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Abstract: A journal bearing is a machine element that is used to keep the shaft rotating about its axis.
The increasing demand for journal bearing applications in high-speed machines that are efficient and
economical has resulted in the need for improvements to the acoustic and tribological performance
of journal bearings. In order to improve the tribological and acoustic performance, this study aims to
propose a novel journal bearing design by introducing a roughness condition in a specific zone of
the stationary bearing surface. In addition, the impact of the application of engineered roughness on
the performance of Bingham-plastic-lubricated bearings is investigated in more detail. Considering
the effect of cavitation, the analysis was conducted using a 3D computational fluid dynamics (CFD)
model of a journal bearing. In comparison with the Reynolds equation—which is inertialess—for
lubrication analysis, the use of a 3D CFD model based on Navier-Stokes equations reflects more
detailed flow characteristics. Moreover, in this work, variations in the area of surface roughness were
employed, resulting in various roughness patterns on the surface of the journal bearing, so that the
acoustic and tribological performances of the journal bearing were anticipated to be enhanced. The
findings of this study show that under non-Newtonian lubrication of the bearing, the engineered
roughness has a strong effect in altering the tribological performance. Furthermore, the well-chosen
roughened surface was proven to be more pronounced in enhancing the load support and reducing
the friction force. The simulation results also show that using an engineered surface has little effect
on the noise of the bearing.

Keywords: Bingham plastic; computational fluid dynamics (CFD); non-Newtonian; roughness

1. Introduction

In general, journal bearings are used to support high-speed rotors in turbo engines,
which often operate above the critical speed acting on the rotor. These bearings provide
lateral support and dynamic coefficients in the form of stiffness, damping, and mass
terms, which are related to engine vibration [1]. Machining, heat treatment, assembly,
destructive testing, washing, and packing are all part of the bearings’ manufacturing
process. Customer satisfaction, top quality, and reliable bearing products are the primary
responsibilities of any organized or disorganized bearing manufacturing unit in the current
market scenario. Industry 4.0, often known as the Fourth Industrial Revolution, is a new
paradigm in the digitalization of manufacturing that affords businesses a variety of benefits.
Industry 4.0, which integrates numerous advancements, is an intriguing topic for nearly
everyone engaged in the manufacturing sector. Future Industry 4.0 production ideas must
include the development of bearing technology to maximize the added value of intelligent
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processes over the next decade. In order to improve the quality of a bearing, technological
intervention and advancement have become essential in the manufacturing sector.

In operation, the role of lubrication in bearings is very important; one example is the
selection of the lubricant. When selecting a lubricant, several criteria must be considered,
including thermal properties and flow rate, both of which are mechanical parameters of
the lubricating oil analyzed under different operating conditions. In general, the viscosity
of the lubricant decreases with increasing temperature. For operation at high speeds and
under heavy loads, oils containing highly polymeric molecules are used as viscosity index
enhancers to prevent changes in viscosity with increasing temperatures. Increasing the
viscosity of the lubricant also increases the bearing capacity of the modified lubricant, but
the viscosity decreases with increasing shear rates. This phenomenon is called pseudo-
plasticity. In general, fluids that are not bound by Newton’s law of viscosity are called
non-Newtonian fluids. At present, many studies in lubrication use non-Newtonian fluids.
Wada et al. [2] were the first to present a significant lubrication theory for Bingham plastics
in 2D lubricating films. They found that the film pressure, load-bearing capacity, and
friction force of Bingham plastics were greater than those of Newtonian fluids, and that
these values increased with increasing yield stress. Silva et al. [3] analyzed infinitely large
plain bearings, using lubricating oils with characteristic index rheology. This index was
obtained by analytical resolution of the Reynolds equation in one dimension. They showed
that liquid dilatants increase the load-bearing capacity and pressure. Wang and Zhu [4]
conducted a numerical study of finite journal bearings lubricated with micropolar liquids,
taking into account thermal and cavitation effects. It was found that increases in load-
bearing capacity and temperature values occurred in finite journal bearings compared to
the use of Newtonian fluids. Gertzos et al. [5] presented a CFD analysis of the performance
characteristics of Bingham-fluid-lubricated journal bearings using different parameters.
From their analysis, it can be concluded that the load-bearing capacity, film pressure, and
frictional force of Bingham solids are greater than those of Newtonian fluids, and that these
values increase with increasing yield stress. For low eccentricity ratios, the magnitude of
the yield has little effect on the journal behavior. In electrorheological and magnetorheo-
logical fluids, the yield stress increases with changes in the electric and magnetic fields.
In addition, the resulting graph can be presented in the form of a Raimondi-Boyd graph,
which can be easily used in the design and analysis of Bingham-fluid-lubricated journal
bearings. Garg et al. [6] investigated the thermal and rheological effects of lubricants on
the performance of slot-entry hybrid journal bearing systems. Finite element analysis was
used to solve the governing equations. The calculation results showed that variations in
viscosity due to temperature increases and the non-Newtonian properties of the lubricant
affected the bearing performance. Lin et al. [7] presented a micropolar fluid analysis of the
dynamic stiffness and damping properties of parabolic-film slider bearings. The authors
concluded that the non-Newtonian effect of the micropolar fluid exerts a greater influ-
ence on the increased load-bearing capacity and higher dynamic coefficient compared to
Newtonian lubricants. Kango et al. [8] presented an investigation on the effects of viscous
heat dissipation and non-Newtonian fluids on the performance of microtextured journal
bearings with JFO (Jakobsson, Floberg, and Olsson) as the boundary condition. The authors
concluded that with the presence of a micro surface texture, the average lubricant tempera-
ture decreases at low and high eccentricity ratio values. Bompos and Nikolakopoulos [9]
demonstrated the use of the CFD model to analyze the effects of texture with Bingham
plastic lubricants. They used two types of textures, namely, egg area and rectangular. They
concluded that the egg area is promising because an increase in depth causes a 4.8% increase
in eccentricity, while the performance of a rectangular area decreases. Chandra et al. [10]
analyzed the performance of plain bearings with and without textures lubricated with
non-Newtonian lubricants. The authors compared the characteristics of the two bearings
and concluded that textured bearings provide increased stability parameters compared to
journal bearings without texture. Budheeja and Verma [11] studied the stability behavior
of hole-entry bearings lubricated with micropolar liquids. The influence of linear and
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nonlinear trajectories related to the journal motion was also studied. It was observed that
micropolarity had a substantial effect on performance as a stability margin in bearings,
while a fast response was achieved by nonlinear analysis. Das and Roy [12] investigated
the performance parameters of four different bearing configurations and compared the
results with plain journal bearings, and the analysis was carried out by considering the
non-Newtonian fluids associated with the power-law model. Lambha et al. [13] considered
the effects of the couple stress together with the flexibility of the bearing for elastohy-
drodynamic analysis of cylindrical bearings. The combined effect showed an increase in
the load-bearing capacity and dynamic characteristics of | B, while the stiffness coefficient
value directly increased with the increase in the variable of the couple stress. Kumar and
Kakoty [14] analyzed the impact of a couple-stress lubricant on the performance of two
lobe bearings by applying the Krieger-Dougherty model for viscosity calculation. The
results showed a large increase in the load-bearing capacity and flow coefficient and a
decrease in the friction variable. The results of the analyses conducted by the researchers
mentioned above show that non-Newtonian fluids are good for improving the performance
of journal bearings, with various models of approaches used—such as power-law models,
Bingham, couple stress, and other performance aspects of journal bearings lubricated with
non-Newtonian fluids—able to increase the load-bearing capacity and reduce the coeffi-
cient of friction in journal bearings. This is because non-Newtonian fluids have anti-wear,
low-friction, and extreme pressure properties [15]. In addition, Bingham plastic lubricants
were also proven to be able to enhance the stability of the bearing system and the minimum
film thickness [16]. Lampaert and Ostayen [17] simulated precise thin-film lubrication for
Bingham plastic fluids. The model was validated by comparing the results obtained for
finite- and infinite-length journal bearings with those published in the literature, which
showed good agreement. All of these studies have made significant contributions to the
state of the art of non-Newtonian lubricants. However, research on Bingham plastics for
journal bearings with roughness is still lacking.

