CFD Letters 15, Issue 12 (2023) 117-134

~

SEMARAK
LJUBLISKING

ILMU : ilmu.com.my/j index. i R
IL https://semarakilmu.com.my/journals/index.php/CFD_Letters/index

¥

CFD Letters .

=
Journal homepage: = =

ISSN: 2180-1363

Thermo-hydrodynamic Analysis of Multistep Journal Bearing using
Computational Fluid Dynamics Simulation

Muchammad Muchammad?®*, Mohammad Tauvigirrahman?, Adin Dhia Danu Ega?, Budi

Setiyana’?, Jamari Jamari!

1

Semarang 50275, Central Java, Indonesia

Laboratory for Engineering Design and Tribology, Department of Mechanical Engineering, Faculty of Engineering, Diponegoro University,

2 Laboratory for Surface Technology and Tribology, Faculty of Engineering Technology, University of Twente, The Netherlands

ARTICLE INFO

ABSTRACT

Article history:

Received 24 May 2023

Received in revised form 20 June 2023
Accepted 15 July 2023

Available online 1 December 2023

Keywords:
CFD; multistep journal bearing; viscosity;
eccentricity ratio; temperature

Journal bearing is a machine element that is used to maintain the continuous rotation
of the shaft on its axis. The rising demand for efficient and economical journal bearing
applications has resulted in increased demand for high-speed machines. An increase in
engine speed raises the distribution of pressure, temperature, and vapor volume
fraction. Most of the research still only focuses on increasing pressure distribution and
load-carrying capacity. However, the value of friction force, temperature distribution,
and vapor volume fraction must also be considered such that the lubrication of the
journal bearing is close to the real situation. Therefore, the research was conducted by
varying the geometry modelling through multistep textures using viscous boundaries
and thermo-hydrodynamic lubrication. Owing to the high load and speed usage on
multistep journal bearings, research on the effect of eccentricity ratio and inlet and
outlet temperatures on the tribological performance of multistep journal bearings was
conducted. The analysis has been performed using a multistep journal bearing
modelling 3D computational fluid dynamics considering the effect of cavitation on
temperature. The results of this study indicate that the use of multistep textures on
journal bearings can reduce friction force, temperature, and vapor volume fraction.
The variation of the eccentricity ratio shows that a high eccentricity ratio leads to a
high three parameters (i.e., friction force, temperature, and vapor volume fraction).
Finally, for variations of inlet and outlet temperatures, such parameters are high when
the inlet and outlet temperatures are high.

1. Introduction

Owing to the widespread use of large-capacity journal bearings in today's industries, improved
performance is needed to increase efficiency to realize economical operation. Therefore, one of the
methods used is the provision of texture on the surface of journal bearings. Lu and Khonsari [1]
indicated that texture serves to accommodate fluid in the absence of lubricating fluids. Multistep
journal bearing is a simpler texture model compared with other textures. Compared with micro-
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texture, which requires a considerable amount of tight curves, this model is simple because it only
comprises a few indentations. However, a long shaft radius can increase the capability to store
lubricating fluid in the bearing [2]. Therefore, Chen et al., [3] investigated the phenomenon of
multistep journal bearings. Investigation results reveal that the multistep journal bearing has
different numbers of steps as needed. The application of additional steps to the journal bearing
surface, induces low pressure, load carrying capacity, vapor volume fraction, friction torque, and
power loss.

Owing to the high temperature of the lubricating fluid and pressure variations, the cavitation
phenomenon in multistep journal bearing modelling can occur due to convergent and divergent
geometries. Cavitation occurs in the divergent region and exerts a positive pressure effect on the
convergence region. This phenomenon reduces the lubricant phase due to the formation of a new
phase by the lubricant, namely the vapor phase. The cavitation phenomenon can also induce a
decrease in the maximum pressure value on the journal bearing [4-8]. Jang and Chang [9] mentioned
that many factors such as eccentricity ratio, L/D, step width, and shaft rotation. Induce an increase
in the cavitation area. Cavitation effects in simulations using computational fluid dynamics software
are considered such that the results are close to the real event.

