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Introduction
Hydrodynamic journal bearings (HJBs) are vital components in rotating machinery, 
where a thin lubricant film separates the shaft from the bearing surface to sustain heavy 
loads and minimize direct contact [1, 2]. They are extensively employed in turbines, 
compressors, marine propulsion systems, and pumps, where their ability to carry high 
radial loads and suppress vibrations ensure reliable operation [1, 3]. However, conven-
tional cylindrical bearings often exhibit instabilities such as oil whirl, cavitation, and 
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excessive power loss at elevated speeds. To mitigate these drawbacks, multi-lobe designs 
have been developed. In particular, three-lobe bearings introduce inherent preload and 
segmented pressure zones, which have been reported to improve film stiffness and 
enhance stability margins [3–6]. Despite these advantages, most investigations on TiO₂-
based nanolubricants have been carried out on plain and elliptical bearings [7–9], while 
the cavitation-prone three-lobe configuration remains underexplored. Experimental 
studies have confirmed that TiO₂ nanoparticles can increase load capacity and reduce 
friction [7, 10], but cavitation dynamics were not incorporated into these analyses. 
High-speed CFD investigations of TiO₂/ZnO nanofluids [9] have obtained encourag-
ing results; however, systematic evaluations at moderate speeds (N < 1000 RPM), which 
are highly relevant to industrial practice, are still rare. Furthermore, direct comparisons 
of base oils and nanolubricants under identical test conditions remain limited [11, 12], 
restricting the ability to isolate nanoparticle-specific effects.

Experimental validation has consistently been observed as a critical step for assess-
ing CFD predictions of journal bearing behavior. For instance, Shaltout and Hegazi [13] 
demonstrated that combined experimental and numerical approaches can provide reli-
able performance assessments, while Dhande et al. [5] carried out fluid structure inter-
action (FSI) analyses that achieved close agreement with recorded pressure profiles. 
Related investigations further highlight the importance of cavitation modeling in pre-
dicting elastohydrodynamic and multiphase flow behavior [14, 15]. The ZGB cavitation 
model has since been established as a widely accepted framework for simulating vapor 
inception and collapse in hydrodynamic bearings [16–18]. In parallel, the use of nano-
lubricants has been confirmed to enhance viscosity stability, thermal conductivity, and 
load capacity [19–21]. TiO₂ nanoparticles, in particular, have demonstrated favorable 
tribological and thermal characteristics, and several studies have reported their ability to 
suppress cavitation and reduce frictional losses at low concentrations [22–26]. Comple-
mentary reviews and numerical investigations have emphasized the role of non-circular 
bearing geometries [27] and advanced viscosity models [28] in improving stability mar-
gins, offering further insights into lubricant–geometry interactions.

In this context, the present study was carried out to investigate the performance of 
three-lobe journal bearings lubricated with TiO₂ nanofluids at moderate speeds. Hydro-
dynamic pressures were recorded using a test setup and compared against numerical 
predictions obtained through CFD simulations in ANSYS Fluent employing the ZGB 
cavitation model. Also, this study advances the current understanding of hydrodynamic 
lubrication in multi-lobe bearings by integrating experimental and CFD investigations 
using TiO₂-based nanolubricants. Unlike previous studies that primarily focused on 
plain or elliptical bearings [9, 11, 17]. The focus is given in the present work to investi-
gate detailed three-lobe bearing pressure distribution under varying speeds and lubrica-
tion conditions. The validated CFD–ZGB cavitation framework exhibits close agreement 
with experimental measurements and reveals the mechanisms by which TiO₂ nanopar-
ticles enhance pressure build-up and suppress cavitation. These outcomes may establish 
a new benchmark for noncircular journal bearings and demonstrate the role of nanopar-
ticles in stabilizing hydrodynamic films under practical operating conditions with 
improved load-carrying capacity and cavitation control in industrial bearing systems.
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Methodology
The three-lobe hydrodynamic journal bearing was first designed and modeled in Solid-
Works CAD software using the geometrical and operating parameters. The final design 
dimensions, derived from a parametric study, were adopted for fabrication and the bear-
ing was subsequently procured from Suntech Engineering Corporation, Kolkata (India). 
The bearing was then installed in a custom hydrodynamic journal bearing test setup to 
conduct experimental investigations under controlled operating conditions. These tests 
were performed to evaluate the hydrodynamic pressure distribution and load-carrying 
capacity during operation. The experimental data provided a baseline for validation of 
the numerical model.