Surface roughness is crucial to journal bearings’ performance and cannot be disre-
garded. As a result, many researchers have investigated how surface roughness affects
bearings’ surfaces. The effect of surface roughness on short and long porous journal bear-
ings lubricated with Newtonian fluids was studied by Gururajan and Prakash [18,19].
They found that there was a strong interaction between the roughness and the slip effect.
Then, Naduvinamani et al. [20] studied the effects of surface roughness on porous jour-
nal bearings with couple-stress fluids. It was noted that couple-stress fluids exhibited
more pronounced effects of surface roughness on the bearing characteristics than New-
tonian fluids. Rahmatabadi et al. [21] conducted a study on two-lobe, three-lobe, and
four-lobe hydrodynamic bearings operated with micropolar lubricants. They reported
that the use of micropolar lubricants improved the static performance characteristics. The
combined effects of surface roughness and non-Newtonian fluids have been studied by
several authors, such as Naduvinamani et al. [22] and Ramesh et al. [23]. They found
that the performance characteristics of the bearings increased with increasing roughness
parameters and Hartmann number. In a study conducted by Bhaskar et al. [24], which
analyzed the static characteristics of finite bearings for various L/D ratios with three
types of surface roughness orientations, it was found that longitudinal surface roughness
has a greater effect on the Sommerfeld number. Then, they found that the load-bearing
capacity increased by 52.57% compared to journal bearings without surface roughness.
Sander et al. [25] analyzed the effects of surface roughness on the dynamic properties of
journal bearings ranging from hydrodynamic lubrication to mixed lubrication. They found
that compared to the rough surface of the new bearing, the run-in roughness reduces the
maximum contact pressure and contact area. Later, the effect of surface roughness on
the transient behavior of hydrodynamic journal bearings during startup was explored by
Cui et al. [26], who found that the longitudinal roughness surface configuration had a sig-
nificant effect on the decrease in hydrodynamic forces. Al-Samieh [27] explored the effects
of surface roughness in terms of sinusoidal waves for Newtonian and non-Newtonian
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lubricants. It was observed that as the wave amplitude increases, more fluctuations in the
pressure distribution occur. Then, Tauviqirrahman et al. [28] revealed that the hydrody-
namic pressure and load-bearing capacity decrease with surface roughness. In their case, it
was assumed that the roughness was applied to the entire bushing surface. Gu et al. [29]
reported that surface roughness should be taken into account in the optimization of surface
texture. A study on conical hybrid journal bearings lubricated with Bingham plastics
was presented by Sharma and Kumar [30]. They observed that using Bingham plastic
lubricants in journal bearings enhanced the bearing performance, but at the expense of
frictional power loss. Recently, Skaltsas et al. [31] demonstrated that in the case of journal
bearings with stochastic roughness on the stator and rotor, the load-bearing capacity of
rough bearings increases significantly—up to 14% and 10%, respectively. Furthermore, the
friction coefficient of a rough bearing—defined as the ratio of friction force to load-bearing
capacity—was lower than that of a smooth bearing, with a decrease reaching 5% at higher
loads. The same conclusion was reached by Angadi and Naduvinamani [32], who noticed
that the load-bearing capacity was enhanced by the presence of the surface roughness
structure. Experimentally, it was also revealed that surface roughness has a strong effect
on the friction coefficient [33]. Furthermore, by introducing the longitudinal roughness
surface pattern, the bearing stability could be enhanced [34]. In general, a review of the
relevant literature revealed that roughness characteristics have a significant impact on the
tribological behavior of bearings. In addition, none of the studies on roughened journal
bearings lubricated with Bingham plastics have examined acoustic behavior (noise). It
remains to be seen whether engineered roughness can simultaneously achieve low noise
and good tribological performance for a journal bearing.

