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A bearing is an element that maintains the relative motion between two components in industrial machines, while a journal bearing is often used to maintain the shaft constantly rotating on its axis. Generally, an increase in journal bearings’ performance is essential for industrial development. An increase in engine speed affects the distribution of pressure, temperature, and acoustics. Scientists have proposed various methods to analyze pressure distribution, load-bearing capacity, acoustic power, friction force, cavitation, and elastic phenomena to improve journal bearings’ tribological performance. Therefore, this study aimed to discuss the differences in the flow type modeling between smooth and multistep journal bearings. The results indicated that tribological performance increased significantly in turbulent flow in smooth and multistep journal bearings. The simulation results showed a difference between k-epsilon turbulent flow modeling and k-omega flow modeling.
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1 INTRODUCTION
Bearings limit the relative motion between components in machines. They withstand the load, maintain the shaft constantly rotating about its axis, smoothen the rotary motion, and reduce friction between the two surfaces. Additionally, bearings dampen the vibration due to the rotating motion of the shaft and motor (Malcom and Leader, 2001). One motion commonly found in industrial machines is the shaft’s rotation that requires bearings for the axle to always be on the axis. A radial journal bearing is used more than other types. It uses hydrodynamic lubrication and is more favorable because of its easy installation, lower maintenance costs, and high damping capacity. In contrast, a journal bearing is used for high loading, speed, and precision (Dhande and Pande, 2017).
Various methods improve a journal bearing’s tribology performance, such as pressure distribution, load-carrying capacity (LCC), frictional force, cavitation, and elastic deformation. Studies show that tribology performance on journal bearings could be enhanced using experiments or through simulations by modeling flow turbulence. Furthermore, journal bearing flow turbulence modeling has been developed because it is recognized by the presence of a fluctuating velocity field. However, flow turbulence would be complicated by practical engineering calculations because it has a fluctuating velocity field, is small scale, and has a high frequency (Kohnke, 1999).
Venkateswarlu et al. (1990) found that laminar modeling could only be performed before the Reynolds number in the journal bearing lubrication flow reaches its critical point to produce lower pressure than turbulent flow. In line with this, Dousti et al. (2012) compared the modeling using laminar and turbulent flow in lubrication and found that turbulent flow increases the pressure. Susiloewati et al. (2016) also found that the hydrodynamic pressure distribution showed a similar trend in laminar and turbulent flow. The difference between laminar and turbulent flow modeling is in the amplitude. The maximum pressure produced shows that turbulent flow has a higher amplitude than laminar flow. Under actual operating conditions, turbulence often occurs in journal bearings, necessitating turbulence modeling in a simulation. Li et al. (2019) stated that an increase in the rotor’s rotational speed would make the fluid unstable, resulting in an unstable clearance. The rotor speed is often increased to improve performance and ensure widespread turbulence.
The performance of journal bearings has been improved using several methods, such as applying texture. Scientists in nanomechanics and biomimetics have considered modifying bearing surfaces and their applications. Surface texturing involves changing the engineering model, the location pattern, and the method used. Furthermore, several modification techniques have been investigated, such as controlled roughness, especially textured surfaces, hydrophobic coatings, and nanobubble trapping. Wang et al. (2006) studied the optimization of the surface texture for silicon carbide sliding in water. It was found that friction reduction is noted when different dimples are varied. The texture accommodates the lubricating fluid using different shapes and texture placements, such as the circular dotted surface texture (Tala-Ighil, 2008). The circular dotted texture increases load capacity when placed in a pressurized area on the journal bearing. Furthermore, Cupillard et al. (2010) examined journal bearings’ microtextured or small hemispherical texture shape. The study found that the top film thickness placement texture reduces the friction force at low loading. The texture placement in the maximum pressure area reduces the friction force under heavy loading. A multistep journal bearing is an example of a texture with a more exact shape than other textures. Microtextured grooves require many indentations with a tight geometry. In contrast, a multistep journal bearing only has small indentations but a longer radius or larger area. Mereles and Cavalca (2021) presented a new method named the continuous segment method (CSM) for modeling complex rotor systems with multiple disks and bearings. They observed that CSM is applicable for isotropic and homogeneous rotors with stepped cross sections. Biswas and Chacraborti (2015) investigated the three-lobe journal bearing by the computational fluid dynamics (CFD) method considering the surface roughness. It was found that increased pressure is achieved by increasing the surface roughness level. Later, Chen et al. (2017) investigated the hydrodynamic characteristics of journal bearings in a high-speed and heavy-load press system by considering thermal influence and cavitation by varying the texturing step. They concluded that the influences of eccentricity ratio, rotational speed, and oil-film thickness on the hydrodynamic behavior of the journal bearing are critical. From the perspective of the material, Zhang (2022a) developed a novel ceramic, that is, boron carbide–silicon carbide ceramic. They found that such a ceramic can exhibit better tribological properties, that is, low friction and wear. For a detailed understanding of ceramics used in various tribological components under lubrication, the reader can refer to an interesting reference by Zhang (2022b).
