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Abstract 

The present work displays an extensive numerical analysis for the thermo-hydrodynamic (THD) 

behavior in finite length journal bearings lubricated with different types of nano-lubricants 

considering cavitation effect. The effects of nanoparticle concentrations, cavitation and 

temperature rise on the performance parameters of such bearings have been explored. The bearing 

is simulated using Computational Fluid Dynamic (CFD) approach. The effect of using different 

types of nano-lubricants with different volume fractions of TiO2 and Al2O3 nanoparticles 

dispersed in Veedol Avalon ISO Viscosity grade 46 oil has been demonstrated. Modified Krieger-

Dougherty equation has been implemented with the thermal viscosity model to to evaluate the oil 

effective viscosity. The obtained results show that concerning the TiO2 nanoparticles results in a 

higher oil film pressure and load carrying capacity in comparison with Al2O3. The bearing 

equilibrium position was obtained by using Response Surface analysis (RSA) with optimal space-

filling design technique. The numerical model was validated by comparing the results obtained 

in the present work with that obtained by Feron et al. The results were found to be  in a good 

confirmation. The attained results show that the maximum pressure grows by 21% when the 

bearing is lubricated with nano-lubricant.  

Keywords: Hydrodynamic journal bearings, computational fluid dynamics, thermohydro-

dynamic lubrication, Nano-lubricant, cavitation effect, optimization. 

1.Introduction 

Journal bearing is the most commonly hydrodynamic bearing used to support the rotating shafts 

in industrial machines due to its simplicity and low costs. It is mainly used to support the 

externally applied load due to the generated pressure in its oil film. This type of bearings suffers 

from instability when it works at high speeds. The oil film temperature increases due to the 

viscous shearing of the oil film resulting in a decrease in the oil viscosity which negatively affects 

the performance of the bearing. Also, the oil film pressure drops at the divergent part of the 

bearing and when it becomes below than the saturation pressure the dissolved air bubbles released 

leading to the cavitation phenomenon. The reliable analysis of the bearing performance needs 

considering the effects of all the above parameters. Lubricant can be improved potentially by 

adding nanoparticles. Their nanometer scale allows them to pass the contact area easily. Many 
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researchers studied the performance of journal bearing lubricated with nano-lubricants 

considering different parameters such as thermal and cavitation effects using CFD or other 

conventional techniques. The temperature field in cylindrical journal bearing lubricated with pure 

oil was studied extensively by different workers using CFD, conjugate and convection heat 

transfer approaches Singla et al. (2014), Han et al. (2017), and Li et al. (2018). Binu et al. (2014) 

discussed the effect of TiO2 nanoparticles added to the lubricant the load carried by the bearing. 

It was found that the viscosity of the lubricant increases due to presence of TiO2 nanoparticles 

which were modeled using a modified Krieger-Dougherty model. The static performance of  

thermo-hydrodynamic journal bearings operating under different types of lubricants dispersed 

with different types of nano-particles have been studied extensively (Nair et al. 2011; Binu et al. 

2014; Babu et al. 2014; Kalakada 2015; Kumar 2017; Jamalabadi 2019). Different works have 

been implemented to study the static performance characteristics of journal bearings lubricated 

with oil dispersed with different nanoparticles. Awati and Kengangutti (2018) presented the effect 

of surface roughness on the static performance characteristics of thermo-hydrodynamic journal 

bearing operating under nano-lubricants. Different types of nanoparticles have been used such as 

CuO,CeO2, and Al2O3. Suryawanshi and  Pattiwar(2018) analyzed  plain and elliptical journal 

bearings performance work under industrial lubricants dispersed with titanium dioxide 

nanoparticle of size 40 nm. Suryawanshi and Pattiwar(2019) studied the performance 

characteristics of the journal bearing with different geometries lubricated with different types of 

oil  dispersed with TiO2 nanoparticles experimentally. Singh et al. (2020) analyzed the 

performance of journal bearing lubricated with commercial SAE30 lubricant dispersed with 

different volume fractions of TiO2 nanoparticles. Ramaganesh et al. (2020) used COMSOL 

multiphysics software to analyze the performance of journal bearing lubricated with different 

nanolubricants. The suitability of the model used was validated with the experimental results. 