In parallel, the simulations were carried out in ANSYS Fluent to predict the hydro-
dynamic pressure profile and cavitations with and without nanoparticle. The numeri-
cal predictions were systematically compared with experimental results to assess 
model accuracy and establish confidence in the CFD approach. Figure 1 illustrates the 
three-lobe bearing geometry, and all input parameters used in both experimental and 
numerical studies are summarized in Table  1. These include geometric dimensions, 
operating conditions, lubricant properties, and nanoparticle characteristics. Parameters 
were determined from direct experimental measurements, manufacturer specifications, 
and established literature sources. The eccentricity ratio presented in Table 1 was cal-
culated from the applied design load of 1000 N using the Sommerfeld number derived 
from the bearing design analysis and interpolated from the Raimondi–Boyd charts for 
an L/D ratio of 1. The calculated eccentricity ratio of approximately 0.6 was used as the 
initial input for defining the oil film geometry in the CFD model. In the experimental 
study, tests were performed under a constant load of 1000 N and the inlet pressure was 
determined based on the design calculations. Thus, the eccentricity ratio served as a 
reference design parameter for numerical initialization, while the experimental investi-
gation was governed by load and pressure control to maintain consistency between ana-
lytical, numerical, and experimental approaches.

In the CFD simulation, only the density and dynamic viscosity differed between the 
base oil and TiO₂ nanolubricant, as these parameters directly affect pressure generation 

Fig. 1  The three-lobe bearing geometry
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and film stability. Other properties, including specific heat and vapor pressure, were 
kept constant. The TiO₂ nanoparticle characteristics from Table 1 (density = 4230 kg/m3, 
size = 40  nm) were incorporated through the effective property method, modeling the 
nanolubricant as a homogeneous fluid with modified effective properties at a 0.5 wt.% 
concentration.

Experimentation
The experimentation is carried out on a dedicated journal bearing test setup available at 
the research center (MET Institute of Engineering, Nashik, Maharashtra, India), specifi-
cally designed to support advanced hydrodynamic bearing studies. The setup provides 
a rigid and vibration-free platform that ensures precise control of operating parameters 
and accurate measurement of bearing characteristics. Owing to its modular design, the 
setup accommodates both circular and non-circular geometries, thereby enabling com-
parative performance evaluations under varied configurations. The set up consists of a 
precision journal assembly driven by a belt-coupled A.C. motor, an adjustable loading 
mechanism, and a closed-loop hydraulic lubrication unit illustrated in Fig.  2 (a). The 
lubricant, MOBIL DTE 24 oil, was delivered at a regulated inlet pressure of 0.4  MPa 
using a 0.5 hp gear pump, ensuring consistent film formation during testing. Pressure 
measurements were obtained using a Keller Series 35X transducer (full scale = 3 MPa; 
accuracy ± 0.1% FS → ± 0.003  MPa). Each test condition (speed and lubricant) was 
repeated three times, and the reported values represent the mean of three independent 
readings, while the plotted error bars denote ± 1 standard deviation (σ). These combined 
uncertainties accounting for both instrument precision and experimental repeatability 
lies in the range of ± 0.003–0.02  MPa, corresponding to approximately 0.3–3% of the 

Table 1  Parameters used in the analysis
Category Parameter Symbol Value
Geometry & 
Operating 
Conditions

Journal diameter d 49.89 mm
Bearing diameter D 50 mm
Radial clearance C 0.055 mm
Preload factor δ 0.5
Bearing length L 50 mm
L/D Ratio - 1
Rotational speed N 500, 750, 1000 RPM
Applied load W 1000 N
Inlet Pressure P 0.4 MPa
Eccentricity ratio ε 0.6

Lubricant 
Properties

Lubricant - MOBIL DTE 24
Lubricant viscosity µ 0.0292 Pa·s
Lubricant density ρ 869 kg/m3

Vapor saturation pressure Pv 0.018542 MPa
Specific heat (lubricant) Cp 1951 J/kg·K

Nanoparticle 
Properties (TiO₂ 
additive)

Nanoparticle type - TiO₂
Concentration - 0.5 wt.%
TiO₂ nanoparticle size - 40 nm (Range: 30–50 nm), Density 

(ρ) = 4230 kg/m3

Dynamic viscosity 0.0294 Pa·s
Density of the TiO₂ 
nanolubricant

870 kg/m3

Material 
Properties

Bearing material - C45 Steel: E = 200 GPa, ρ = 7870 kg/m3, ν = 0.3
Shaft material - EN8 Steel: E = 210 GPa, ρ = 7850 kg/m3,
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measured pressure, depending on angular position and load. To capture the circumfer-
ential pressure distribution, the bearing housing was fabricated with 12 pressure ports 
evenly spaced at 30° intervals. A schematic layout section of the test setup, including 
transducer positioning, shaft–bearing alignment, and data-acquisition arrangement, has 
been incorporated as shown in Fig. 2 (b) and the clear understanding of the pressure-
sensor distribution along the bearing circumference as shown in Fig. 3.