Therefore, the novelty of this study lies in the in-depth investigation of the tribological
and acoustic properties of a bearing lubricated with Bingham fluids while considering
roughness and cavitation. Here, in order to predict the bearing’s performance more pre-
cisely, a more thorough computational model is required. In this study, a comprehen-
sive analysis of journal bearings lubricated with Bingham fluids with different patterns
of the engineered roughness area of the bearing was carried out. Furthermore, in this
work, the multiphase cavitation and turbulence were also considered to capture more
realistic conditions.

2. Materials and Methods
2.1. Bingham Plastic

Non-Newtonian fluids are different from Newtonian fluids. In Newtonian fluids, the
viscosity value does not depend on changes in the fluid velocity or shear rate. Meanwhile,
in non-Newtonian fluids, the value of viscosity depends on changes in the fluid velocity or
shear rate. Non-Newtonian fluid movements are categorized into various types, including
Bingham plastic, pseudoplastic (shear thinning), and dilatant (shear thickening) [2]. A
Bingham plastic is a type of time-independent viscoplastic fluid that has a yield stress.
Below certain critical shear stress values, there is no permanent deformation of the fluid,
and the fluid behaves like a solid. When the shear stress value passes the critical point,
the material flows like a fluid. Bingham plastics are an example of viscoplastic fluids that
exhibit linear shear stress behavior with respect to the shear rate after the fluid begins to
flow. The viscosity equation for Bingham plastics is as follows [17]:

T— 1T,
Y

W = 1)

where pp is the viscosity of the Bingham plastic (Pa.s), T is the shear stress (Pa), T, is the
yield stress (Pa), and ¢ is the shear rate (s71).
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2.2. Surface Roughness

In this study, a sand-grain model (as shown in Figure 1) was adopted to characterize
the surface roughness profile of partial coarse bearings. Here, a single layer of spheres
with a diameter Ks was used to uniformly cover the surface. It should be noted that the
roughness height K; is the equivalent sand-grain roughness height and is not the same as
the surface geometric roughness height. Therefore, it is necessary to use a conversion factor
to convert the surface geometric roughness height to an equivalent sand-grain roughness. In
this work, Ra was chosen as the parameter to represent the roughness height K (Figure 1).
R, represents the arithmetic mean of the roughness profile and was measured with a
profilometer. For all calculations here, the value of R, was used as the input to determine
the roughness of the heterogeneous coarse/fine bearing. According to the experiment
conducted by Adams et al. [35], K; is the roughness height and R, is the roughness level of
the surface, and both have a correlation that can be defined as follows:

K = 5.863R, ()

A A A A A A A A A A A AL

Figure 1. Schematic of uniform sand-grain roughness.

2.3. Zwart-Gerber-Belamri Cavitation Model

In this cavitation model, all bubbles in the system are assumed to have the same size.
This model assumes that the total mass transfer between phases per unit is calculated using
bubble density [36,37]. The net mass transfer equation can be seen in Equation (3) below.

R=nx (47IR%pUDDRtB) (3)

The vapor-liquid volume fraction («) can be related to the bubble number density (1)
and bubble radius (Rp) to obtain Equation (4).

X =nx (?R%) (4)
By substituting Equation (3) into Equation (4), Equation (5) can be obtained.

_ 3ap, [2(Pgp—P)
Rp 3p;

R ®)
In Equation (5), the volume mass transfer value is only related to the vapor phase

density p~. This equation is derived from the assumption of bubble growth (evaporation).
To consider the process of disappearing bubbles (i.e., condensation), the equation can be

modified as follows:
3up, [2(Pg—P) .
R.=F P — P
c Ry \/ngn( B ) (6)

where F is the empirical calibration coefficient, Pp is the bubble pressure, and P is the
local pressure.

The value of the change in the mass of one bubble (%) can be seen in Equation (7) below.

dmb

2(P, — P)

= ™
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If ny, is the number of bubbles per unit volume, then the equation for the volume
fraction of the vapor can be seen in Equation (8) below.

o= Vyn, = 471R%nb 8)

As the volume of the vapor fraction increases, the nucleation density should decrease.
Then, the final form of the cavitation model replaces «;, (vapor volume fraction) with ;.
(1 — ayp) (nucleation volume fraction), as shown in Equations (9) and (10) below [32,33].

frP<Pp
Bauuc(l — ay)po [2(Py, — P)

Rp 3p;

3w [2(P — P,
R. = Fcond Rf;y ( 3Pl U) (10)

where Py, is the vapor pressure, Fy, is the coefficient of evaporation (50), and F, is the
coefficient of condensation (0.001).

Re - Fv (9)

IfP>P,

2.4. Lubrication Performance

In general, many parameters can be used as guidelines in measuring the lubrication
performance of journal bearings. However, in this study, the lubrication performance of
journal bearings was measured by three parameters: load-bearing capacity, friction force,
and acoustic power level.

The load-bearing capacity is defined as the integral of the pressure distribution profile
over the journal bearing area and the total amount of load that can be supported by the
distribution of film thickness on the bearing. Mathematically, the load-bearing capacity of
the journal bearing can be expressed as shown in Equation (11).

Fy, = H PdA; = —W (11)
4
where A; is the area of the journal/shaft, p is the value of the hydrodynamic pressure
generated along the surface of the journal bearing, and W is the external load.
The frictional force is defined as the integral of the shear stress along the surface of the
journal bearing. It can be calculated as follows:

Fr= II Tdxdz (12)
A

where A is the entire bearing’s area, T is the value of the shear stress produced in the journal
in the rotational direction, and dx is the integral variable indicating the differential about
the x and y axes.

The acoustic power level is defined as the power per unit volume that arises due to
turbulent fluid flow. Turbulence will produce sound energy as the product of the pressure
and velocity components of the sound particles. The acoustic power level in decibels
is 10 times the logarithm of the ratio of the sound power to the reference sound power.
Equations (13) and (14) show the calculation of the acoustic power level [36].

Ly(dB) = 1010g<v]\//vp ) (13)
ref

5
k
Wp = aepe (f) (14)
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where L is the acoustic power level (dB); W,y is the reference sound power, which is
assumed to be 10-12 W/m?; W,, is the sound power produced by the bearing; k is the
turbulent kinetic energy value; ¢ is the turbulent dissipation rate; and 4, is a constant with
a value of 0.1.