However, no study has examined the effect of turbulence modeling on multistep journal bearings.
2 MATERIALS AND METHODS
This study employed the ANSYS CFD program through a numerical method, which adopted the Navier–Stokes equation and continuity. The conservation of momentum (Bompos and Nikolakopoulos, 2016) was also used for iteration until the convergence criteria (1 × 10−7 and 1 × 10−4) for energy and other equations were achieved.
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where ρ is the fluid density, v is the velocity, p is the pressure gradient, [image: image] is the gravity acceleration, and [image: image] is the pressure tensor. Under these conditions, the tensor is needed for the computation of bearing LCC. This is expressed as follows:
[image: image]
According to the turbulent behavior, the computation employs the RANS (Reynolds-averaged Navier–Stokes simulation) equation. This model solved the turbulence effect on various flow designs while efficiently achieving convergence. Based on determining the general form of the inner pressure film, the RANS equation for the solution of incompressible viscous fluids is delivered as follows (Kohnke, 1999):
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where [image: image] = a turbulent component. In this study, turbulence was solved by the standard k- [image: image] model, which was often used at high Reynolds numbers. It is to be noted that in ANSYS, there are several k- [image: image] models. In this study, we employed the standard k- [image: image] model due to less computational effort and to simplify the computation without reducing the accuracy (ANSY, reference).
From Eqs. 1–4, the hydrodynamic pressure can be calculated. By integrating the hydrodynamic pressure over the lubricated surface area, the LCC can be computed. The LCC of the journal bearing is then mathematically represented as follows (Bompos and Nikolakopoulos, 2016):
[image: image]
where pj = the pressure on the journal bearing and Aj = the area of the journal bearing.
In the simulation, cavitation is also taken into account. When the pressure falls below the saturated vapor pressure, cavitation occurs, causing a phase transition. The fundamental two-phase cavitation model guides the transport of mixtures (the mixture model) or phases (the Eulerian multiphase), and a typical turbulence model, k-model, uses the usual viscous flow equations in the multiphase cavitation modeling technique. The liquid–vapor mass transfer (evaporation and condensation) in cavitation is governed by the vapor transport equation. The Zwart–Gerber–Belamri cavitation is adopted due to less computational time with high accuracy (Kohnke, 1999).
The journal-bearing geometry used to simulate fluid flow in this study was adopted from Zhang et al. (2014). The variation case also adopted the angular geometry from Yu Chen et al. (2017) by adding multistep to the validation geometry. Table 1 shows journal bearing and multistep specifications.
TABLE 1 | Parameters of journal bearings.
[image: Table 1]Figure 1 explains the specifications in Table 1, showing the smooth journal bearing nomenclature used in the validation. The multistep journal bearing nomenclature used for variation stage II multistep addition is shown in Figure 2.
[image: Figure 1]FIGURE 1 | Nomenclature of journal bearings.
[image: Figure 2]FIGURE 2 | Nomenclature of multistep journal bearings.
Validation was conducted to perform simulations with the same geometry and boundary conditions as Zhang et al. (2014). Future studies should conduct validation with less than 10% error by changing the flow type and multistep additions to the geometry during variation.
