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Abstract: This study presents an experimental analysis of a turbocharger equipped with a semi-

floating bearing system, with a particular focus on the bifurcation phenomenon within the 

subsynchronous vibration spectrum. A predefined Design of Experiments (DoE) methodology was 

employed to determine the measurement domains to be analyzed, where the primary input 

parameters included the lubricant supply temperature and pressure values. The bifurcation 

phenomenon in relation to the physical parameters of the system are observed via vibration and 

displacement sensors in two, enabling the collection of subsynchronous frequency data for further 

insights into the influence of lubricant parameters on the rotor system. While the nonlinear effect of 

oil temperature is well studied in the literature. However the combined effect of oil supply 

temperature and pressure was not yet examined. This paper aims to investigate its coupled effects 

on the bifurcation phenomenon associated with both lubricant temperature and pressure. The 

occurrence of the introduced phenomenon is further examined to enhance the understanding of 

uncharted behavior of turbocharger rotors and other rotor-bearing-based machinery. 

Keywords: turbocharger; bifurcation; subsynchronous vibration; semi-floating bearing; lubricant 

pressure and temperature; transient behavior 

 

1. Introduction 

Turbomachinery systems incorporating hydrodynamic bearing technology have increasingly 

gained interest within the automotive and aviation industries, driven by the tightening of emission 

regulations and the continuous pursuit of enhanced performance and efficiency [1–3]. However, 

turbochargers in internal combustion engines are subjected to extreme thermal and mechanical loads, 

as well as harsh vibrational environments [4–6]. These conditions necessitate a more comprehensive 

investigation and deeper understanding of fundamental rotordynamic vibration phenomenon. The 

significance of research in this domain is underscored by the critical role that lifespan optimization 

and performance enhancement play in all aspects of turbomachinery development and application 

[7]. 

During extensively high rotational speeds, the properties of the lubricant exert a significant 

influence on the bifurcation phenomenon, leading to variations in the onset of bifurcation under 

different lubricant conditions. The bifurcation speed is linked to both lubricant characteristics and 

rotordynamic behavior, necessitating a more in-depth analysis of the system’s sub-synchronous 

vibration spectrum to comprehensively understand these interactions [8–12]. 

The correlation between pressure intensity and temperature in relation to the lubricant within 

the system remains an area of ongoing inquiry. The precise impact of these factors, as well as their 

interrelationship, on the intrinsic parameters of the rotordynamic systems such as damping and 
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stiffness—remains inadequately understood [13–16]. Current complex rotordynamic models 

continue to face challenges in accurately capturing the precise effects of these variable factors, leading 

to uncertainties in the prediction of system behavior and outcomes. 

1.1. Bifurcation Theories 

Bifurcation in rotordynamics can be interpreted in two distinct ways: 

 One approach to understanding bifurcation characterizes it as the onset of irregular or chaotic 

motion, where the rotor's dynamic response becomes unpredictable due to nonlinear 

interactions. This framework is particularly effective for analyzing transitions from periodic to 

chaotic behavior in systems exhibiting strong nonlinearity. By elucidating the mechanisms that 

trigger such transitions, this interpretation enhances our ability to design and control rotor 

systems. Several studies employing this approach [17–21] provide critical insights into the 

initiation and development of chaotic dynamics, and their findings will be discussed in detail in 

subsequent sections. 

 The other approach defines bifurcation as a specific critical rotational speed at which the rotor 

transitions between different vibrational states, such as shifts in subsynchronous whirl modes. 

This type, often called mode transition bifurcation, helps identify stability thresholds and the 

influence of operational parameters like oil supply conditions. Some studies employing this 

approach [22,23], and their findings will be discussed in detail in subsequent sections. 

While both perspectives provide valuable insights, their applicability depends on the specific 

objectives of the analysis. In this article, we refer to mode transition bifurcation as the basis for our 

investigation. 

1.2. Bifurcation as the Onset of Unpredictable Dynamic Response 

On the other hand, the bifurcation phenomenon associated with rotordynamic systems can be 

investigated through various methodologies, including experimental approaches and more 

theoretical analyses via simulations. Both approaches represent significant research domains, 

contributing to advancements in the understanding of the mathematical structure of bifurcation. One 

such study, conducted by Singh et al. [17], presents a finite element simulation model to analyze the 

bifurcation behavior of a simplified turbocharger. In this study, the acting lubricant forces were 

derived from the Reynolds equation, with Ocvirk’s short-bearing theory applied, while the Half-

Sommerfeld boundary conditions were also incorporated. The second-order governing differential 

equations of motion were reduced to first-order ordinary differential equation (O.D.E.) form using 

state-space variables, with the MATLAB® ode15s solver employed for their solution. The results of 

these calculations demonstrated the variation of bifurcation values at both fluid film bearings 

operating at the same speed, with these variations being correlated to the eccentricity of the rotor-

bearing system. 