TiO₂ nanolubricant (0.5 wt.%) was prepared by dispersing TiO₂ nanoparticles (30–
50 nm, anatase phase; Nanolabs Ltd., India) in Mobil DTE 24 base oil. The mixture was 
mechanically stirred at 1500 rpm and magnetically agitated at 1200 rpm for 30 min to 
achieve uniform dispersion. Oleic acid was used as a surfactant to reduce surface energy 
and prevent nanoparticle agglomeration. The prepared nanolubricant remained visu-
ally stable without sedimentation for at least 4 h, covering all experimental runs. TiO₂ 

Fig. 2  a Actual experimental test setup. b A Schematic diagram of the test rig
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nanoparticles were selected due to their high thermal stability, low density, and inert 
interaction with the base oil and metallic surfaces [7, 9].

The addition of TiO₂ nanoparticles to the base lubricant primarily modifies its 
thermo-physical properties such as viscosity, density, and specific heat, without altering 
the overall fluid behavior or flow regime. The viscosity enhancement was experimentally 
verified and modeled using the modified Krieger–Dougherty correlation, consistent with 
the findings of Suryawanshi and Pattiwar [7], who confirmed Newtonian flow behavior 
even with TiO₂ additives up to 0.5 wt%. Hence, the mixture multiphase model and ZGB 
cavitation model remain valid for both base and nanolubricants, as they accurately cap-
ture pressure–vapor interactions in thin-film regions. The improved load capacity and 
reduced friction observed in CFD and experimental results are attributed to the higher 
viscosity and film strength rather than any fundamental change in flow characteristics.

Before experimentation, the system was initially operated for 30 min to attain mechan-
ical and thermal stability, thereby minimizing transient effects and ensuring repeatable 
results. After steady-state conditions were established, the journal speed was adjusted 
using a variable frequency drive (VFD), and the load was applied through a calibrated 
spring balance. Pressure data were then recorded simultaneously from all twelve circum-
ferential locations spanning 0° to 330°. The effect of temperature on lubricant viscosity 
was evaluated during the experimental trials, and it was found to be negligible under 
the selected test conditions. The bearing tests were performed at moderate speeds and 
medium load, where the oil film temperature rise measured near the bearing inlet and 
outlet was less than 5 °C. This small variation does not cause a significant change in the 
viscosity of Mobil DTE 24 or TiO₂ (0.5 wt.%) nanolubricant, confirming that isothermal 
conditions could be reasonably assumed for experimentation [7, 11, 12]. The measured 
pressure generated at each experimental conditions is presented in Table  2, while the 
corresponding plots of pressure generated are shown in Fig. 4.

Fig. 3  Pressure sensors position
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The experimental findings revealed a pronounced influence of lubricant composition 
on the hydrodynamic performance of the three-lobe journal bearing. Compared to the 
base oil, the addition of 0.5 wt.% TiO₂ nanoparticles consistently elevated film pres-
sures across all operating speeds (500, 750, and 1000 RPM). Notably, at 1000 RPM the 
peak pressure in the converging zone (210°) increased from 1.04 MPa with base oil to 
1.22  MPa with the nanolubricant. This substantial pressure rise reflects the enhanced 
load-carrying capacity of the bearing and underscores the ability of the nanoparticles 
to suppress cavitation and stabilize the lubricant film under dynamic conditions. The 
improvements were more significant at higher rotational speeds, reflecting the stabiliz-
ing role of nanoparticles in sustaining the lubricant film.