The eccentricity ratio (€) is also an important factor in the performance of multistep journal
bearings. Almost all multistep journal bearing performance parameters will rise according to the
increase in the value of the eccentricity ratio. Research conducted by Jang et al., [10] showed that
the eccentricity ratio increased the cavitation area and temperature. A high eccentricity ratio of the
shaft, leads to a high cavitation and temperature. Other studies have proven that the use of an
eccentricity ratio of 0.1 to 0.4 shows a decrease in friction force to produce optimal performance [11-
13]. In addition, the performance of the load carrying capacity of the textured journal bearing is
higher than that of the plain journal bearing with an eccentricity ratio of 0.4 [14].

An increase in the temperature distribution of the multistep journal bearing component is
observed due to the high rotational speed of the multistep journal bearing shaft caused by the high
demand. Experiments conducted by Chauhan et al., [15] proved that multistep journal bearings
experience a high temperature increase that can fail their components with high-speed operating
conditions. Temperature also substantially affects the flow rate and eccentricity. A high temperature
can increase the flow rate, which can then induce the increment in attitude angle and minimum film
thickness [16,17]. Ahmad et al., [18] revealed that the presence of a step in multistep journal
bearings, affects the temperature in the system fluid. The temperature will decrease if the oil inlet is
in a convergent area close to the minimum film thickness therefore, step position is important. Zhou
and Ci [19] investigated the effect of herringbone step texture. Providing herringbone step texture in
the journal bearing can cause a decrease in maximum temperature and a significant increase in
temperature. Therefore, the effect of temperature must be considered to avoid failure of the
multistep journal bearing. Thus, the main purpose of the study is to explore the influence of the
temperature variation which may present in the bearing. Based on the review of literature, the
investigation of the thermo-hydrodynamic is still few.

2. Methodology
2.1 Geometry Modelling and Fluid Properties

The geometry used in this simulation comprises the following: plain and multistep journal
bearings (see figure 1 and table 1). The journal bearing geometry used to simulate fluid flow in this
final project validation adopts the geometry of the journal bearing Taghipour et al., [20], while the
multistep journal bearing geometry used for the variation case adopts the research of Chen et al,,
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[3]. Fluid properties also used research references from Taghipour et al., [20]. Thus, incompressible
Newtonian fluid is taken as a reference. The value of the convection heat transfer coefficient was
taken from the study of Kadam et al., [21] with operating conditions of 40°C. The viscosity utilized in
this study, adopted the user-defined function coding from the research of Singla et al., [22] using the
C programming language.
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_____________ o[,
"
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T

Fig. 1. Schematic of multistep journal bearing

Table 1

Simulation case parameters.

Journal Bearing Parameters Symbol Value Unit
Bearing

Journal radius Rj 50 mm
Journal length L; 133 mm
Radial clearance c 0.145 mm
Eccentricity ratio £ 0.6,0.7,0.8,0.9 -
Attitude angle [0) 225.4 degree
Angular velocity ) 68 rad/s
Number of steps - 0,246 -
Length of step Lyroove 133 mm
Arc of step Ogroove 20 degree
Step depth Hgroove 2 mm
Oil

Oil liquid density P, 840 kg/m?3
Oil vapor density Py 1.2 kg/m?3
Saturation pressure Psor 20,000 Pa
Convection Coefficient h 50 W/m?2K
Oil liquid viscosity W 0.0127 Pa.s
Oil vapor viscosity Uy 2x107° Pa.s
Bubble diameter D» 0.01 mm

2.2 Mesh Generation and Boundary Condition

Meshing is a step that must be performed before the simulation. The meshing process in this
research is conducted on fluid geometry (see Figure 2). In the case of validation and variation, the
geometry undergoes a meshing process using the ANSYS mesh feature to obtain the expected mesh
guality. The mesh to be used comprises a uniform hexahedral grid that can be formed using the face
meshing feature. The film part mesh is a 109 x 80 x 12 (tangential by axial by radial) mesh system
and uses multizone for the method. The minimum skewness of the mesh is 3.9615 x 102. The
residuals of continuity, velocity, energy, and turbulent kinetic energy are below 10 for convergence.
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Fig. 2. Meshing of multistep journal bearing

200 )
— | —

The process of defining boundary conditions must be conducted after completing the meshing
according Taghipour et al., [20]. The definition of boundary conditions can be seen in the following
table 2 and figure 3.

Table 2

Boundary condition parameters.