Gundarneeya  and Vakharia (2021) analyzed the performance of journal bearing lubricated with 

Avalon ISO Viscosity grade 46 containing TiO2, CuO and Al2O3 nanoparticles  as an additives. 

Dang et al. (2021) optimized the equipment efficiency to improve the performance of the circular 

journal bearings lubricated with TiO2 and CuO nanolubricants. The effect of using different bio-

lubricants dispersed with different types of Nano-particles on the performance of conventional 

journal bearing numerically and experimentally was studied in different works. Katpatal et al. 

(2019) examined the effect of using different bio lubricants dispersed with CuO nanoparticles on 

the performance of hydrodynamic journal bearings experimentally. It is found that the oil film 

pressure is mainly dependent on the viscosity of such lubricants. Dhanola and Garg(2020) studied 

the thermal behavior of a journal bearing lubricated with nano-bio-based oil using adiabatic 

solutions. The oil film pressure and temperature distributions had been evaluated by numerical 

solution of the Reynolds and the adiabatic energy equations. The cavitation effect on the journal 

bearing performance was also considered in different research works. Rasep et 

al.(2021)compared the performance of the journalbearing with and without cavitation using CFD 

technique. The effect of using different types of lubricants such as palm oil, and engine oil 

(SAE40W) were studied. Alakhramsing et al. (2015) used mass conserving cavitation algorithm 

to implement thermo-hydrodynamic analysis of a Plain Journal bearing. Sakai et al.(2017) 

analyzed the cavitation area in small-bore journal bearing under flooded and starved lubrication 

using CFD technique while the two-phase flow was analyzed using volume of fluid (VOF) 

method. The effect of setting conditions of VOF such as surface tension, and vapor pressure were 

studied and the results were compared with that obtained experimentally. Sadabadi and Nezhad 

(2020)used discrete phase modeling (DPM) with computational fluid dynamic approach to study 

the effect of IF-WS2 nano-lubricant on the load carried by the journal bearing. Dang et al.(2021) 

examined the consequence of using TiO2 and CuO based Nano-lubricants on the static behavior 

of journal bearings considering thermal effect. The main purpose of the present work is to 

simulate the thermo-hydrodynamic performance of a full journal bearing lubricated with different 

Nano-lubricants considering cavitation effect which is rarely studied previously. 
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2. Mathematical model  

2.1 Governing equations 

The static characteristics of nano-lubricated plain journal bearing shown in Figure 1 with the 

geometrical and physical properties shown in Table 1 is conducted by using computational fluid 

dynamic (CFD)algorithm via ANSYS-FLUENT 19.2 software. 

 

Fig. 1. Journal bearing (Dhande (2017)). 

Parameter Symbol Value 

Aspect Ratio L/D 0.5 

Shaft radius Rs 24.95 mm 

Bearing Inner radius Ri 25mm 

Bearing outer radius Ro 30 mm 

Eccentricity ratio 𝜀 0.1-0.9 

Attitude angle ∅ 49o 

Journal speed N 3000 rpm 

Bearing inlet temp. Ti 40oC 

Radial clearance C 0.05mm 

Oil viscosity at Ti oC 𝜇𝑜 0.0788 Pa.s 

Viscosity-Temp. coef. 𝛽 0.032oC-1 

Oil density 𝜌𝑜𝑖𝑙 875 kg/m3 

Oil heat capacity CPoil 2000J/kg oC 

Oil thermal conductivity koil 0.13 W/m.oC 

Oil vapor pressure PV 29185 Pa 

Volume fraction 𝜑 0-3% 

Table 1. Geometrical properties of the bearing (Dhande and Pande (2017)). 
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The governing equations required to obtain the oil film pressure and temperature can be 

expressed as: 

Continuity equation (Malalasekera (2007) 

 
u v w

t x y z
   
  

   
 (1) 

Three-dimensional momentum equations  

Momentum in x-direction (Malalasekera (2007) 
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Momentum in y-direction, (Malalasekera (2007) 
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The temperature of the oil film can be expressed by solving the following three-dimensional 

energy equation (Malalasekera(2007)). 
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The steady state condition for laminar flow of lubricant film was assumed neglecting the 

body forces. The flow of the lubricant in the cavitation zone can be modeled by the following 

equation (Dhande (2017)): 