The meshing process was conducted on fluid geometry. In the case of validation and variation, the geometry goes through a meshing process using the ANSYS mesh feature to obtain the expected quality. The mesh to be used comprises a uniform hexahedral grid formed using the face meshing feature. Figure 3 shows the meshing simulation results.
[image: Figure 3]FIGURE 3 | Meshing of (A) smooth journal bearing; (B) multistep journal bearing.
The boundary conditions were defined according to Zhang et al. (2014) data as a validation reference. Table 2 shows the definition of boundary conditions.
TABLE 2 | Boundary conditions in simulation ANSYS.
[image: Table 2]The simulation employed a pressure-based solver and the SIMPLEC pressure–velocity coupling method to obtain the results quickly. The first-order upwind scheme was used for the momentum equations, volume fraction, and energy discretization. The convergence precision employed is 1.0 × 10–4 and 1.0 × 10–6 for the pressure and energy, respectively.
3 RESULTS AND DISCUSSION
This section discusses the calculation results from the case studies conducted. Each case used CFD) software in solving hydrodynamics (EHD) lubrication problems on journal bearings.
The hydrodynamic pressure and wall temperature distribution results were compared with the numerical data of Zhang’s simulation under the same input conditions. Operational parameters were then computed without considering deformation in the CFD model. Table 3 compares the contours of the reference study and this study.
TABLE 3 | Comparison contour of study reference and the present study.
[image: Table 3]This validation case could also be considered from the maximum and minimum temperatures achieved. The simulation results showed that the maximum and minimum temperatures are similar to Zhang’s. Table 4 shows the maximum temperature obtained from the simulation and its error comparison. It shows the maximum and minimum temperature values between the reference study and this study.
TABLE 4 | Comparison between this study and study reference.
[image: Table 4]The previous explanation showed that the results obtained are valid because they have a minimal error difference between Zhang’s and the present study. A grid independence test was performed to confirm that these results are accurate with no errors in meshing. The simulation grid test was conducted by adding a face layer to the journal bearing. The meshing results are considered stable when the parameters are not affected by changes in the meshing elements. Figure 4 shows the grid test results.
[image: Figure 4]FIGURE 4 | Grid independency test result.
Figure 4 shows the simulation grid test with an eccentricity ratio of 0.7 and an angular velocity of 3000 RPM. The simulation is stable when it has more than three layers. Furthermore, an independent test and a rechecking of the meshing were conducted on the skewness to double-check to ensure that the meshing results are of good quality. The meshing results on the three layers met the feasibility with a good maximum skewness of 0.49617.
The first variation showed the effect of turbulence modeling on smooth tribology journal bearing performance by considering several parameters, including pressure. Figure 5 shows the impact of turbulence modeling on pressure parameters.
[image: Figure 5]FIGURE 5 | Plot of pressure at the midplane smooth journal bearing, ε = 0.7 dan ω = 3,000 rpm.
The pressure value by considering k-epsilon and k-omega is always above the laminar flow. Turbulent flow has a higher pressure value than laminar flow. From Figure 5, it can be seen that the most elevated pressure is 1.838 MPa, generated using the standard k-epsilon turbulent calculation model. The pressure trend was generated from the simulation by modeling the viscosity calculations of k-omega and k-epsilon. The k-omega viscosity calculation model produces a smaller pressure than the k-epsilon viscosity calculation model.
Turbulent viscosity modeling using k-epsilon and k-omega always produces more pressure than laminar viscosity modeling. As a result, turbulent flow always has more significant pressure than laminar flow. The maximum pressure generated by laminar and turbulent flows is 1.47 and 1.838 MPa, respectively. Figure 6 shows the pressure distribution contour of the simulation results. Based on Figure 6, it can be observed that the k-epsilon turbulence model gives a higher maximum pressure compared to the k-omega turbulence model.
[image: Figure 6]FIGURE 6 | Contour of pressure from the smooth journal bearing dengan, ε = 0.7 dan ω = 3,000 rpm. (A) Laminar flow and turbulence flow with the viscosity model; (B) k-epsilon realizable; (C) k-epsilon RNG; (D) k-epsilon standard; (E) k-omega SST; (F) k-omega BSL; (G) k-omega GEKO; and (H) k-omega standard.