3. Simulation Methods
3.1. Model

The journal bearing geometry used in this study adopted the geometry of the journal
bearing in [5]. Table 1 shows the dimensions of the bearing as well as the characteristics of
the lubricating fluid considered here.

Table 1. Journal bearing parameters.

Parameter Symbol Value Unit
Bearing
Journal diameter D; 49.53 mm
Bushing diameter Db 50 mm
Bushing length Ly (Z2) 50 mm
Radial clearance Cc 0.235 mm
Roughness level R, 12.5 um
Lubricant
Liquid lubricant 3
density P 960 kg/m
Lllqulc% lubricant " 02 Pas
viscosity
Vapor density 0o 0.02556 kg/m3
Vapor viscosity Ho 1.256 x 107° Pa.s

To create the partially roughened bearing, the roughness was engineered at the leading
edge of the bearing. The area of the surface roughness was inspired by the hydrophobic
journal bearing in the work of Cui et al. [38]. To determine the geometry of the surface
roughness area, Equations (15)—(17) can be used.

Bs;
= -5 1
=7 (15)
where « is a coefficient with a value with a range of 0 < a < 2, Bg, is the width of the surface
roughness and Bj is the width of the convergent area (i.e., 0.5 times the circumference of

the journal bearing).
o LSr
Y=, (16)
where 1 is a coefficient with a value with a range of 0 < <1, Lg, is the initial length of
the surface roughness area, and L is the length of the bearing bushing.

)t_i

B Ls, {17

where A is a coefficient with a value with a range of 0 < A, Lg, is the initial length of the
surface roughness area, and L, is the final length of the surface roughness area. Figure 2
presents schematics of the four cases of journal bearings simulated here. In this work,
there were three patterns of engineered roughness (Cases 1, 2, and 3). To determine the
effects of the engineered surface on the bearings’ behavior, all patterns were compared to
smooth bearings.



Lubricants 2022, 10, 333 8 of 20

N Ly -085L, Li-05Ls || L,

Smooth
. 0,=153° R 9 -
180°
(a)
Z
Ly -09L, L1 -09Ls L,,
X
Smooth
6,=162.3° 0
180°
(b)
Z
L =10L,
X L
- —
0,=180° 9
(c)
6=0 y
\ z
Smooth Zone Ls
X
7]
360°
(d)

Figure 2. Variations in the surface roughness of the journal bearings: (a) Case 1 (o« = 0.85, A = 0.5,
v = 0.85); (b) Case 2 (x =09, A =0.9, v = 0.9); (c) Case 3 (x = 1.0, A = 1.0, v = 1.0); (d) smooth
journal bearing.
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3.2. Meshing

In the present work, the meshing was performed using a hexahedral meshing model.
The detailed meshing criteria used for constructing the meshed domain can be seen in
Table 2 and Figure 3.

Table 2. Meshing criteria.

Mesh Criteria Description
Edge sizing 360 division
Face meshing 8 layers of division
Face meshing 25 layers of division
Method Multizone
Number of elements 72,000
Number of nodes 84,240
Maximum skewness 0.42322
Minimum skewness 5.55489 x 1073
Average skewness 0.2647

In order to validate the model verification, it is necessary to perform a mesh-independent
study. Figure 4 reveals the results of the grid test, with an eccentricity of 0.71 and a shaft speed
of 120 RPM. It should be noted that additional meshing was carried out by increasing the
degree of meshing on the face layer. From Figure 4, it seems that stable results began to be
achieved at 8 face layers. As a result, the 8 face layers were chosen as the reference meshing
configuration to be used for all subsequent simulations, with the main consideration of less
computational effort but accurate results.

3.3. Defining Materials and Boundary Conditions

In this section, the definition of the boundary conditions and loading is presented. The
cavitation used in this study was Zwart-Gerber-Belamri, with the vaporization pressure
value (Py) set to 100,000 Pa. Concerning the viscosity modeling, the Herschel-Bulkley
model combines the Bingham and power-law effects on the fluid for a low strain rate

[y < (%) ]. When the strain rate increases and exceeds the 1y limit, the fluid behavior is
described by the power-law. The Herschel-Bulkley model provided by ANSYS becomes

T

}40) — 0. The equations of the

identical to the Bingham model when k = y, n = 1, and
Herschel-Bulkley model are as follows:

rzm:wk{fy’“ - (;f)ﬂ (18)

Table 3 shows the material definition of the lubricant used for the simulations.

In this study, the realizable k- model for turbulence was adopted because it is suitable
for flows with complex shear forces and involves rapid strain, sufficient eddies, vorticity,
and local transitional flows with extreme pressure gradients. The journal bearing shaft
moves with w velocity with respect to the stationary housing surface. Simulations were
carried out using pressure-inlet and pressure-outlet boundary conditions. The pressure
values at the inlet and outlet of the journal bearing were set according to the reference
journal. In this work, the roughness height Ks used was 0.073 mm. This value was obtained
based on the calculations in Equation (2). Table 4 describes the boundary conditions for the
computations in detail.
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Figure 3. Meshing of the computational domain.

0.20
e=0.71

0.19 1 ©=120 RPM
g 0.18

0.17
i 0.164
7 0104 1576 011
B 0.152 —__=""40s 3.66%
g 0.15 4 0.1454 / 7.5004
g 014 4 12.02%
E
=)
= 0.13 4
it

0.12 4

0.11126 38.32%
0.11 u
0.10 T T ' T ; T T T T T '
0 2 4 6 8 10 12
Face Meshing Layer
Figure 4. Grid independence study:.
Table 3. Herschel-Bulkley model input values [5].
Model Input Value
Consistency index (k) 0.2kg s"2/m
Power-law index (n) 1
Herschel-Bulkl . .
erscheibuiidey Yield viscosity 500 Pa.s

Yield stress 213.8 Pa
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Table 4. Boundary conditions.