    . . .a a v N Nv v v v v e c
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According to Zwart–Gerber–Balamri cavitation model: 
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𝑅𝑏 is the radius of the bubble which can be described by Rayleigh-Plesset equation (Dhande 

(2017)): 
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The effect of the oil film temperature on the viscosity of the Nano-lubricant can be considered 

by using the following equation (Mishra et al.2014): 
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φm the highest particle packing fraction, which ranges between 0.495 to 0.54 it is around 0.605 

for high shear rates. 𝜇𝑜 is the pure oil viscosity at the inlet temperature: 
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φ volume fraction of the nanoparticles, 𝐷 represents the fractal index for nanofluids with a 

standard value of 1.8, 
𝑎𝑎

𝑎
 represents the radii of aggregate to primary particle size ratio. 

Experimental values for aggregate ratio obtained in reference (Tushar and Vakharia (2021)) are 

adopted in the present work. Hence, the aggregate ratios of 4,3.33 and 3.5 are adopted for TiO2, 

Al2O3 and CuO respectively. Equation (11) can be rewritten as (Mishra (2014)): 
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𝛽 is oil viscosity coefficient which can be taken as 0.032. 

The other physical and thermal properties of the lubricant can be expressed as (Solghar 

(2015)): 
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where 𝜌𝑛𝑓, 𝜌𝑛𝑓 and 𝑘𝑛𝑓 are the density, the heat capacity and the thermal conductivity of the 

nano-lubricant respectively. 

2.2 Boundary conditions 

The conservation and energy equations are solved with the following boundary conditions to 

obtain the distribution of the oil film temperature: The oil inlet pressure and temperature are taken 

as 0.2Mpa (equal to supply pressure) and 313K. The pressure at both ends of the bearing was 

taken as an ambient pressure as can be observed from Figure 2. The oil temperature at the bearing 

outlet was taken as 300K. The outer surface of the rotating journal and the inner surface of 

stationary bearing are coupled with the oil film. Coherent boundary condition was adopted which 

stated that the oil velocity takes the values of surface velocities with no-slip boundary condition.  

 

Fig. 2. Fluid film boundary conditions. 

2.3 Bearing Performance Parameters 

The load components in x and y directions can be calculated as (Dhande and Pande (2017)): 

 sin ( )F P dAAx j jj
   (18) 
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The load carried by the bearing can be calculated as (Dhande and Pande (2017)): 

 
2 2
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The attitude angle of the bearing can be calculated as (Dhande and Pande (2017)): 
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2.4 CFD model  

The oil film is meshed and modeled by using FLUENT software. The oil film is discretized to 

133767 hexahedral finite volume with 0.3mm thickness. An extensive mesh independence is 

performed for a bearing with journal speed 3000rpm and eccentricity ratio of 0.5. The best 

element aspect ratio obtained was 35.966. The solution of the velocity equation coupled with the 

pressure equation was obtained by SIMPLE algorithm while upwind scheme was used to solve 

the energy equation. The convergence criteria of 10-4 is adopted for all the remaining terms. 

3. Results and discussion 

The static characteristics of plain journal bearing using different nan-lubricants under thermal 

condition considering cavitation effect are presented and discussed in this article. Different 

performance parameters regarding the oil film pressure, load carrying capacity, oil film 

temperature, friction coefficient and side leakage are evaluated at a full range of eccentricity ratios 

(0.1-0.9), Nano-lubricants with different nanoparticles volume fractions (0.005,0.01,0.02 and 

0.03) and other geometric parameters presented in Table (1). Veedol Avalon ISO viscosity 

dispersed with TiO2 and Al2O3 nano particles with the thermal properties presented in Table 2 

was used in the present work. The mathematical model of the present work was validated by 

comparing the results of the temperature distribution obtained numerically in the present work 

with that obtained by Ferron et al. (1983) as can be shown in Figure 3. 