Boundary Condition Condition for momentum
Inlet 0 Pa; 300, 305, 310, 315K
Outlet 0 Pa; 300, 305, 310, 315K
Stationary Wall 50 W/m?2K

Moving Wall 68 rad/s; 50 W/m?K

Fig. 3. Boundary conditions of multistep
journal bearing computation domains: (1)
Inlet; (2) Outlet; (3) Moving wall; and (4)
Stationary wall

2.3 Governing Equations

A computational fluid dynamics (CFD) model has been employed in this work to calculate the
lubricant flow, pressure generation, and heat dissipation in the fluid domain. For a continuous fluid
medium, the momentum and continuity equations from the principles of classical fluid mechanics
are employed to calculate the behavior of the lubricant. The mass conservation equation is given as:

V.V =0 (1)

The momentum conservation equation reads:
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p(V.VYV = —Vp + V.(uv) (2)

where Vis the fluid velocity vector, p is the fluid density, p is the fluid hydrodynamic pressure, and u
is the fluid viscosity.

Heat transfer is involved in the present study; thus, an additional equation for energy
conservation is solved. The temperature distribution through the lubricant film can be predicted by
solving the following form of the energy equation:

pC,V.VT = V.(AVT) — 7: VV (3)

where Cp refers to the liquid specific heat capacity, T refers to the liquid temperature, and A denotes
liquid thermal conductivity.

Temperature-dependent viscosity is considered in this work and modelled in accordance with
Hughes W.F. [23].

1 = pge®P=Po)BT=To) (4)

where py is the dynamic viscosity of the liquid lubricant, o = 0.0127 [Pa.s] is the reference dynamic
viscosity, a=2.3 x108 [1/Pa] is the viscosity specification in constant pressure, and 8 = -0.03 [1/K] is
the viscosity specification in constant temperature. In addition, P [Pa] and T [K] respectively denote
pressure and temperature.

The mixture two-phase model has been used for the flow model. The Zwart-Gerber-Belamri
cavitation model is also considered. This equation represents the conservation of mass in each phase.

%(“qpq) + V. (aqPqVy) = Tp=1{titng — gp) (3)

where I7q is the velocity, @, is the volume fraction, and p is the density of phase q. Also, 1, and
rhyq respectively denote mass transfer prom phase p to g and phase g to p.

The frictional force Fracting on the journal bearing due to the viscosity shear force t can be written
as:

Fr = [1dA (6)
where tis shear stress and A is the area of journal bearing.
3. Results

The calculation results from the case studies will be explained in the following discussion. Each
case is solved using CFD software to address thermo-hydrodynamic lubrication problems on plain
and multistep journal bearings.

3.1 Validation of Temperature-Dependent Viscosity on Plain Journal Bearing

This subchapter discusses the validation of plain journal bearing simulations that have been
conducted by Taghipour et al., [20] using ANSYS 19.2 CFD software.
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Figure 4 shows the results of the grid test in the simulation with an eccentricity ratio of 0.8 and a
shaft speed of 68 rad/s. Additional meshing is performed by increasing the number of meshing on
the face layer, and stable results are obtained. Minimal computation time is used in six face layers,
which becomes a reference for the meshing configuration that will be used in the next simulation.

e, dae,
00% 068%

P, (MPa)

2 3 é 5 1 7
Face Meshing Layer

Fig. 4. Comparison graph of grid test values on
face meshing layer

Figure 5 shows a graph of the pressure distribution of lubricating oil in plain journal bearings from
the numerical calculation results from the simulation of Taghipour et al., [20] and the present study.
Figure 6 reveals that similarity in the form of graph is obtained. The Pmax error generated between
the simulations performed by Taghipour et al., [20] and the present study is 3.3%. This figure is still
in the lower limit of the allowable error based on Lin et al., [24]. Therefore, this simulation method
can be continued in the next simulation cases.

| [ —— Taghipour et a1, (2021)
1.2+ i 1 + | _—— Present Stud

e cmEmemm

-0.2

0 60 120 180 240 300 360
Circumferential Direction (deg)
Fig. 5. Comparison graph of plain journal bearing
pressure distribution at = 0.8 and = 68 rad/s
between Taghipour et al., [20] and the present
study.