Boundary Condition
Inlet Pressure inlet (0 Pa)
Outlet Pressure outlet (0 Pa)
Stationary wall Partial roughness with R, = 12.5 um
Moving wall Rotating wall (w = 120 RPM)

In the numerical-based solver in ANSYS, two types of solver are available to solve
the fluid flow simulations performed: a pressure-based solver, and a density-based solver.
In this work, the pressure-based solver was adopted because it is feasible for incompress-
ible fluid flow problems with low fluid flow rates, while density-based solvers are more
specialized to solve compressible fluid flow problems with high fluid flow rates. Table 5
provides more information on the spatial discretization used in this study for the variables
of gradient, pressure, momentum, and volume fraction. In addition, to control the solution
from the simulation, the under-relaxation factor (URF) must be determined. Thus, Table 6
shows the under-relaxation factor used in the case of this study.

Table 5. Solution method used in this study.

Solution Method
Pressure—velocity coupling
Scheme SIMPLE
Spatial discretization
Gradient Least squares cell-based
Pressure PRESTO!
Momentum First-order upwind
Volume fraction QUICK
Turbulent kinetic energy First-order upwind
Turbulent dissipation rate First-order upwind

Table 6. Solution controls for setting the under-relaxation factor.

Factors Value

Pressure 0.2

Density 1

Body forces 1
Momentum 0.1

Volume fraction 7 x 1072

Turbulent kinetic energy 0.5
Turbulent dissipation rate 0.5
Turbulent viscosity 0.8

4. Results
4.1. Validation

With the aim of validation, this section presents the comparison between the results
of the present study and the experimental results obtained by Wada et al. [2] and by
Gertzos et al. [5]. All conditions were identical to the simulation in [5]. Figure 5 shows the
validation results in terms of pressure distribution. Based on Figure 6, it is evident that the
CFD simulation results and the published works are in good agreement, indicating that the
current numerical method is valid. It should be noted that, in Figure 6, the dimensionless
parameter is used as discussed in [5], as follows:

P*:(P—Pa)xC2/<y0><w><R%) (19)

where P is the pressure formed on the journal bearing, and P, is the ambient pressure.
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Qutlet

Roughened zone Moving wall

Figure 5. Boundary condition for simulation.

4.2. At Varied Roughness Patterns
4.2.1. Pressure Distribution

Figure 7 shows the contours of pressure distribution for each of the cases. From
Figure 7, it can be seen that the maximum pressure in each case differs, indicating that
when varying the surface roughness area of the journal bearing using Bingham lubricants
there is a difference in the maximum pressure. In smooth bearings, the maximum pressure
generated was 0.1329 MPa, while in Cases 1, 2, and 3, the maximum pressure generated
was 0.0453 MPa, 0.158 MPa, and 0.1328 MPa, respectively. Figure 7 indicates that when
the roughness pattern is partially applied to the rectangular zone (as in this case), the
improvement of the pressure is highlighted. When the roughness zone is applied to all
stationary zones, the roughness has a negative impact on pressure improvement.

8 L L L 1 L 1 " 1 n
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Figure 6. Validation results in terms of dimensionless hydrodynamic pressure P*. Note: P* is
evaluated using Equation (19) above.
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Figure 7. Comparison of pressure distribution for the case of (a) smooth bearing, (b) Case 1, (c) Case 2,
and (d) Case 3.

4.2.2. Volume Fraction

Figure 8 depicts the contours of the vapor volume fraction inside the journal bearing
in each case. Given the variation in the surface roughness area of the journal bearing,
it is evident that each case of cavitation has a different trend. It seems that compared
to the smooth bearing, the cavitation area of roughened journal bearings—whether in
partial (i.e., Cases 1 and 2) or full (i.e., Case 3) condition—has a smaller area. In the other
words, from the physical perspective, the application of the roughness tends to retard the
cavitation process.

To explore the bearings’ behavior in detail, the pressure distribution and volume
fraction of the vapor were evaluated in the mid-plane journal bearing area, as shown
in Figure 9. It is observable that the increase in maximum pressure varies significantly
between cases. In the case of a smooth bearing, the pressure increase in the journal bearing
begins at 0-148°; in Case 1, the pressure increase in the journal bearing begins at 0-103°;
in Case 2, the pressure increase in the journal bearing begins at 0-168°; and in Case 3, the
pressure increase in the journal bearing begins at 0-147°.

According to the simulation results, the variation in the area of roughness on the
journal bearing can have a significant effect on the pressure distribution and the maximum
pressure value in the journal bearing. This occurs because the inner wall of the journal bear-
ing has a non-uniform surface, which slows the fluid flow and increases the hydrodynamic
pressure within the bearing. Cavitation that occurs in each case as a result of variations
in the area of surface roughness produced with the Bingham lubricant in the mid-plane
journal bearing area has a variety of starting points. For example, in the case of smooth
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bearings, the cavitation starting point begins at an angle between 170° and 60°, while for
Case 1 the initial point of cavitation begins at the circumferential angle of 133-360°. The
larger the cavitation in the journal bearing, the larger the pressure-generation area in the
journal bearing, as depicted in Figure 9.
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Figure 8. Comparison of volume fractions of vapor for (a) smooth bearing, (b) Case 1, (c) Case 2, and
(d) Case 3.

4.2.3. Lubrication Performance

Figure 10 compares the load-bearing capacity of the roughened journal bearings to
that of the smooth bearing. It can be seen that in Cases 1, 2, and 3 with the same roughness
value (R, = 12.5 um), the load-bearing capacity varies in each case. Case 1 (« = 0.85) has a
load-bearing capacity of 45.57 N, Case 2 (« = 0.9) has a load-bearing capacity of 164.71 N,
Case 3 (x = 1.0) has a load-bearing carrying of 140.36 N, and the load-bearing capacity of
the smooth bearing is 140.93 N.

Figure 11 shows the comparison of the friction force values in each case of the jour-
nal bearings. Observations indicate that with the same roughness value (Ra = 12.5 um)
but with variations in the area of the surface roughness in each case, the friction force
values vary in such a way as to impact the performance of the journal bearing. Figure 11
demonstrates that the friction force of the heterogeneous rough/smooth bearings decreases
irrespective of the roughness pattern. The reduction in frictional force ranges from 4-6%,
depending on the roughness pattern. Tala-Ighil et al. [39,40] concluded that the optimal
design of the journal bearing’s texture area is highly dependent on the texture geometry
and operating conditions. The surface modification highlighted in [39,40] is identical to the
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surface roughness employed here. This study demonstrates that by varying the area of the
surface roughness on the journal bearing, it is possible to reduce the friction force in the
journal bearing.