The theoretical exploration of bifurcation, despite the availability of mathematical analyses, 

remains inherently imperfect. Bifurcation encompasses several sub-theories and application 

methodologies, each of which defines its mathematical utility within specific domains. In his study, 

Myers [18] investigated bifurcation in plain cylindrical journal bearings using Hopf bifurcation and 

long bearing theory. His study provides a mathematical framework for applying Hopf bifurcation in 

turbocharger systems, detailing the solution of the associated ODEs and the link between eccentricity 

and bifurcation. In this study stability threshold is identified, where bifurcation can occur in both 

stable and unstable regimes. While small journal trajectory deviations don’t necessarily indicate 

bifurcation, larger orbits may suggest its presence, especially near stability limits. A numerical 

investigation supports the analytical findings, distinguishing between supercritical and subcritical 

bifurcation. In supercritical cases, instability emerges gradually, with a stable whirl orbit forming just 

beyond the threshold and increasing in amplitude as speed rises. Subcritical bifurcation, however, 

leads to more complex behavior, where stable orbits may exist above and below the threshold, 

depending on initial conditions, without a smooth transition from stability to instability. The study 
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highlights the limitations of purely linearized approaches, emphasizing the need for greater 

awareness of nonlinear effects in bearing calculations. A detailed threshold map, derived from a 

simplified rotordynamic model, visually supports these findings. The strong correlation between 

eccentricity and bifurcation suggests potential for further research to predict bifurcation locations in 

rotordynamic systems. 

The turbocharger system’s excitation—evidenced by correlated modal shapes and response 

magnitudes—suggests bifurcation. Kucherenko et al. [19] investigated the diverse cyclic responses of 

a non-linear rotor-bearing system by developing a mathematical model focused on the relationship 

between bifurcation and the self-excitation factors, steamwhirl and oilwhip. Their analysis, which 

employed Hopf bifurcation theory to identify threshold limits, showed that amplitude responses 

vary between stable and unstable conditions. Using Jeffcott’s rotordynamic model for validation, the 

study concludes that exceeding the first linear bifurcation can trigger a transition from steady to 

unsteady behavior, with steamwhirl producing dangerous amplitudes beyond this point. 

Tadayoshi’s study [20] employed an experimental method to analyze bifurcation using a 2D 

diagram, with a specialized water journal bearing on a specialized test bench. This setup enabled 

detailed investigation of how pressure and viscosity variations correlate with bifurcation. The study 

applied Poincaré Section theory to interpret data, explored rotor displacement effects, and addressed 

noise and resonance differences between water and oil-based lubricants. The resulting bifurcation 

diagrams showed that under specific lubricant conditions, the rigid rotor’s limit-cycle vibrations at 

resonance mimic Hopf bifurcation phenomenon. 

Continuing with experimental investigations, the study by Chatzistavris et al. [21] investigated 

bifurcation phenomenon in rotor-bearing systems through a combined theoretical and experimental 

approach. It demonstrates how key parameters—such as rotational speed, damping, and stiffness—

induce transitions from steady-state to periodic or chaotic behavior via Hopf bifurcation, marking 

the onset of self-excited vibrations. Complementing this mathematical framework, the authors 

employ a unique copper-wired bearing system with spatially varying wiring density to eliminate 

subsynchronous responses. Detailed vibration measurements reveal that locally varying damping 

and stiffness significantly affect bifurcation occurrence, while Floquet theory is applied to assess the 

stability of response limit cycles. Together, these approaches provide a robust framework for 

predicting and controlling bifurcation-induced phenomenon in rotor dynamics, offering insights for 

improved design and diagnostic strategies in engineering applications. 

1.3. Bifurcation as Vibrational State Transition 

The previously discussed papers applied bifurcation theory in the context of irregular or chaotic 

motion, where the rotor's dynamic response becomes unpredictable due to nonlinear interactions. In 

contrast, the following studies define bifurcation as a sudden change in motion, as exemplified by 

the study of Dyk et al. [22], they presented a linear analysis of floating-ring bearings (FRBs) in 

turbocharger applications, focusing on fluid-induced instabilities and bifurcation phenomenon. 