This study discusses the effect of cavitation on journal bearing performance. The simulation
performance is the maximum pressure that occurs in the lubricating fluid.
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3.2 Effect of Multistep on Journal Bearing with Variation in Number of Steps

Figure 6 shows that the friction force value between plain and multistep journal bearings has
decreased. Fs=19.03 N is observed in plain journal bearings, while an average value of F;=15.83 N is
found in multistep journal bearings. However, the decrease that occurs fluctuates with the increase
in the number of steps in the journal bearing model. The friction force value from the number of steps
2 to 4 increased because it is followed by pressure and load carrying capacity due to the location of
the step in the condition of the number of step 4 near the attitude angle [2].

24 4

20 4 19.035
17.235

=]
"

13.33

Friction Force (N)
® =

Plain 2 4 6
Number of Step

Fig. 6. Histogram of friction force on plain and
multistep journal bearings

In addition to the value of the friction force, the difference between plain and multi-step journal
bearings is also reviewed through the temperature. The following is a graph of the temperature on
the plain and multistep journal bearings. Figure 7 shows that the temperature trends of multistep
and plain journal bearings have significant similarities and differences. The fluctuating graph trend is
observed in the multistep journal bearing due to the uneven surface of the stationary wall caused by
the step. However, the temperature peaks in the plain and multistep journal bearings have
substantially small differences. Figure 8 depicts the peak point of temperature on the plain journal
bearing is at 234° - 333° with a value of 304 K. Meanwhile, the highest point in the multistep journal
bearing is in the number of step 6, which lies at 313° - 334° angle with a value of 306.89 K. Thus, the
lubrication temperature is influenced by multistep.

Figure 9 shows that the vapor volume fraction trend of the multistep and plain journal bearing
has similarities. The peak point of the vapor volume fraction in the plain journal bearing is at 333°
angle with a value of 0.85, while the highest point in multistep journal bearing is in the number of
step 2, which is at 332° angle accompanied by a value of 0.9 with the peak point experiencing a shift
of 1° from the plain journal bearing. However, the number of steps 4 and 6 decreased the volume
fraction of vapor value. This decrease is due to the occurrence of the cavitation process right in the
step. Meanwhile, in multistep journal bearings with a step number of 2, cavitation does not occur in
the steps but is positioned close to it such that the value becomes larger than the plain journal
bearing.

123



CFD Letters
Volume 15, Issue 12 (2023) 117-134

Temperature

Contour 2
3.068e+02

H 3.061e+02
3.054e+02
3.047e+02
3.041e+02
3.034e+02
3.027e+02
3.020e+02
3.014e+02
3.007e+02

3.000e+02
K]

Temperature
Contour 1

3.060e+02
H 3.054e+02
3.048e+02
3.042e+02
3.036e+02
3.030e+02
3.024e+02
3.018e+02
3.012e+02
3.006e+02

3.000e+02
8}

Fig. 7. Temperature contour: (a) plain journal bearing; and multistep
journal bearing with the number of steps: (b) 2; (c) 4; and (d) 6.
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Fig. 9. Volume fraction of vapor profile on plain
and multistep journal bearings.
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Journal bearing performance affects the geometry of the journal bearing, particularly the
multistep journal bearing. The speed profile is one of the parameters used in determining the
performance of multistep journal bearings. The speed profile of multistep journal bearings with
variations in the number of steps will be discussed in this subchapter.

Figure 10 shows a velocity profile with variations in the number of steps under laminar conditions
with a speed of 68 rad/s. Figure 10 reveals that the maximum speed is close to the moving wall
rotational speed. This phenomenon is due to no-slip condition modelling conducted by the simulation
in which the velocity will be zero when close to the stationary wall. The change in flow direction in
the area near the wall is caused by the flow hitting the wall perpendicular to the shaft rotation.

Veloci
Vector 7

H 3.400e+00

[ 2.550e+00

'q 1.700e+00

8.500e-01

0.000¢+00
[m s-1)

Vel
Vector

3.400e+00

| 1 2.550e+00

1.700e+00

8.500¢-01

0.000¢+00
[msA1)

Veloc
Vector

3.400e+00

2.550e+00

1.700e+00

8.500e-01

[m s*-1]

(c)
Fig. 10. Comparison of velocity profile at Z=0.0665 with variations in the number
of steps: (a) 2; (b) 4; (c) 6.
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The change that occursin a flow direction is called backflow. Figure 10 shows that backflow occurs
when the flow changes in the opposite direction. The presence of backflow also leads to speed
differences in each flow direction. Step 6 has the lowest back flow velocity file considering the speed
profile with variations in the number of steps.

