represents the pressure
rise caused by convergence at the outlet of texture. When the lubricant flows through one
texture, a slight micro-hydrodynamic pressure will generate as indicated by cross-hatched
area above 4.45 x 10° Pa. That means the positive load-carrying capacity caused by the
pressure rise is greater than the negative load-carrying capacity caused by the pressure drop.
From the enlarged view in Figure 8e, only positive load-carrying capacity will generate
when textures are distributed in the cavitation region. However, these positive effect on
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load-carrying capacity is less than the negative effect caused by the increase of oil film,
which is the main reason why the textures have a negative impact on the load-carrying
capacity in the present work.

5.0x10° 5.0x10°
4.0x10° 4.0x10°
« <
 3.0x10° & 3.0x10°
3 @ 5 |
£ 2.0x10° £2.0x10
1.0x10° 1.0x10°
0.0 . | . | . 0.0 ! | } | }
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Angle/° Angle/°
(a) (b)
5.0x10° 5.0x10°
smooth smooth
4.0x10% a =150 4.0x10° 1
rf 5 S 5
E3.0x10 . £3.0x10°1
2 z
8 s | 8 5 |
£ 2.0x10 E 2.0%10
1.0x10% 1.0x10° 4
0.0 . | | . , 0.0 . | | | .
0 60 120 180 240 300 360 0 60 120 180 240 300 360
Angle/° Angle/°
(c) (d)
5.0x10° 4.6x10°
smooth
. —— o =250°
4.0x10° T
< < 4.5%10°
£ 3.0x10° S
5 2
35 0x1054 g
£2.0x10 & 4 4x10°
1.0x10°
0.0 I | | ! 4.3x10° ' ' ' '
0 60 120 180 240 300 360 196.5 198.2 199.9  201.6  203.3
Angle/° Angle/®
(e) (f)

Figure 8. Pressure profiles of the journal bearing centerlines. (a) & = 50°; (b) & = 100°; (¢) & = 150°;
(d) @ =200°; (e) « = 250°; (f) pressure profile of single texture.

As described above, when textures are distributed in cavitation region, only the
positive effects on load-carrying capacity generate. This is because the pressure will be
limited to saturation pressure, if p < ps;t, which can be observed in Figure 9. The pressure of
the smooth bearing will only be maintained at saturation pressure without the additional
positive pressure. Therefore, only positive effects on load-carrying capacity will generate
compared with the smooth bearings.
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Angle/°

Figure 9. Pressure profiles in cavitation region.

The mass fraction of vapor contours for smooth and textured journal bearings are
shown in Figure 10. It can be seen that when the textures are distributed close to the
cavitation region, the position where cavitation starts is advanced (from about 240° to
about 220°). This will further enhance the positive load-carrying capacity generated by
the cavitation effect, although the lifting effect is not significant relative to the overall
load-carrying capacity of the bearing.

alpha.vapour
2.000x102

1.500x102

1.000x1072

ARananannsaananiRRRRRARAl

f
wul
=
S
S

X
Ko
S

.

m—-
=4 .

(@) (b)
Figure 10. Mass fraction of vapor contours. (a) smooth bearing; (b) o = 200°.

The inertia effect of single textures has been stated to generate additional load-carrying
capacity. To investigate the inertia effect of textures in the whole journal bearing, the pres-
sure profiles at the textures with and without considering the inertial effect are compared
in Figure 11. Since the rotational speed used in the present work is only 600 rpm, there is
no significant difference between them. However, it can still be observed that, the pressure
profile considering the inertia effect slightly moves upward compared with that neglecting
the inertia effect. It can be assumed that with the increase of rotational speed, a more
significant inertia effect can be expected.
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4.5x10° 1
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<
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Figure 11. Pressure comparison with and without considering the inertia effect.

3.2. Effect of Textures on the Friction Force

Friction forces under different textured geometries and positions are listed in Figure 12.
AF means the percentage difference in friction force between smooth and textured bearings,
defined as AF = (F; — F;)/F;-100%. It can be observed that the textured bearings have
a lower friction force under all the cases compared with the smooth bearing. Especially
when the textures are distributed near the minimum oil film (225° in the present study),
the friction reduction effect is more significant. Combined with the results of load-carrying
capacity in Figure 6, the friction force is reduced when the textures are distributed down-
stream of the high-pressure region (250°). Meanwhile, the load-carrying capacity is not
affected significantly but with a slight decrease. Especially for W2D50, the reduction in
friction force is 6.61% while the decrease in load-carrying capacity is only 0.59%. This
marks a significant advantage of textured journal bearings.