FRBs—composed of a journal, a floating ring, and a housing separated by two oil films—exhibit 

nonlinear behavior under light loads or high speeds. Several linearization methods for the fluid forces 

are proposed, and holistic Campbell diagrams are used to display natural frequencies, whirl 

frequencies, modal damping, and precession. The analysis shows that bifurcations leading to 

gyroscopic conical deflection shapes are linked to mode instability, with the resulting motion often 

occurring at a lower theoretical whirl frequency than the unstable mode. The study also examines 

cylindrical deflection shapes, which, under complex conditions, can lock to an unstable cylindrical 

mode and induce oil whip. While advanced linearization methods offer slight improvements in 

modal predictions, they are significantly more computationally demanding. The work demonstrates 

that linear analysis can efficiently provide fundamental insights into the nonlinear rotordynamics of 

FRBs and predict bifurcation-induced transitions, informing design strategies for mitigating fluid-

induced instabilities. 

The master’s thesis of Vistamehr [23] investigates the dynamic behavior of automotive 

turbochargers supported on semi-floating ring bearings (SFRBs), which exhibit nonlinear fluid film 
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characteristics leading to complex phenomenon such as bifurcations which are identified as 

frequency jumps. The study integrates a fluid film bearing model into a finite element rotordynamics 

framework to predict both linear and nonlinear forced responses during rotor acceleration and 

deceleration. It identifies two subsynchronous whirl frequencies—ω₁ associated with a conical mode, 

and ω₂, with a cylindrical bending mode—and a sudden transition (bifurcation) from ω₁ to ω₂ at a 

critical speed (bifurcation speed). Key findings indicate that operating conditions and bearing 

parameters, such as oil supply pressure and temperature, rotor acceleration, and imbalance 

distribution, significantly influence the onset of this bifurcation phenomenon. Notably, hysteresis 

between acceleration and deceleration cycles was observed. This work aligns with the current 

research focus on bifurcation as a sudden change in motion and underscores the sensitivity of 

turbocharger rotordynamic behavior to various operational factors, warranting further analysis and 

validation to refine predictive models for improved turbocharger performance and noise reduction. 

The article of San Andrés [24] presents a thermo-hydrodynamic model for oil-lubricated semi-

floating ring bearings in turbochargers, predicting film pressure, temperature fields, and thermal 

energy flows. It emphasizes how lubricant supply conditions—specifically oil temperature and feed 

pressure—affect the lubricant's ability to remove heat from the heated shaft. Key findings indicate 

that lower oil temperatures or higher pressures enhance inner film flow and heat removal, while the 

shaft’s operating temperature primarily determines the maximum inner film temperature. 

Additionally, increased inner film clearance boosts flow but also raises shear drag losses due to high 

oil viscosity, while axial grooves improve lubricant delivery and reduce film temperatures at the cost 

of increased drag losses. Although their approach aligns with the present study, in examining oil 

temperature and pressure effects, their study focused on heat removal, whereas this research 

investigates the influence of these parameters on rotordynamic behavior, focusing on vibrational 

domain. 

Based on the investigated literature this study examines the correlation between lubricant 

parameters and bifurcation. Controlled laboratory conditions allow for steady lubricant pressure and 

temperature, aiding the refinement of mathematical models of bifurcation phenomenon. In 

automotive turbochargers, high inlet pressures and temperatures can affect lifespan and 

performance. Thus, the primary aim is to map the temperature-pressure relationship affecting 

bifurcation. 

2. Materials and Methods 

This chapter outlines the methodologies and experimental procedures employed to investigate 

the correlation between lubricant parameters and the bifurcation phenomenon in turbocharger 

systems. The following sections describe the testbench environment, experimental design, and the 

data processing methodology used to obtain and analyze the measurement results. 