Considering the maximum speed, variations in the number of steps do not have substantial
effects on changes in maximum speed. The difference lies only in the speed profile, and such a
difference is insignificant. The difference in velocity profile is influenced by the variations in the
number of step geometries that affect the lubrication fluid flow.

3.3 Effect of Variation in Eccentricity Ratio on Multistep Journal Bearing

Figure 11 shows the graph of the friction force against the variation of the eccentricity ratio. This
figure reveals that the eccentricity ratio affects the friction force value. A high eccentricity ratio in
the multistep journal bearing induces a low friction force value. This finding is caused by the
cavitation that occurs on the surface of the multistep journal bearing. The eccentricity ratio of 0.9
has the highest cavitation value; therefore, it has the highest friction force value compared with the
other eccentricity ratios.

21.24

20

[
!

13.33

10.51

Friction Force (N)
=]
1

[ ]
0.6 0.7 0.8 0.9
Eccentricity Ratio

Fig. 11. Histogram of friction force on the variation
of eccentricity ratio.

Figure 12 shows that the temperature distribution is different for each eccentricity ratio. Even
temperature distribution over the entire surface of the stationary wall is observed under the
eccentricity ratios of 0.6 and 0.7. In contrast to the eccentricity ratios of 0.8 and 0.9, the lack of even
temperature distribution is caused by high eccentricity. However, the equation can be observed, that
is, the highest point of temperature in the cavitation region. This condition is due to the presence of
a step in the multistep journal bearing. Figure 12 shows the temperature contour on a multistep
journal bearing with variations in the eccentricity ratio.

Figure 13 reveals that each eccentricity ratio has the same temperature trend but is unevenly
distributed. The uneven trend of the graph is caused by the inlet at a temperature of 300 K, which is
in the leading position of the multistep journal bearing geometry. The graph experienced an
insignificant but fluctuating increase after going through the inlet. This phenomenon is due to the
step on the stationary wall journal bearing wall. The peak temperature of each eccentricity ratio is
around the 229° angle with the highest temperature value (309.6 K) occurring at the eccentricity ratio
of 0.9. The highest point occurs in the cavitation area. Each eccentricity ratio has two peaks due to
the temperature that occurs in the step region; thus, the contour is divided into two.
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Fig. 12. Multistep journal bearing temperature contour with eccentricity
ratio: (a) 0.6; (b) 0.7; (c) 0.8; and (d) 0.9
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Fig. 13. Temperature profile variation of eccentricity ratio
0.6,0.7,0.8,and 0.9

Figure 14 shows that each eccentricity has the same trend. The value of the vapor volume fraction
consistently increased with the rise in the eccentricity ratio. The peak point of each eccentricity ratio
occurs at 318°. However, the eccentricity ratio of 0.9 experienced a significant increase at the 247°
angle because the contour of the vapor volume fraction occurred in the step area; thus, the contour
was divided into two.
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Fig. 14. Volume fraction of vapor profile under
eccentricity ratio variations of 0.6, 0.7, 0.8, and
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Figure 15 shows that the maximum speed is close to the moving wall rotational speed. This
closeness is due to no-slip condition modelling conducted via simulation, wherein the velocity will be
zero when to the stationary wall. The change in flow direction in the area near the wall is caused by
the flow hitting the wall perpendicular to the rotation of the journal. In the eccentricity ratio
variation, € = 0.9 has the lowest backflow velocity compared with the others. An increase in the
eccentricity ratio will be inversely proportional to a decrease in backflow velocity considering
variations in the number of steps. Considering the maximum speed, variations in eccentricity ratio
do not have substantial effects on changes in maximum speed. The difference lies only in the speed
pro-file, and such a difference is insignificant. The difference in velocity profile is influenced by
various film thicknesses due to the narrowing of the lubricating fluid flow area caused by the

eccentricity ratio.
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Fig. 15. Comparison of velocity profile at Z=0.0665 m with eccentricity
ratio: (a) 0.6; (b) 0.7; (c) 0.8; (d) 0.9

3.4 Effect of Variation in Inlet and Outlet Temperature on Multistep Journal Bearing

Figure 16 shows a graph of the friction force against temperature variations. The figure reveals
that the increase in temperature given at the inlet and outlet affects the value of the friction force.
High inlet and outlet temperatures on the multistep journal bearing, lead to a high friction force
value. The increase in the value of the friction force occurs linearly. This phenomenon is due to the
increase in temperature which affects the increase in viscosity and vapor volume fraction in the
lubricant on the surface of the multistep journal bearing, which is then followed by an increase in

friction force. The temperature of 315 K has the highest friction force value compared with other
temperature variations.