Figure 12 illustrates the distribution of acoustic power levels of the journal bearings.
The distributions are evaluated at the mid-plane of the bearing. In Figure 12, it can be
observed that the maximum acoustic power level is achieved at an angle of 180° for the
smooth bearing geometry and that of each case given variations in the area of surface
roughness. According to Meng et al. [41], turbulence kinetic energy and turbulence eddy
dissipation also affect acoustic power levels. Given the variation in the area of surface
roughness on the journal bearing, the angle of increase in the value of acoustic power level
shifts in each case where the acoustic power level increases. In Case 1, the angular shift
increases the value of the acoustic power level by 20° earlier than the smooth bearing. In
Cases 2 and 3, the angular shift increases the value of the acoustic power level by 20° earlier
than the smooth bearing. In accordance with the research conducted by Meng et al. [42], it
was found that an increase in texture or roughness would decrease the acoustic power level.
This phenomenon can be explained by the speed of the lubrication distribution, where
the turbulent flow of the lubricant becomes smaller overall or it becomes more difficult
to experience turbulence when the surface has a high texture or roughness value, thereby
reducing the acoustic magnitude that occurs in the fluid.

Figure 13 compares the trends of the average acoustic power level that occurred in each
journal bearing case. From Figure 13, one can observe that the values obtained are different,
with the smooth bearing having a value of 39.5 dB, Case 1 with a value of 38.18 dB, Case
2 with a value of 39.4 dB, and Case 3 with a value of 39.12 dB. Additionally, the average
acoustic power level of the engineered roughened bearing is lower than that of the smooth
bearing. In Cases 1, 2, and 3, the average acoustic power level decreases by 3.34%, 0.25%,
and 0.96%, respectively. This is because a significant increase in turbulence will result in a
decrease in the acoustic power level.
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Figure 9. Comparison of pressure distribution and volume fraction of vapor for all cases of bearings
(i.e., smooth bearing, Case 1, Case 2, Case 3).
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Figure 13. Comparison of average acoustic power level for several patterns of bearing.

5. Conclusions

This study provides a comprehensive analysis of the tribological and acoustic behavior
of engineered roughened journal bearings lubricated with a Bingham plastic lubricant. Key
performance parameters such as hydrodynamic pressure, load-bearing capacity, friction
force, vapor volume fraction, and acoustic power level were investigated. Here, journal
bearings with different variations in their surface roughness patterns were studied and then
compared with conventional smooth journal bearings. On the basis of the aforementioned
results and discussion, the following conclusions can be drawn:
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1. Variations in the pattern of roughness on the journal bearing can have a significant
impact on the pressure distribution as well as the maximum pressure value and the
volume fraction of the vapor in the bearing.

2. The highest tribological performance of the roughened journal bearing can be at-
tained when the roughness pattern has a partially applied rectangular shape on the
stationary surface. In comparison to a conventional smooth bearing, this engineered
heterogeneous rough/smooth bearing increases the load-bearing capacity by up to
16.9% and reduces the friction force by up to 5.7%.

3. Within the specified roughness level, eccentricity ratio, and rotational speed of the
bearing, the engineered roughened bearing has up to 3% lower acoustic performance
than the smooth bearing.
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Nomenclature

e Eccentricity [mm)]
L; Journal length [mm]
Dy, Bushing diameter [mm]
D; Journal diameter [mm]
O; Journal center point [-]

Oy, Bushing center point [-]

c Radial clearance [mm]
€ Eccentricity ratio [-]

@ Attitude angle [°]

0 Circumferential angle [°]
h(0)  Fluid film thickness at circumferential angle  [mm]
ity Fluid film thickness [mm]
Nin~ Minimum fluid film thickness [mm]
hmax ~ Maximum fluid film thickness [mm)]
w Shaft rotation speed [rpm]
W Load-bearing capacity [N]
Fy Friction force [N]

P Hydrodynamic pressure [Pa]
U Dynamic viscosity [Pa.s]
v Kinematic viscosity [m?/s]
A Area [m?]
o Normal force [Pa]
T Shear stress [Pa]

t Time [s]

v Laplacian operator [-]

Ly Acoustic power level [dB]