—s—smooth ——WIDI15 ——WI1D50 ——W2DI15 ——W2D50
1.073 s . 5 0.0

1.046 |
1.019

S ]
0.993

0.966

0.939

T

1

|
—
g
h

50 100 150 200 250
o/°
Figure 12. Friction force under different textured geometries and positions.

The wall shear stress contours of W1D50 under different textured positions are given
below. It can be observed that for the smooth bearing, the maximum wall shear stress is at
the minimum oil film. No matter where the textures are distributed, the wall shear stress at
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the textures is very low. However, when the textures are distributed at the minimum oil
film, the maximum wall shear stress increases, as shown in Figure 13de.

wall shear stress/Pa

wall shear stress/Pa

1.422x10° 1.41810°
i i
~1.0664x10° =1.0635x10°
7.1094x102 7.0900x10%
3.5547x102 3.5450x10%
0 0
(a) (b)

wall shear stress/Pa wall shear stress/Pa

E1.4o7x1o3 E1.590><1o3

=1.0553x10° ~1.1925x10°
7.0350x102 7.9501x102
3.5175%102 9751102
0 0

(©) (d)

MGl SASCIr SIessirs wall shear stress/Pa

E 1.670x10° 1.421x10°
—31.2525><103 E_E1,0654x103
8.3500x10? 7.1027x10?
4.1750x102 3.5514x10?
0 0
(e) ®

Figure 13. Wall shear stress contours under different textured positions. (a) smooth bearing;
(b) o« =50°; (¢) o« = 100°; (d) x = 150°; (e) x =200°; (f) x = 250°.

The profiles of wall shear stress on the bearing centerline are compared between
smooth and textured bearings with different textured positions, which are shown in
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Wall shear stress/Pa

Wall shear stress/Pa

Figure 14. It can be found that the wall shear stress can be decreased to nearly 0 at the
textures because of the increase of oil film. As the textured zone gradually approaches the
minimum oil film, the decreasing of wall shear stress at the textures is more significant,
but also accompanied by the increase of wall shear stress between textures, which can be

found in Figure 14c,d.
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Figure 14. Shear stress profiles of the journal bearing centerlines. (a) « =50°; (b) & = 100°; (¢) « = 150°;
(d) o« =200°; (e) o = 250°.

To analyze the reason of higher wall shear stress between textures, the internal flow
streamlines for the textures at the minimum oil film (marked by black frame in Figure 14d)
are captured. From the streamlines in the whole textures in Figure 15, it can be found that
the vortex will be generated inside the textures and the flow within the vortex will circulate

in the textures without flowing out.
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Figure 15. Streamlines under different textured geometries. (a) Streamlines for W1D15; (b) Stream-
lines for W1D50; (c) Streamlines for W2D15; (d) Streamlines for W2D50.

From the streamlines at the entrance of the textures in the left side of Figure 15, the inlet
suction effect caused by the lager pressure gradient at the entrance of textures can be found,
which increases the lubricant flowing into the textures. Consequently, more lubricant also
flows out from the outlet of textures under the steady state, which will cause a lager flow
rate at the minimum oil film compared with the smooth bearing. It can be observed that
under the same textured depth, the wider textures have a lager inflow area. Additionally,
there is an interesting point that under the same textured width, the shallow textures have
a larger inflow area. Because the increased depth of the textures leads to an increasing of
vortex height at the inlet of texture, which interferes with the inflow area. Therefore, more
lubricant can be sucked into the shallow textures and further cause a lager flow rate at the
minimum oil film.

To elucidate the influence of the flow rate at the minimum oil film on the maximum
shear stress between textures, the flow rates at the minimum oil film are integrated and
shown in Figure 16. Compared with the smooth bearing, all the textured bearings have a
lager flow rate at the minimum oil film. The maximum wall shear is proportional to the
lubricant flow rate at the minimum oil film, which means a lager flow rate at the minimum
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oil film causes a lager maximum wall shear stress. It can also be observed that the wider
texture has a greater flow rate at the outlet of textures. The flow rate of deep texture is lower
than that of shallow texture. Therefore, the higher wall shear stress between textures could
be explained by the inlet suction effect at the entrance of textures. That means more fluid
flows out from the outlet of textures under the steady state. Consequently, the flow rate at
the minimum oil film increases compared with the smooth bearing, which causes a lager
wall shear stress here. Meanwhile, the vortex inside the textures will influence the inflow
area of textures and further affect the maximum shear stress at the minimum oil film.