  

Type of partic-

les (nm) 
ρ(kg/m3) Cp(J/kg.K) K(W/(m.K) 

TiO2 4230 710 8.4 

Al2O3 3970 765 36 

Table 2. Thermal properties of the nanoparticles 

It can be observed from this figure that the results are in a good agreement with maximum 

deviation of 1.26% due to the different numerical scheme adopted.  
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Fig. 3. Validation of the temperature distribution. 

Figure 3 shows the effect of lubricating the journal bearing with different nano-lubricants 

dispersed with 3% volume fraction of TiO2 and Al2O3 nanoparticles on the thermal 

circumferential pressure distribution. This figure clearly shows that the maximum oil film 

pressure increases by 21.5% when lubricated with the nano-lubricant in comparison with that of 

pure oil due to the increase of the oil viscosity caused by the addition of the nanoparticles. This 

figure also depicts that using TiO2 nanoparticles give pressure slightly higher that that when using 

Al2O3 nanoparticles. 

 

Fig. 4. Effect of Nano-lubricant on the pressure distribution (l/D=0.5). 

The oil film temperature distribution for the bearing works under the same circumstances 

and is presented in Figure 5. This figure reveals that the oil film temperature increases as the 

bearing lubricated with oil dispersed by different nanoparticles. This can be attributed to the 

higher shear stress generated in this case. The oil dispersed with TiO2 nanoparticles shows higher 

oil film temperature due to the tendency of higher aggregation of this material in the base oil. 
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Fig. 5. Effect of nano-lubricant on the oil film temper-ature distribution. 

The maximum oil film pressure for a bearing works at different eccentricity ratios lubricated 

with oil dispersed with TiO2 nanoparticles can be shown in Figure 6. It was observed that the 

maximum oil film pressure increases as the bearing works at higher eccentricity ratios. The 

increase becomes higher when the bearing lubricated with nano-lubricant that has higher volume 

fraction of TiO2 nanoparticles. It can also be seen from this figure that the maximum oil film 

pressure increases by 20% for the bearing working at 0.7 eccentricity ratio lubricated with nano-

lubricant that has 3% of TiO2 nanoparticles when compared with that lubricated with pure oil. 

This accompanied with an increase in maximum oil film temperature of about 12.5% and the load 

carried by the bearing by 9.5% as can be shown from Figures 7 and 8, respectively.  

 

Fig. 6. Maximum oil film pressure vs. eccentricity ratios. 
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Fig. 7. Maximum oil film temperature vs. eccentricity ratios. 

 

Fig. 8. Load carrying capacity vs. eccentricity ratios.  

Figure 9 shows that the load carried by the bearing lubricated with base oil dispersed by 3% 

of TiO2 nanoparticles becomes higher than that lubricated with Al2O3 Nano particles. This may 

be explained by the higher aggregation of the TiO2 nano-particles which increases the resistance 

to the flow of lubricant and hence the viscosity of lubricant. The friction force generated at the 

surface of the bearing working at different eccentricity ratios can be shown in Figure 10. The 

effect of using nanolubricant with different volume fractions of the TiO2 nanoparticles has been 

considered. It can be seen that the friction force increases when the bearing lubricated with nano-

lubricants that has higher nanoparticles volume fractions and when it works at higher eccentricity 

ratios. This can be atributed to the higher shear stress generated in this case. 
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Fig. 9. Load carried by the bearing lubricated with 3% TiO2 and Al2O3 nano-lubricants. 

 

Fig. 10. Friction force vs. eccentricity ratios. 

Using TiO2 Nano-lubricant causes a higher induced friction force than that lubricated with 

Al2O3 nano-lubricant as illustrated in Figure 11. 
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Fig. 11. Attitude angle obtained for a bearing lubricated with 3% TiO2 and Al2O3 nanoparticles. 

However, the coefficient of friction decreases when the bearing works at the same above 

circumstances as can be shown in Figure 12. 

 

Fig. 12. Friction coefficient vs. eccentricity ratios. 

The attitude angel of the bearing decreases as the bearing works at higher eccentricity ratios 

and lubricated with TiO2 Nano-lubricant with higher volume fractions of the nanoparticles as can 

be noticed  from Figure 13. 
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Fig. 13. Attitude angle vs. eccentricity ratio. 