=

The acoustic power produced by the bearing ~ [W/m?]
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Wi  Reference acoustic power [W/m?3]
k Turbulent kinetic energy [m?/s?]
Ks Roughness height [mm)]
R, Roughness level [pm]
& Turbulent dissipation rate [m?/s3]
of Density of fluid [kg/md]
¢ Volume fraction [-1
Rp Bubble fingers [mm)]
Vy Bubble speed [mm/s]
[y Density of mixture [kg/ m?]
0o Vapor density [kg/m3]
01 Liquid density [kg/m?3]
Ay Vapor volume fraction [-1
anye  Nucleation volume fraction [-]
P, Vapor pressure [Pa]
Fvap  Evaporation coefficient (50) [-1
F.,na Condensation coefficient (0.001) [-]
Apue  Volume fraction of vapor-liquid point section  [-]
n Number of bubbles [-1
v Speed [m/s]
Ts Surface shear stress [Pa]
Teo Surface critical shear stress [Pa]
Us X-direction slip speed [m/s]
Us Slip velocity on the top surface of the fluid [m/s]
Bs Slip area width [mm]
Bs Width of slip area at circumferential angle [°]
By Journal bearing convergent area width [°]
L1 Initial length of slip area [mm)]
L; Final length of slip area [mm]
Ho Kinematic viscosity of oil liquid [Pa.s]
Uo Kinematic viscosity of oil vapor [Pa.s]
Pt Vapor saturation pressure [Pa]
h(0)  Fluid thickness at angle 0 [mm)]
References
1.  Babu, T.N.; Raj, T.M.; Lakshmanan, T. A review on application of dynamic parameters of journal bearing for vibration and
condition monitoring. J. Mech. 2015, 31, 391-416. [CrossRef]
2. Wada, S.; Hayashi, H.; Haga, K. Behavior of a Bingham solid in hydrodynamic lubrication: Part 1, general theory. Bull. [SME
1972, 16, 422-431. [CrossRef]
3.  Silva, PF; Dias, J.C.; Schwarz, V.A.; Neves, M.T. Study of rheological effects on the lubrication of infinitely-wide slider bearings.
SAE Tech. Pap. 2001. [CrossRef]
4. Wang, X.L.; Zhu, K.Q. Numerical analysis of journal bearings lubricated with micropolar fluids including thermal and cavitating
effects. Tribol. Int. 2006, 39, 227-237. [CrossRef]
5. Gertzos, K.P; Nikolakopoulos, P.G.; Papadopoulos, C.A. CFD analysis of journal bearing hydrodynamic lubrication by Bingham
lubricant. Tribol. Int. 2008, 41, 1190-1204. [CrossRef]
6. Garg, H.C.; Kumar, V.; Sharda, H.B. Performance of slot-entry hybrid journal bearings considering combined influences of
thermal effects and non-Newtonian behavior of lubricant. Tribol. Int. 2010, 43, 1518-1531. [CrossRef]
7. Lin, J.R; Chou, T.L,; Liang, L.J.; Hung, T.C. Non-Newtonian dynamics characteristics of parabolic-film slider bearings: Micropolar
fluid model. Tribol. Int. 2012, 48, 226-231. [CrossRef]
8.  Kango, S.; Sharma, R.K.; Pandey, R K. Thermal analysis of microtextured journal bearing using non-Newtonian rheology of
lubricant and JFO boundary conditions. Tribol. Int. 2014, 69, 19-29. [CrossRef]
9.  Bompos, D.A.; Nikolakopoulos, P.G. Static performance of surface textured magnetorheological fluid journal bearings. Tribol. Ind.
2015, 37, 340-345.
10. Chandra, B.; Khatri, N.; Sharma, C.S. Influence of textured surface on the performance of non-recessed hybrid journal bearing
operating with non-Newtonian lubricant. Tribol. Int. 2016, 95, 221-235.
11.  Budheeja, K.; Verma, S. A comparative linear and nonlinear stability analysis of hybrid journal bearing operating with micropolar

lubricant. Tribol. Online 2017, 12, 203-220. [CrossRef]


http://doi.org/10.1017/jmech.2015.6
http://doi.org/10.1299/jsme1958.16.422
http://doi.org/10.4271/2001-01-1988
http://doi.org/10.1016/j.triboint.2005.01.028
http://doi.org/10.1016/j.triboint.2008.03.002
http://doi.org/10.1016/j.triboint.2010.02.013
http://doi.org/10.1016/j.triboint.2011.12.001
http://doi.org/10.1016/j.triboint.2013.08.009
http://doi.org/10.2474/trol.12.203

Lubricants 2022, 10, 333 20 of 20

12.

13.

14.

15.

16.

17.
18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

Das, B.J.; Roy, L. Analysis and comparison of steady-state performance characteristics of two-axial groove and multilobe hydrody-
namic bearings lubricated with non-Newtonian fluids. Proc. Inst. Mech. Eng. Part | ]. Eng. Tribol. 2018, 232, 1581-1596. [CrossRef]
Lambha, S K.; Kumar, V.; Verma, R. Elastohydrodynamic analysis of couple stress lubricated cylindrical journal bearing. J. Phys.
Conf. Ser. 2019, 1240, 012165. [CrossRef]

Kumar, A.; Kakoty, S.K. Effect of couple-stress parameter on the steady state performance parameters of two-lobe journal bearing
operating with non-Newtonian lubricant. Mater. Today Proc. 2020, 24, 473-482. [CrossRef]

Dang, R.K.; Goyal, D.; Chauhan, A.; Dhami, S.S. Effect of non-Newtonian lubricants on static and dynamic characteristics of
journal bearings. Mater. Today Proc. 2020, 28, 1345-1349. [CrossRef]

Sharma, S.C.; Tomar, A K. Study on MR fluid hybrid hole-entry spherical journal bearing with micro-grooves. Int. ]. Mech. Sci.
2021, 202-203, 106504. [CrossRef]

Lampaert, S.G.E.; van Ostayen, R.A.J. Lubrication theory for Bingham plastics. Tribol. Int. 2020, 147, 106160. [CrossRef]
Gururajan, K.; Prakash, J. Surface roughness effects in infinitely long porous journal bearings. Trans. ASME J. Tribol. 1999, 121,
139-147. [CrossRef]

Gururajan, K.; Prakash, J. Effect of surface roughness in a narrow porous journal bearing. J. Tribol. 2000, 122, 472-475. [CrossRef]
Naduvinamani, N.B.; Hiremath, P.S.; Gurubasavaraj, G. Surface roughness effects in a short porous journal bearing with a couple
stress fluid. Fluid Dyn. Res. 2002, 31, 333. [CrossRef]

Rahmatabadi, A.D.; Nekoeimehr, M.; Rashidi, R. Micropolar lubricant effects on the performance of noncircular lobed bearings.
Tribol. Int. 2010, 43, 404-413. [CrossRef]

Naduvinamani, N.B.; Hanumagowda, B.N.; Fathima, S.T. Combined effects of MHD and surface roughness on couple-stress
squeeze film lubrication between porous circular stepped plates. Tribol. Int. 2012, 56, 19-29. [CrossRef]

Ramesh, A.; Akram, W.; Mishra, S.P.; Cannon, A.H.; Polycarpou, A.A.; King, W.P. Friction characteristics of microtextured surfaces
under mixed and hydrodynamic lubrication. Tribol. Int. 2013, 57, 170-176. [CrossRef]

Bhaskar, S.U.; Hussain, M.M.; Ali, M.Y. Stability analysis on plain journal bearing with effect of surface roughness. Int. J. Res. Sci.
2013, 4, 1-7.