Turbulent performance could be viewed from the pressure in the lubricating fluid and the LCC. LCC is closely related to the resulting pressure because it results from the integral surface pressure. Figure 7 shows LCC generated from the simulation.
[image: Figure 7]FIGURE 7 | Smooth journal bearing dengan, ε = 0.7 dan ω = 3,000 rpm LCC.
Modeling by considering the effect of turbulence increases the LCC. The highest LCC was achieved in the simulation by considering the realizable k-epsilon as turbulence modeling with a value of 4321 N. When viewed from the LCC trend, k-epsilon turbulence modeling had a higher LCC value than k-omega turbulence modeling. Therefore, the simulation in case III only varies the difference between k-epsilon and k-omega regardless of modeling type.
The second variation stage showed the effect of turbulence on the journal bearing added as a multistep. Changes in geometry affect the results of tribology performance in lubrication cases. Therefore, it is necessary to simulate the effect of turbulence on multistep journal bearings. The simulation in the second variation stage uses bearing geometry as in validation but with a multistep. Figure 8 is the result of the pressure generated from the simulation of case III.
[image: Figure 8]FIGURE 8 | Plot of pressure at the midplane smooth journal bearing and multistep journal bearing, ε = 0.7 dan ω = 3,000 rpm.
The pressure distribution on the stationary midplane wall shows a similar multistep and smooth journal bearing trends. The highest pressure is achieved by turbulence modeling considering k-epsilon. The second highest and lowest pressures are achieved by turbulence modeling considering k-omega and laminar flow modeling, respectively. Figure 9 shows the multistep journal bearing pressure contour from this simulation. From Figure 9, it can be observed that the turbulence effect has a higher pressure peak compared with the laminar effect as shown in Figures 9B,C.
[image: Figure 9]FIGURE 9 | Pressure contour of the multistep journal bearing, ε = 0.7 dan ω = 3,000 rpm. (A) Laminar flow, (B) k-epsilon realizable, and (C) k-omega SST.
Tribological performance could be viewed from the pressure and the resulting cavitation area. Figure 10 shows the resulting cavitation graph.
[image: Figure 10]FIGURE 10 | Plot of the vapor volume fraction at the midplane stationary wall multistep groove and smooth journal bearing, ε = 0.7 dan ω = 3,000 rpm.
The distribution plot shows that adding a multistep groove reduced the maximum vapor volume fraction in the journal bearing. This is indicated by a solid line with a lower maximum vapor volume fraction than the dotted line or a smooth journal bearing chart. Moreover, there is a decrease in the cavitation area with a multistep groove journal bearing. In laminar flow, multistep grooves and smooth journal bearings have vapor volume fractions at 160–240 and 146–312°, respectively. K-epsilon turbulent flow modeling and k-omega turbulent flow modeling have a total of 150–240° vapor volume fractions in multistep groove journal bearings. The vapor volume fraction appears at 135–335° in smooth journal bearings.
This decrease in the vapor volume fraction follows Yu Cen’s reference study, where adding a multistep groove journal bearing reduces the cavitation volume fraction. A decrease in pressure reduces the area where the vapor volume fraction occurs, lowering the cavitation frequency.
The volume fraction graph trend generated between multistep and smooth journal bearings is similar. Turbulence modeling by considering k-epsilon has the highest volume fraction value while laminar modeling has the lowest value.
4 CONCLUSION
This study analyzed the thermo-hydro-dynamic behavior of multistep journal bearings by investigating the hydrodynamic pressure, the volume fraction of vapor, the temperature, and the friction force. To explore phase changes, it used CFD approaches, including the multiphase “MIXTURE” cavitation model. In addition, the effects of shaft rotation speed and the potential benefits of using a step were discussed. The findings and discussion resulted in the following conclusion:
1) Flow modeling using turbulent flow modeling increases the pressure value more than laminar flow modeling on smooth journal bearing simulations.
2) Turbulence flow modeling using the k-epsilon model has higher temperature and pressure than the k-omega model.
3) Modeling the flow into turbulent flow increases the pressure and temperature than laminar flow against multistep journal bearings.
4) Adding a multistep reduces the resulting pressure and cavitation area.
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