Table 2  Experimental hydrodynamic pressures for base oil and 0.5% wt. TiO₂ nanolubricant
Angular position (°) Mobil DTE24 0.5% wt. TiO₂ nanoparticles

Measured pressure (MPa) Measured pressure (MPa)

500 RPM 750 RPM 1000 RPM 500 RPM 750 RPM 1000 RPM
0°/360° (Top) 0.40 0.40 0.40 0.40 0.40 0.40
30° 0.28 0.38 0.52 0.34 0.39 0.55
60° 0.33 0.45 0.58 0.48 0.49 0.61
90° (right) 0.36 0.52 0.67 0.58 0.63 0.73
120° 0.40 0.58 0.78 0.56 0.69 0.83
150° 0.41 0.59 0.78 0.58 0.73 0.87
180° (bottom) 0.42 0.64 0.88 0.66 0.79 1.06
210° 0.48 0.78 1.04 0.68 0.89 1.22
240° 0.22 0.11 0.13 0.38 0.50 0.93
270° (left) –0.23 –0.32 –0.18 –0.18 0.16 0.66
300° –0.42 –0.43 –0.28 –0.33 –0.08 0.47
330° –0.39 –0.39 –0.20 –0.12 –0.09 0.28

Fig. 4  Pressures generated at each experimental condition
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CFD analysis
The CFD simulations were carried out to analyze pressure distribution, cavitation onset, 
and film behavior in the three-lobe journal bearing using both base oil (Mobil DTE 24) 
and TiO₂ nanolubricants. Figure  1 illustrates the three-lobe bearing geometry, and all 
input parameters used in numerical studies are summarized in Table 1. The simulation 
procedure followed a sequential workflow starting from geometry modeling and mesh-
ing to model selection, boundary condition setup, and solver initialization. Convergence 
was ensured through residual monitoring and pressure stabilization, followed by post-
processing and validation with experimental data, as shown in Fig. 5.

Among multiphase approaches such as VOF, Eulerian, and DPM, the mixture model 
was selected for its balance of accuracy and computational efficiency in bearing appli-
cations. Unlike the traditional Reynolds equation approach, which assumes a single-
phase incompressible flow and represents cavitation only through simplified pressure 

Fig. 5  Flow chart of numerical simulation process steps
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boundaries [9, 14, 15], Cavitation was modeled using the Zwart–Gerber–Belamri (ZGB) 
formulation, which incorporates bubble nucleation, growth, and collapse dynamics with 
reported prediction errors below 5% [16]. The mixture–ZGB model simultaneously 
resolves liquid and vapor phases, allowing accurate prediction of vapor fraction and 
pressure recovery based on local pressure variation [11, 17]. This integrated model has 
also been validated for nanolubricant-based hydrodynamic bearings, confirming its reli-
ability in capturing cavitation suppression and film stability effects [12].

The governing equations for bubble growth, vapor transport, and phase change mass 
transfer as given in Eqs. (1), (2), (3), (4), were derived from the Rayleigh–Plesset relation, 
with surface tension and bubble acceleration effects neglected, as these are insignificant 
for submicron bubbles typically present in hydrodynamic lubrication.

The resulting bubble growth rate is expressed as:

dRb

dt
=

√
2
3

· pb − p

ρl
� (1)

This relationship is embedded in the vapor transport equation:

∂

∂t
(av · ρv) + ∇ (av · ρv · vv) = Ce − Cc� (2)

where, Ce and Cc account for the mass transfer between the liquid and vapor phases in 
cavitation, av  is the vapor volume fraction, and is key to accurately representing local 
density variations in cavitated zones.

A microbubble radius of Rb = 10−6m was adopted, consistent with experimen-
tal pressure recovery observations at 300° and representative of entrapped microbub-
bles on machined C45 steel surfaces. The nucleation site volume fraction was set to 
anue = 5 × 10−4, based on the measured surface roughness of the test bearings. The 
evaporation and condensation coefficients were set to Fevap = 50 and Fcond = 0.02 to 
ensure stable convergence and accurate vapor generation rates [4, 18].

The model switches between evaporation (P < Pv):

Ce = Fevap · 3 · anue (1 − av) · ρv

Rb
·
√

2
3

pv − p

ρl
� (3)

and condensation modes (P ≥ Pv):

CC = Fcond · 3 · av · ρv

Rb
·
√

2
3

pv − p

ρl
� (4)

This configuration enabled accurate prediction of vapor formation in low-pressure 
zones and gradual collapse during re-pressurization. The hydrodynamic behavior of 
the three-lobe journal bearing was simulated in ANSYS Workbench 2024R1 by solving 
the fundamental conservation equations of mass and momentum (Eqs. 5, 6, 7). In order 
to realistically capture the fluid response inside the converging and diverging regions, 
lubricant viscosity was treated as a pressure–temperature dependent property rather 
than as a constant, following the model proposed [29]. This allowed the CFD model to 
account for the localized viscosity variations that directly influence pressure generation 
and cavitation formation within the thin film.
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The lubricant film thickness was determined using Eq. (8), which integrates the effects 
of preload geometry, journal eccentricity and angular displacement of the shaft. Addi-
tionally, the formulation incorporates elastic deformation of the bearing surface, ensur-
ing that compliance effects were reflected in the clearance distribution [4]. By combining 
these factors, the model was able to capture realistic film geometry under dynamic oper-
ating conditions. Flow regime characterization was carried out through calculation of 
the Reynolds number using Eq. (9). Across the tested speed range (500–1000 RPM), val-
ues were consistently below 2000, thereby confirming the laminar nature of the lubricant 
flow. This justified the exclusion of turbulence modeling, simplifying the computational 
effort without compromising accuracy. Finally, viscosity variation was further refined 
using the exponential pressure–temperature dependence given in Eq. (10).