Sander, D.E.; Allmaier, H.; Priebsch, H.H.; Witt, M.; Skiadas, A. Simulation of journal bearing friction in severe mixed
lubrication—Validation and effect of surface smoothing due to running-in. Tribol. Int. 2016, 96, 173-183. [CrossRef]

Cui, S.; Gu, L.; Fillon, M.; Wang, L.; Zhang, C. The effects of surface roughness on the transient characteristics of hydrodynamic
cylindrical bearings during startup. Tribol. Int. 2018, 128, 421-428. [CrossRef]

Abd Al-Samieh, M.E. Surface roughness effects for Newtonian and non-Newtonian lubricants. Tribol. Ind. 2019, 41, 56-63.
[CrossRef]

Tauvigirrahman, M.; Ichsan, B.C.; Jamari; Muchammad. Influence of roughness on the behavior of three-dimensional journal
bearing based on fluid-structure interaction approach. J. Mech. Sci. Technol. 2019, 33, 4783-4790. [CrossRef]

Gu, C,; Meng, X.; Wang, S.; Ding, X. Study on the mutual influence of surface roughness and texture features of rough-textured
surfaces on the tribological properties. Proc. Inst. Mech. Eng. Part | |. Eng. Tribol. 2021, 235, 256-273. [CrossRef]

Sharma, S.C.; Kumar, A. On the behaviour of roughened conical hybrid journal bearing system operating with MR lubricant.
Tribol. Int. 2021, 156, 106824. [CrossRef]

Skaltsas, D.; Rossopoulos, G.N.; Papadopoulos, C.I. A comparative study of the Reynolds equation solution for slider and journal
bearings with stochastic roughness on the stator and the rotor. Tribol. Int. 2022, 167, 107410. [CrossRef]

Naduvinamani, N.; Angadi, A. Static and dynamic characteristics of rough porous rayleigh step bearing lubricated with couple
stress fluid. Lubricants 2022, 10, 257. [CrossRef]

Wen, Q.; Liu, M.; Zhang, Z.; Sun, Y. Experimental investigation into the friction coefficient of ball-on-disc in dry sliding contact
considering the effects of surface roughness, low rotation speed, and light normal load. Lubricants 2022, 10, 256. [CrossRef]
Tomar, A K,; Sharma, S.C. Study on surface roughness and piezo-viscous shear thinning lubricant effects on the performance of
hole-entry hybrid spherical journal bearing. Tribol. Int. 2022, 168, 107349. [CrossRef]

Adams, T.; Grant, C.; Watson, H. A Simple algorithm to relate measured surface roughness to equivalent sand-grain roughness.
Int. ]. Mech. Mechatron. Eng. 2012, 1, 66-71. [CrossRef]

ANSYS. ANSYS Fluent, Version 16.0: User Manual; ANSYS, Inc.: Canonsburg, PA, USA, 2017.

Zwart, P.; Gerber, A.G.; Belamri, T. A two-phase flow model for predicting cavitation dynamic. In Proceedings of the Fifth
International Conference on Multiphase Flow, Yoko-Hama, Japan, 30 May—4 June 2004.

Cui, S.; Zhang, C.; Fillon, M.; Gu, L. Optimization performance of plain journal bearings with partial wall slip. Tribol. Int. 2020,
145,106137. [CrossRef]

Tala-Ighil, N.; Maspeyrot, P; Fillon, M.; Bounif, A. Effects of surface texture on journal-bearing characteristics under steady-state
operating conditions. Proc. Inst. Mech. Eng. Part | |. Eng. Tribol. 2007, 221, 623-633. [CrossRef]

Tala-Ighil, N.; Fillon, M.; Maspeyrot, . Effect of textured area on the performances of a hydrodynamic journal bearing. Tribol. Int.
2011, 44, 211-219. [CrossRef]

Meng, EM.; Zhang, L.; Long, T. Effect of groove textures on the performances of gaseous bubble in the lubricant of journal
bearing. J. Tribol. 2017, 139, 031701. [CrossRef]

Meng, F.; Yu, H.; Gui, C.; Chen, L. Experimental study of compound texture effect on acoustic performance for lubricated textured
surfaces. Tribol. Int. 2019, 133, 47-54. [CrossRef]


http://doi.org/10.1177/1350650118758087
http://doi.org/10.1088/1742-6596/1240/1/012165
http://doi.org/10.1016/j.matpr.2020.04.299
http://doi.org/10.1016/j.matpr.2020.04.727
http://doi.org/10.1016/j.ijmecsci.2021.106504
http://doi.org/10.1016/j.triboint.2020.106160
http://doi.org/10.1115/1.2833795
http://doi.org/10.1115/1.555387
http://doi.org/10.1016/S0169-5983(02)00137-5
http://doi.org/10.1016/j.triboint.2009.07.002
http://doi.org/10.1016/j.triboint.2012.06.012
http://doi.org/10.1016/j.triboint.2012.07.020
http://doi.org/10.1016/j.triboint.2015.12.024
http://doi.org/10.1016/j.triboint.2018.06.010
http://doi.org/10.24874/ti.2019.41.01.07
http://doi.org/10.1007/s12206-019-0919-4
http://doi.org/10.1177/1350650120940211
http://doi.org/10.1016/j.triboint.2020.106824
http://doi.org/10.1016/j.triboint.2021.107410
http://doi.org/10.3390/lubricants10100257
http://doi.org/10.3390/lubricants10100256
http://doi.org/10.1016/j.triboint.2021.107349
http://doi.org/10.11159/ijmem.2012.008
http://doi.org/10.1016/j.triboint.2019.106137
http://doi.org/10.1243/13506501JET287
http://doi.org/10.1016/j.triboint.2010.10.003
http://doi.org/10.1115/1.4034247
http://doi.org/10.1016/j.triboint.2018.12.036

	Introduction 
	Materials and Methods 
	Bingham Plastic 
	Surface Roughness 
	Zwart-Gerber-Belamri Cavitation Model 
	Lubrication Performance 

	Simulation Methods 
	Model 
	Meshing 
	Defining Materials and Boundary Conditions 

	Results 
	Validation 
	At Varied Roughness Patterns 
	Pressure Distribution 
	Volume Fraction 
	Lubrication Performance 


	Conclusions 
	References