20

16.42

o
1

14.14 7

12.18
10.51

Friction Force (N)
]
!
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Fig. 16. Histogram of friction force on inlet
and outlet temperature variations.

The friction force is an integral part of wall shear stress. Therefore, explaining the wall shear stress
graph is necessary to review the friction force that occurs on the surface of the multistep journal
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bearing. Figure 17 shows that the graph experiences a fluctuating trend because providing a step
affects the trend. The graph close to 0 Pa demonstrates the occurrence of wall shear stress in the
step. However, wall shear stress begins to occur in the area around the step when the graph
increases. This phenomenon can be proven by the presence of those graphs that are close to 0 Pa
with a number of 6, based on the number of steps in this case, that is, 6. However, the trends
experienced by the two variations, namely the highest and lowest temperatures, are similar. This
similarity explains that the increase in temperature does not change the trend of wall shear stress on
multistep journal bearings but only affects the maximum point of wall shear stress.

1600 | |
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f
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j - i
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ol A \
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Fig. 17. Wall shear stress profile on inlet and outlet
temperature variations

Figure 18 shows that the temperature distribution has a similar tendency between variations. The
difference is evident at a temperature of 300 K. This phenomenon is due to the fairly low viscosity of
the lowest temperature, thus evenly distributing the temperature on the surface of the stationary
wall. In contrast to the temperature variations of 305, 310, and 315 K, the temperature contour has
a narrow distribution and tends to be in the same position range, which is around / = 0.0665 m. The
variation used in this case is the inlet and outlet temperatures; thus, a difference in the peak point of
temperatures is observed.
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Fig. 18. Temperature contour at inlet and outlet temperatures variation: (a) 300 K; (b) 305 K;
(c) 310 K; and (d) 315 K

Figure 19 shows that each temperature has the same trend in the temperature graph. However,
the chart demonstrates a volatile trend. The uneven trend of the graph is caused by the inlet at a
temperature of 300 K, which is in the leading position of the multistep journal bearing geometry. The
graph experienced an insignificant but fluctuating increase after going through the inlet due to the
step on the stationary wall journal bearing wall. The peak point of temperature for each temperature
variation is at 256° angle, and the highest point occurs in the cavitation area. Each temperature
variation has two peaks due to the temperature that occurs in the area around the step; thus, the
contour is divided into two.

Figure 20 shows that each temperature has the same trend. The value of the vapor volume
fraction increases linearly with rising temperature. The peak point for each temperature occurs at
318°. The cavitation that occurs lies between two overlapping steps.
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Fig. 20. Vapor volume fraction profile at temperature variations of 300,
(a) 305, 310 and 315K, (b) the enlarged graph of vapor volume fraction

4. Conclusions

The present work analyzes the thermo-hydrodynamic behaviour of multistep journal bearings,
wherein essential performance parameters such as friction force, vapor volume fraction,
temperature, and velocity, are explored. The CFD approach, including the multi-phase “mixture”
cavitation model, facilitates the full exploration of the phase change. The effects of viscosity based
on the temperature in lubricants are discussed. The following conclusions can be drawn on the basis
of the aforementioned results and discussion:

i.  Providing a multistep texture to the journal bearing significantly affects the performance.
The application of additional steps lowers the values of friction force, temperature, and vapor
volume fraction.

ii.  The eccentricity ratio has a significant effect on the tribological performance of multistep
journal bearings; thus, a large eccentricity ratio, leads to high friction force, temperature, and
vapor volume fraction.

iii.  Attheinlet and outlet temperature variations, the higher the given temperature, the greater
the friction force, temperature, and volume fraction of vapor that occurs. This is due to the
increase in temperature at the inlet and outlet boundary conditions, followed by an increase
in wall shear stress that occurs along the stationary wall.
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