Mass conservation:

∂ρ

∂t
+ ∇ (ρ · −→v ) = 0� (5)

where, ρ is fluid density and −→v  is the fluid velocity vector.
Momentum conservation:

∂(ρ · −→v )
∂t

+ ∇ (ρ · −→v • −→v ) = −∇P + ∇ (τ) + ρ.g + F � (6)

where P  is the static pressure, τ  is the stress tensor, ρ.g is the force due to gravity, and F  
is the external body force.

Stress tensor (τ):

τ = µ[
(

∇ · −→v + ∇ · −→v T
)

− 2
3

∇ × −→v • I]� (7)

where, µ is the fluid viscosity and I  is the unit tensor.
Equation (8) includes the elastic deformation term (δE) for completeness; however, in 

this study, the bearing and journal surfaces were assumed rigid, and δE was set to zero. 
This assumption is valid because the maximum pressure (≈1.5 MPa) induces negligible 
deformation in C45 steel (E = 200 GPa) compared to the minimum film thickness, and 
thus does not influence the hydrodynamic behavior.

Film thickness (h):

h = cP − X · cos (θ) − Y · sin (θ) − (cP − cb) • cos (θ − θP ) + δE � (8)

where, h is the film thickness, cP  is the preloaded radial clearance; X and Y are journal 
center displacements; θ is the angular position; cb is the base circle clearance; θP ​ is the 
preload (lobe) angle; and δE ​ is elastic deformation.

Reynolds number (Re):

Re = ρ · ω · R · Cb

µ
� (9)

Values between 4.28 and 8.56 across the tested speeds confirm laminar flow, well below 
the turbulent threshold (Re < 2000).

Viscosity model:
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µ = µ0eα(P −P0)eβ(T −T0)� (10)

where α and β are empirical pressure and temperature coefficients.
The SIMPLEC algorithm was used for pressure–velocity coupling, while second-

order upwind discretization ensured accuracy in momentum and volume fraction 
equations. Convergence was considered achieved when continuity and momentum 
residuals dropped below 1 × 10⁻⁶ and integral pressure values stabilized. This framework 
enabled reliable prediction of hydrodynamic pressure buildup and cavitation suppres-
sion. Boundary conditions applied for CFD analysis are same as that of experimental 
conditions; a summary of the simulation setup and boundary conditions is provided in 
Table 3. Since, experimental observations revealed marginal rise in lubricant tempera-
ture during the working conditions at varying speed. The CFD simulations were con-
ducted under isothermal assumptions, since the viscosity variations within this limited 
temperature range (< 5 °C) had an insignificant influence on hydrodynamic pressure and 
film stability. Similar simplifications have been adopted in prior studies on noncircular 
and multi-lobe bearings operating under comparable conditions, where thermal cou-
pling showed minimal impact on the pressure field [9, 14, 15, 17]. This approach also 
reduces computational complexity without compromising accuracy.

Mesh configuration

The computational domain was discretized using a structured hexahedral mesh consist-
ing of 415,716 control volumes. The structured grid was designed to conform closely 
to the bearing geometry, minimizing interpolation errors and accurately resolving steep 
pressure and velocity gradients within the thin lubrication film. To capture viscous 
effects near the wall, seven inflation layers were introduced with a first-layer thickness of 
1 µm, maintaining the non-dimensional wall distance (y⁺ < 1) within the viscous sublayer. 
Although the flow is laminar, such near-wall refinement is crucial for accurate prediction 
of shear stresses and pressure buildup in the film region. This meshing strategy is consis-
tent with lubrication flow analyses reported by [9, 14, 17]. This configuration allowed the 
model to capture pressure build-up and shear stresses within the film with high fidelity. 
In the load-controlled CFD simulations, a dynamic mesh update strategy was applied to 