1.40x107 2600
| Flow rate -
_ s
130107 1 I Max. shear stress L2200
("7. 8
£ 2
2 120107 - 1800 &
- 2
=2 )
o .
T 1.10x107 4 - 1400 %
=

1.00x107-4 - 1000

8 W, W, W, W,
12]00’11 10050 1001 R) 2005 0 20015

Condition
Figure 16. Relationship between the flow rate and the maximum shear stress.

3.3. Effect of Lubrication Film on the Microflow in Textures

From the above discussion, it can be concluded that the microflow inside textures can
significantly influence the macro-hydrodynamic lubrication film. In this section, the effect
of lubrication film with different film thickness and pressure distributions on the microflow
inside textures is studied. Based on the textured position marked in Figure 14d, the internal
streamlines of W2D50 in other four distribution positions are also captured and compared.
The selected textures at five distribution positions are shown in Figure 17.

Figure 17. Positions of five selected textures. O]- means center of journal bearing, O; means center of
shaft, « means starting angle of textured zone.

The internal flow of textures at the five different positions according to Figure 17 is
shown in Figure 18. It can be observed that when the textures are located upstream of the
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minimum oil film, the vortex centers inside the textures move forward to the upstream
side, as shown in Figure 18a,b. When the texture is located at the low-pressure region
of the bearing which is also the cavitation region, the vortex centers move towards the
downstream of the bearing as shown in Figure 18e. It can be concluded that the vortex
center inside the textures moves away from the high-pressure region. As can also be
observed from the enlarged streamlines at the textured entrance, the textures at the high-
pressure region and the minimum oil film region have a larger inflow area, as shown
in Figure 18c,d, respectively. That also means more lubricant flows into the textures in
these regions.

Pressure/Pa: 29,185 84,321 139,457 194,592 249,728 304,864 360,000

—_— [ B .

Pressure/Pa: 29,185 843208 139,457 194,593 249,728 304,864 360,000

Pressure/Pa: 29,185 84,320.8 139,457 194,593 249,728 304,864 360,000

(d)
BN~ T (.

Pressure/Pa: 29,185 84,321 139,457 194,592 249,728 304,864 360,000

(e)

Figure 18. Streamlines under different textured positions. (a) x = 50°; (b) « = 100°; (c) « = 150°;
(d) o« =200°; (e) o = 250°.
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4. Conclusions

In the present work, the hydrodynamic lubrication models of textured journal bearings
are built to investigate the effect of textured geometries and positions on the lubrication
performance of journal bearings. Then, the local lubrication mechanisms of textures in
journal bearings are analyzed from microflow perspective inside textures. Furthermore,
the interactions between textures and the film formation in the whole bearing are considered.
Based on the results obtained, the conclusions are summarized in the following:

(1) The micro-hydrodynamic pressure of textures can be generated on one hand by the
limiting pressure drop (cavitation) in the divergent gap and on the other hand by the
inertia effect. Meanwhile, the increase of film thickness in textured zone disrupts the
continuity of original high-pressure region of journal bearings. In the current work,
the positive micro-hydrodynamic pressure effect on the load-carrying capacity is less
than the negative effect caused by the discontinuity of high-pressure region, thereby
the load-carrying capacity decreases by 0.3% to 25.3%.

(2) Textures can significantly reduce the wall shear stress. This effect can be explained by
the increased film thickness, which is most dominant when the textures are located
in the region of minimum film thickness. However, it has a negative effect on the
load-carrying capacity. In contrast, placing textures downstream of the high-pressure
region leads to a reduced friction force, with a less severe loss of load-carrying capacity.

(3) The vortex inside the textures will influence the inflow area of textures and further
affect the maximum shear stress at the minimum oil film. The vortex center inside
the texture moves away from the high-pressure region and the textures in the high-
pressure region and the minimum oil film region have a larger lubricant inflow area.

The present work analyzes the local lubrication mechanisms of the textures in journal
bearings from microflow perspective, while considering the interactions between textures
and the film formation in the whole bearing. This work provides the fundamental reference
and knowledge in the design and optimization procedure of textured journal bearings.
However, due to the complexity in terms of a huge amount of design parameters, textures
can be detrimental if the inappropriate value is selected. When optimizing the textures,
the external load needs to be specified in the future work.
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