This can be explained by the increase in the load carried by the bearing which becomes higher 

than the friction force generated in this case. A comparison between the attitude angles obtained 

when aluminum oxide and titanium dioxide nanoparticles added to the base oil can be shown in 

Figure 14. This figure depicts that using TiO2 nanoparticles with base oil leads to a lower attitude 

angle than that lubricated with Al2O3 Nano-lubricant for all the range of particle volume fractions. 

 

Fig. 14. Comparison between attitude angle obtained for a bearing lubricated with 3%TiO2 and 

Al2O3 nanoparticles. 

Figure 15 shows that the oil flow from both sides of the bearing decreases when the bearing 

lubricated with Nano-lubricant that has higher volume fraction of TiO2 Nano-particles. The 

decrease becomes higher when using higher volume fraction of such nanoparticles. 
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Fig. 15. Flow rate vs. eccentricity ratio. 

However, a higher decrease in oil flow rate from both sides of the bearing was observed when 

the bearing lubricated with TiO2 Nano-lubricant with 3% of the nanoparticles in comparison with 

Al2O3 Nano-lubricant as can be shown in Figure 16. Figure 17 depicts the effect of considering 

cavitation on the circumferential pressure distribution for the bearing lubricated with different 

nano-lubricants. It can be observed from this figure the oil film pressure increases when the 

cavitation was considered. This figure also shows that the oil dispersed with TiO2 nanoparticles 

has higher oil film pressure than that lubricated with oil dispersed with Al2O3nanoparticles due 

to the higher viscosity of the TiO2 nano-lubricant in comparison with the Al2O3 nano-lubricant. 

 

Fig. 16. Comparison between the flow rate obtained for a bearing lubricated with 3% TiO2 and 

Al2O3 nanoparticles. 
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Fig. 17. pressure distribution with and without cavitation. 

The oil film temperature increases when the cavitation taken into consideration as can be 

shown from Figure 18. It becomes little higher when the bearing lubricated with TiO2 

nanolubricat than that lubricated with Al2O3 nanolubricant. 

 

Fig. 18. Temperature distribution with and without cavitation. 

Figure 19 a-c shows that the volume fraction of the second phase  for a bearing working at 

eccentricity ratio of 0.5 and journal speed of 3000rpm lubricated with pure and TiO Al2O3 

nanolubricants. It can be observed from this figure that the the nanolubricant has a negligible 

effect on the volume fraction of the second case. The maximum volume fraction reaches 0.966 

and 0.96 for the bearing lubricated with 3% TiO2 and Al2O3 nanolubricant in comparison with 

that lubricated with pure oil when the volume fraction reaches 0.961. 
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(a)     (b) 

 

(c)volume fraction for the bearing with 3% Al2O3 nano-lubricant 

Fig. 19. Effect of using nanolubricant on volume fraction of the second phase.(a)pure oil 

(b)3%TiO2Nanolubricant (c) 3% Al2O3nanolubricant. 

4. Equilibrium position of the journal center 

The equilibrium position is defined as the journal center position at which there is a force balance 

between the vertical component (y-component) of the hydrodynamic load and the externally 

applied load on the bearing with the horizontal component of the load (x- component) is equal to 

zero. It can be obtained by optimizing targets to get zero x-imbalance and y-load equal to the 

external applied load. The response surface for a bearing lubricated with pure oil and journal 

speed of 3000rpm shown in Figure 20 is generated using the design of experiment (DOE) data 

presented in Table 3 which was obtained by guessing the upper and lower bound of the bearing 

eccentricities and attitude angles within which the solution is expected. 
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 A B C D E F G H I J K 

1 Name 
P1Length 

(mm) 

P2Angle 

(deg.) 

P4-Fx 

-op 

P5- 

load 

op 

P6- Fric. 