2.1. Testbench Environment 

A specialized turbocharger test bench, designed specifically for vibration diagnostics, was used 

to conduct the experiments (see Figure 1). A turbocharger from a 4-cylinder gasoline engine, 

equipped with semi-floating bearings, was powered by pressurized air. The bench’s control system 

(NI CompactRIO, NI, Austin, USA) enabled standardized tests with predetermined ramp-up and 

ramp-down rates. Additionally, a uniquely designed oil conditioning unit provided lubrication to 

the turbocharger. Precise control of this unit was crucial for studying the impact of varying oil 

properties on turbocharger vibrations, as it allowed for adjustments in both oil supply temperature 

and pressure—fully replicating the operating conditions encountered in real-world environments. 
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Figure 1. Schematic diagram of the testing environment. 

To measure turbocharger vibrations, one-directional acceleration sensors (IMC AD1E060, imc, 

Berlin, Germany) were mounted horizontally on the center housing and vertically at the oil outlet 

section (see Figure 2, label 1). A Picoturn eddy-current rotational speed sensor (PTSM-H 5.3, Picoturn, 

Cambridgeshire, UK; see Figure 2, label 2) was used to monitor rotor speed, while two Micro-Epsilon 

eddy-current displacement sensors (ES04, Micro-Epsilon, Ortenburg, Germany) were mounted 

perpendicularly at the shaft end (see Figure 2, label 3). An IMC Cronosflex CRFX-2000 GP data 

acquisition system (imc, Berlin, Germany) with a sampling frequency of 50 kHz per channel 

processed the signals from the speed, acceleration, and displacement sensors, making it well-suited 

for vibration and rotordynamic analysis. 

 

Figure 2. Turbocharger with the applied accelerometers (1), RPM probe (2) and displacement sensors 

(3). 

In summary, the rigorously designed testbench and precision instrumentation ensure highly 

reliable data collection, which is critical for the accurate analysis of turbocharger dynamics. This 

robust framework paves the way for our experimental design, providing a solid foundation for 

evaluating the system’s performance under a range of operating conditions. 
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2.2. Experimental Design: DoE Method and Measured Operational Points 

As introduced in the literature review section, several studies have explored bifurcation 

phenomenon in turbocharger rotordynamics. This study focuses on the bifurcation behavior induced 

by variations in oil supply temperature and pressure. The oil supply temperature range was defined 

based on system constraints, ensuring safe and controlled operation. A lower limit of 40 °C was 

selected to maintain conditions above ambient, as the oil circuit is designed solely for heating, while 

the upper limit of 120 °C was set to prevent oil degradation and remain within the maintainable range 

of the system. To capture multistage effects, temperature levels were established at 40, 60, 80, 100, 

and 120 °C. 

Similarly, the oil supply pressure range was set between 1.5 bar and 2.5 bar (relative) to balance 

lubrication performance and system integrity. The lower limit of 1.5 bar ensures sufficient lubrication 

during initial run-up and run-down cycles without risk of damage, while the upper limit of 2.5 bar—

0.5 bar above nominal pressure—allows for assessing overpressure effects while maintaining safe 

operating conditions. 

Although a full factorial design with these five levels for both parameters would yield 25 

operational points, the extensive sensor data and multiple measurement cycles necessitated a more 

efficient approach. After evaluating several design of experiments (DoE) methodologies, a custom 

fractional factorial design was adopted, as illustrated in Figure 3., which includes four additional 

points to improve interpolation accuracy. 

 

Figure 3. The operational points investigated in a fractional factorial design for oil supply temperature 

and pressure. 

The sequence in which the oil supply pressures and temperatures were tested was not critical to 

the experimental procedure, as the primary focus was on capturing the measurements for all defined 

combinations. For each combination, ramp-up and ramp-down measurements were conducted 

within the speed range of 0 to 140,000 RPM, with three repetitions performed to ensure repeatability. 

Figure 4. shows the flow chart of the measurement procedure. 

 

Figure 4. Flow chart of the measurement procedure. 

Overall, the structured approach adopted in our experimental design, incorporating carefully 

defined operating parameters and a custom fractional factorial DoE framework, yielded robust and 
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reliable data. This comprehensive dataset necessitated systematic processing to ensure that the 

complex bifurcation phenomenon in turbocharger rotordynamics is accurately captured and 

effectively analyzed. 

2.3. Data Processing Methodology 

Data processing was carried out with the imc Famos software, and involved exporting raw data 

from acceleration, displacement, and rotor speed (rpm) sensors. The raw data was then segmented, 

as each measurement file contained both run-up and run-down phases, requiring careful separation 

into distinct sections. Following segmentation, the data was further processed using order spectrum 

analysis, which applies the Fast Fourier Transform (FFT) to represent the vibration components in 

the order domain. Next, a specific order tracking method was employed to precisely determine 

bifurcation speeds. This method was selected for its ability to accurately detect subsynchronous 

phenomena—specifically, the subsynchronous components. These steps are illustrated in Figure 5. 