Table 3  CFD simulation setup and boundary conditions
Parameter Specification
Software ANSYS Workbench 2024R1
Solver type Pressure-based, 3D, double precision, steady-state
Flow regime Laminar
Cavitation model Zwart–Gerber–Belamri (ZGB)
Multiphase model Mixture model with vapor transport
Inlet boundary Pressure inlet, gauge pressure = 0.4 MPa at 0°
Outlet boundary Pressure outlet, atmospheric pressure
Journal wall Rotating wall (500, 750, 1000 RPM), no-slip condition
Bearing wall Stationary, no-slip condition
Mesh configuration Structured hexahedral, 415,716 cells
Near-wall resolution 7 layers; first-layer thickness = 1 µm
Mesh quality Skewness: 0.16–0.85 (maintained < 0.3 in critical hydrodynamic regions)
Pressure–velocity coupling SIMPLEC algorithm
Spatial discretization Second-order upwind (momentum, volume fraction)
Convergence criteria Residuals ≤ 1 × 10⁻⁶ (continuity, momentum) with stabilization of integral pressures
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maintain force equilibrium between the applied load and the hydrodynamic reaction. 
The structured hexahedral mesh shown in Fig.  6 was generated with local refinement 
in the lubrication film region. During simulation, the journal position was iteratively 
adjusted, and the mesh was automatically deformed using a spring-based smoothing and 
local remeshing algorithm in ANSYS Fluent to preserve element quality and orthogonal-
ity. This process continued until the resultant hydrodynamic force matched the 1000 N 
load within 0.1% residual error. The adopted approach ensured accurate prediction of 
the equilibrium eccentricity and film profile without mesh distortion or numerical 
instability.

Mesh quality was assessed using skewness, which was varied between 0.16 and 0.85 
across the computational domain. In the critical hydrodynamic regions particularly the 
converging zone where peak pressures are generated and the diverging zone susceptible 
to cavitation skewness values remained below 0.3, thereby minimizing numerical diffu-
sion and promoting stable convergence of the governing equations. A mesh indepen-
dence study was carried out to confirm grid adequacy and successive mesh refinements 
were tested, and the observed variations in peak pressure and vapor volume fraction 
were less than 2%. This established that the adopted mesh offered an optimal balance 
between computational efficiency and solution accuracy, ensuring reliable results across 
all simulated operating speeds.

Pressure and cavitation in journal bearings

Figure  7 (a-c) presents pressure contours obtained from the simulations, where con-
sistent trend was observed across all operating speeds. The addition of TiO₂ nanopar-
ticles enhanced peak pressures in the converging regions while simultaneously 
mitigating negative pressures in the diverging zones. Figure 7(a) shows the addition of 

Fig. 6  The structured hexahedral mesh
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TiO₂ nanoparticles increased peak pressures in the converging zones and reduced the 
extent of vapor cavities, indicating early cavitation suppression compared to base oil at 
500 RPM.

Figure  7(b) shows the nanolubricant further elevated hydrodynamic pressures while 
significantly diminishing negative-pressure regions, showing a stronger stabilizing effect 
on the lubricant film at 750 RPM. Figure 7(c) shows cavitation pockets were nearly elimi-
nated with the nanolubricant, demonstrating its ability to sustain film stability and pres-
sure under higher dynamic loads at 1000 RPM.

For comparison, pressure values were extracted from the CFD simulations at 12 cir-
cumferential locations (0°–330° at 30° intervals), corresponding to the pressure trans-
ducer positions in the experimental setup which is summarized in Table 4.

Fig. 7  CFD predicted pressure contours at (a) 500 RPM, (b) 750 RPM, and (c) 1000 RPM, comparing base oil(left) 
and TiO₂ nanolubricant(right)
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Results and discussion
The combined experimental and numerical analyses revealed that dispersing 0.5 wt.% 
TiO₂ nanoparticles into Mobil DTE 24 oil markedly enhanced the hydrodynamic perfor-
mance of the three-lobe journal bearing. The improvement stems from the rheological 
modification, interfacial enhancement, and thermal effects introduced by TiO₂ nanopar-
ticles, which alter the lubricant’s viscosity, surface tension, and heat-transfer behavior. 
The nanoparticles increased the effective viscosity and film stiffness, thereby stabiliz-
ing the pressure field and preventing local pressure drops below vapor pressure. Their 
spherical anatase morphology improved surface wettability and reduced interfacial 
tension, suppressing vapor nucleation and bubble growth. Furthermore, the enhanced 
thermal conductivity of the nanolubricant facilitated localized heat dissipation, limiting 
vapor formation in low-pressure regions. These synergistic effects collectively extended 
the full-film lubrication regime, reduced vapor fraction intensity, and improved load-
carrying stability. Similar cavitation suppression mechanisms for oxide-based nanolu-
bricants have been reported by Awad et al. [7], Abass et al. [9], Biswas et al. [14], and 
Tauviqirrahman et al. [17].