Op(N) 

P7-

side-op 

kg.s-1 

P8-fx-

drag-op 

(N) 

P9-fy 

lift Op 

(N) 

P11-X 

origin 

(m) 

P12- Y 

origin 

(m) 

2 1DP8 0.023 31.667 -316.61 672.52 19.761 -0.0014 -312.6 605.88 -12.1µ -1.96µ 

3 
2 

DP10 
0.02861 40.556 -203.86 1074.9 20.625 -0.0013 -198.8 1077.6 -1.8.60µ -21.73µ 

4 3DP4 0.01194 53.88 -89.61 225.51 15.578 -0.00054 -89.37 209.79 -9.649µ -7.039µ 

5 4 DP 7 0.02027 49.44 -90.02 485.14 18.672 -0.0006 -87.16 484.76 -15.407µ -1.318µ 

6 5 DP3 0.00916 27.222 --159.5 177.96 15.36 -0.00057 -159.2 80.284 -4.1932µ -8.1514µ 

7 6 DP5 0.014722 36.111 -114.36 279 16.715 -0.00006 -113.08 258.98 -8.6765µ -1.189µ 

8 7 DP6 0.0175 62.778 6.5562 359.23 17.52 -0.00040 8.1697 364.36 -15.562µ -8.0052µ 

9 8 DP9 0.025833 58.333 61.191 789.8 19.6 -0.00106 65.174 799.5 -21.987µ -13.562µ 

10 9 DP2 0.00638 45 -94.42 118.76 13.609 -0.00036 -94.615 73.106 -4.5176µ -4.5176µ 

Table 3. Design point as a result of design of experiments for a bearing lubricated with pure oil. 

 

Fig. 20. Relation of the bearing x- force component with bearing eccentricity and attitude angle. 

Design points and the matrix of experiments is generated by using an optimal space filling 

design algorithm. The design points are used to generate the response surface which performs the 

relationship between the eccentricity, attitude angle and the output parameters such as fluid 

reaction forces. The relation between the X-component of the bearing force, the bearing 

eccentricity and the attitude angle is clearly shown in Figure 21. The closeness of the data points 

was confirmed by the goodness of the fit for the data points shown in Figure 23. The optimization 

constraints and the optimum results obtained for the journal center of the bearing lubricated with 

pure oil are presented in Figures 21 and 24. 
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Fig. 21. Relation of Load with eccentricity and attitude angle. 

 

Fig. 22. Optimization constraint. 

 

Fig. 23. Goodness of fit. 

 

Fig. 24. Optimum solution for the journal center (pure oil). 

The candidate point with minimum variance represents the optimized solution. Hence, 

candidate point 3 with eccentricity value of 0.029979mm or 𝜀=0.59, attitude angle of 57.162o, x-

load component of 77.072N and the Y- load component of 963N represents the required 
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equilibrium point. The optimized journal center for a bearing lubricated with 3% TiO2 and Al2O3 

Nano-lubricants was determined using the above illustrated procedure. The obtained results for 

these cases are presented in Figures 25 and 26, respectively. It can be concluded from the data in 

Table 6 that the optimum values of the journal center eccentricity, attitude angle and the X and Y 

components of the load are 0.029973mm,58.773o,16.79N and 1137.1N respectively. Table 7 

shows the optimum values of the journal center eccentricity (0.026808), attitude angle (59.771) 

and the X and Y components of the load -0.22107N and 982.8N. 

 

Fig. 25. Optimum solution for the journal center (3%TiO2). 

 

Fig. 26. Optimum solution for the journal center (3% Al2O3). 

5. Conclusions 

Numerical results obtained in the current paper led to the following conclusions: 

1. The maximum oil film pressure and the load carried by the bearing increased when the 

bearing is lubricated with nano-lubricants. The increase becomes higher when higher 

particle concentration of the nanoparticles dispersed in the base oil. 

2. The oil film temperature slightly increases when the bearing is lubricated with different 

types of nano-lubricants. 

3. The increase in the above-mentioned parameters becomes higher when using TiO2 

nanoparticles rather than Al2O3 nanoparticles. 

4. Including the effect of cavitation leading to a higher oil film pressure so that it must be 

taken into consideration for more reliable results. 

5. The optimization technique implemented in the present work shows that the bearing 

lubricated with Al2O3 shows a lower eccentricity and higher attitude angle than that 

lubricated with pure oil and TiO2 Nano-lubricant.  
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