A detailed comparison of pressure distributions at twelve circumferential locations 
(0°–330°, at 30° intervals) presented in Fig.  8 (a–c) confirmed excellent correlation 
between experimental and CFD results. At 500 RPM, the CFD model accurately cap-
tured pressure peaks and cavitation onset; at 750 RPM, both datasets exhibited a non-
linear pressure rise with clear suppression of negative pressures; and at 1000 RPM, the 
agreement remained strong, with deviations within ± 6% across all conditions. This con-
sistency validates the reliability of the developed CFD framework in predicting nanopar-
ticle-induced hydrodynamic improvements.

The experimental and CFD results consistently showed higher film pressures and 
improved cavitation resistance with the TiO₂ nanolubricant across all operating speeds 
(500–1000 RPM). Compared with the base oil, the nanolubricant significantly increased 
peak pressures in the converging zones while alleviating negative pressures in the 
diverging regions. At 1000 RPM, the maximum pressure at the 210° location rose from 
1.04 MPa (base oil) to 1.22 MPa (nanolubricant) in experiments, and from 1.10 MPa to 
1.30 MPa in CFD simulations, while the minimum pressure approached zero confirming 

Table 4  CFD-predicted pressure distribution for base oil and TiO₂ nanolubricant
Angular position (°) Mobil DTE24 0.5% wt. TiO₂ nanoparticles

Observed pressure (MPa) at various 
speed

Observed pressure (MPa) at various 
speed

500 RPM 750 RPM 1000 RPM 500 RPM 750 RPM 1000 RPM
0°/360° (Top) 0.4 0.4 0.4 0.4 0.4 0.4
30° 0.3 0.41 0.55 0.36 0.42 0.58
60° 0.35 0.48 0.62 0.51 0.53 0.65
90° (Right) 0.38 0.56 0.72 0.62 0.68 0.78
120° 0.42 0.61 0.82 0.59 0.73 0.88
150° 0.43 0.63 0.84 0.61 0.78 0.92
180° (Bottom) 0.44 0.68 0.94 0.70 0.84 1.12
210° 0.5 0.82 1.1 0.72 0.95 1.3
240° 0.23 0.12 0.14 0.4 0.54 1
270° (Left) –0.25 –0.35 –0.20 –0.20 0.17 0.7
300° –0.45 –0.46 –0.30 –0.35 –0.09 0.5
330° –0.42 –0.42 –0.22 –0.13 –0.10 0.3
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effective cavitation suppression and improved film continuity. A localized high-pressure 
region (~ 1 MPa) was also observed near the inlet due to hydrodynamic wedge forma-
tion from journal rotation within the converging film. This amplification, exceeding 
the supply pressure (0.4 MPa), is characteristic of noncircular bearings and aligns with 

Fig. 8  Comparison of experimental and CFD pressure distributions at (a) 500RPM, (b) 750RPM and (c) 1000RPM
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earlier findings by Abass et al. [9] and Tauviqirrahman et al. [17]. The improvement was 
more pronounced at higher speeds, reflecting the nanoparticles’ stabilizing role under 
elevated shear and thermal conditions. The CFD pressure contours further revealed 
that vapor cavities diminished with increasing speed and were nearly eliminated at 1000 
RPM, demonstrating the enhanced film integrity achieved with the nanolubricant. These 
enhancements directly translated into greater load-carrying capacity and reduced risk of 
film rupture.

Overall, the CFD framework effectively captured the coupled liquid–vapor interac-
tions within the bearing clearance. The strong experimental–numerical agreement 
confirmed the suitability of the mixture multiphase model coupled with the Zwart–
Gerber–Belamri (ZGB) cavitation formulation for noncircular geometries. The TiO₂ 
nanolubricant enhanced hydrodynamic pressure distribution, suppressed vapor frac-
tion formation, and ensured smoother film continuity, confirming its effectiveness in 
improving load stability and cavitation resistance in multi-lobe bearings. The validated 
CFD model further provided physical insight into the underlying cavitation dynamics. 
It accurately predicted the onset, growth, and collapse of vapor cavities, and reproduced 
the nonlinear variation of pressure with rotational speed. The reliability of the ZGB 
model for cavitating flow in noncircular bearings is well supported by previous investi-
gations [6, 10, 14]. Comparative analysis with earlier studies (Table 5) highlights that the 
present three-lobe bearing lubricated with 0.5 wt.% TiO₂ nanofluid (L/D = 1.0) achieved 
approximately 15–18% higher peak pressure and substantially improved cavitation resis-
tance relative to prior oxide-based nanolubricants.

Conclusions

1.	 The addition of 0.5 wt.% TiO₂ nanoparticles to Mobil DTE 24 oil improved 
hydrodynamic performance by increasing peak pressures, suppressing cavitation, and 
enhancing load-carrying stability across 500–1000 RPM.

2.	 CFD simulations using the mixture multiphase model with the ZGB cavitation 
approach showed close agreement with experiments (within ± 6%), confirming the 
reliability of the numerical framework.

3.	 Circumferential pressure analysis revealed that TiO₂ nanoparticles were most effective 
in diverging regions, where they reduced negative pressures, stabilized the lubricant 
film, and minimized cavitation occurrence.

4.	 The use of TiO₂ nanolubricant promoted uniform pressure distribution and sustained 
film thickness at higher speeds, contributing to improved bearing performance.

5.	 The integrated experimental and CFD approach established a benchmark for three-
lobe bearings with nanolubricants, offering predictive capability, reducing extensive 
testing needs, and guiding design optimization for improved bearing life and stability.

6.	 From an industrial viewpoint, the results demonstrate the potential of TiO₂ 
nanolubricants to enhance the efficiency and reliability of high-speed rotating 
equipment such as turbines, compressors, and precision spindles by mitigating 
cavitation and improving film stability.

7.	 Future direction should focus on incorporating thermo-hydrodynamic coupling, 
transient analysis, optimization of nanoparticle concentration and geometry, 
comparative evaluation with other nanolubricants.
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Table 5  Comparison of key findings with earlier studies
Reference Lubricant/Nanoparticles Bearing Type Method/Model Key 

Findings
Improve-
ment

[7] TiO₂/SAE 40 Elliptical Experimental TiO₂ nano-
lubricant 
improved 
load ca-
pacity and 
reduced 
wear scar 
diameter 
by 10%

Focused 
on wear 
and fric-
tion; no 
CFD or 
cavitation 
modeling

[9] CuO/SAE 40 Cylindrical CFD (Reynolds 
equation)

CuO 
nanopar-
ticles 
increased 
load 
capacity 
by 8%

No 
experi-
mental 
validation; 
limited 
cavitation 
prediction

[14] Al₂O₃/ISO VG 46 Two-lobe CFD + Experimental Al₂O₃ 
nano-
lubricant 
improved 
pressure 
stabil-
ity and 
reduced 
tempera-
ture rise 
by 5 °C

Did not 
model 
vapor 
frac-
tion or 
cavitation 
zones

[17] ZnO/VG 68 Multi-lobe CFD (ZGB cavitation 
model)

ZnO 
nanopar-
ticles 
increased 
pres-
sure by 
10% and 
delayed 
cavitation 
onset

No 
experi-
mental 
confir-
mation 
provided

[13] TiO₂/SAE 30 Cylindrical Experimental TiO₂ 
reduced 
wear scar 
diameter 
by 12% 
and 
enhanced 
film 
strength

No CFD 
validation 
or pres-
sure field 
analysis

Present 
Study

TiO₂ (0.5 wt.%)/Mobil DTE 24 Three-lobe 
(non-circular)

Experimental + CFD 
(ZGB)

TiO₂ nano-
lubricant 
increased 
peak pres-
sure by 
15–18%, 
sup-
pressed 
cavita-
tion, and 
enhanced 
load 
stability

First com-
bined 
experi-
mental 
–CFD 
validation 
for TiO₂ 
nanolu-
bricant in 
a three-
lobe 
bearing 
(L/D = 1.0)
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Nomenclature
ρ Fluid density

−→v  Fluid velocity vector
P  Static pressure
τ  Stress tensor
µ Dynamic viscosity
I  Unit tensor
h Film thickness
cP  Preloaded radial clearance
cb Base circle clearance
θ Angular position
θP  Preload (lobe) angle
δE  Elastic deformation
Re Reynolds number
Cc Condensation rate
Fevap Evaporation coefficient
Fcond Condensation coefficient
anue Nucleation site volume fraction
β Temperature-viscosity coefficient
Rb Bubble radius
av  Vapor volume fraction
Ce Evaporation rate
ω Angular velocity
R Bearing radius
µ0 Reference viscosity
α Pressure-viscosity coefficient
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