 

Figure 5. Flow chart of the evaluation pocedure. 

As the first step after segmentation, Figure 6. shows the order spectrum for one run-up phase is 

depicted, calculated from the displacement sensor data, with oil supply conditions set to 40 °C and a 

pressure of 2.00 bar. This approach enabled the identification of critical bifurcation events, providing 

reliable insights into the dynamic behavior of the system under varying operating conditions. Figure 

5. is depicted only up to the second order, as the focus is on the subsynchronous components. The 

bifurcation speed is clearly visible at about 65,000 rpm, where the first subsynchronous component 

(Sub 1) transfers into to the second (Sub 2). The color scale was optimized to highlight the 

subsynchronous components in detail. Notably, both subsynchronous components exhibit multiple 

modulations at higher order numbers, emphasizing the significance of this phenomenon in 

understanding the system’s dynamics. 

 

Figure 6. Order spectrum of a displacement sensor from a run-up ramp measurement with 40 °C and 

2 bar pressure. (1) shows Sub 1, and (2) shows Sub 2. 

To determine the bifurcation speed points and eliminate the need for manual identification in 

the order spectrum, a custom-designed order tracking method was applied to the data. This approach 
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focuses on the relevant order range, with displacement magnitudes plotted in a 2-D diagram as a 

function of rotational speed. Figure 7. illustrates the process and the resulting two-dimensional 

visualization. The 0.35 order was chosen as the center point, with a 100% order width considered. 

This means the range from 0.35/2 order left and right from the 0.35 order was analyzed and depicted 

on the 2-D diagram. The result on the right-hand side clearly reveals the bifurcation point, making it 

easily identifiable. 

 

Figure 7. Order tracking process and 2-D displacement magnitude diagram for bifurcation point 

identification. 

Chapter 2 outlined the experimental setup, including the testbench environment, measurement 

methodology, and data evaluation processes. The testbench, equipped with precision instruments 

and controlled settings, allowed for accurate collection of vibration data under varying operating 

conditions, while the data processing methodology facilitated the identification of key bifurcation 

phenomenon. The subsequent chapters will build on these methodologies to elucidate the dynamic 

behavior and bifurcation phenomenon of the system. 

3. Results and Discussion 

As the research gap was introduced in Chapter 1 and the measurement and evaluation 

methodology was clarified in Chapter 2, this section presents a summary of the key results obtained 

from the experimental testing. The focus of these results is on identifying the bifurcation speed during 

the ramp-up phase of the turbocharger rotor. It is important to note that these results are derived 

from data collected by all four sensors (two accelerometers and two displacement sensors), and it is 

crucial that the same bifurcation speed is consistently recorded across these sensors for each 

operation point. While the data from all four sensors were measured and recorded for the sake of 

robust validation and further studies, it is not necessary to present all of them here, as they serve to 

support subsequent analysis. 

The primary input parameters investigated in this study were oil supply temperature and 

pressure, which were analyzed to understand their interrelationship and impact on rotordynamics. 

To begin, temperature curves are presented as a function of oil supply pressure, revealing the 

influence of pressure on the system's lubrication properties. As shown in Figure 8., 12 operational 

points were previously considered, with bifurcation speeds consistently ranging from 35,000 to 

70,000 rpm. This critical range is essential as the bifurcation points may vary with rotor design, which 

is affected by factors such as rotor material, mass, turbine and compressor wheel configurations, 

bearing construction, oil viscosity, and operating conditions (e.g., ambient temperature, shaft speed, 

and supply characteristics). The figure illustrates the exact measurements as points, with second-
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order polynomial trend lines providing a smooth approximation of the data for the temperatures 

where at least three points were investigated. These insights are crucial for the optimization of 

turbocharger system designs, as they contribute to a better understanding of bifurcation behavior. By 

adjusting oil pressure and temperature parameters, it is possible to mitigate bifurcation-induced 

instabilities, enhancing the overall performance and reliability of turbocharger systems in automotive 

applications. 

 

Figure 8. Bifurcation speed in the function of oil supply pressure for various oil supply temperatures: 

experimental data points and second-order polynomial trend lines. 

Building on the insights discussed thus far, Figure 9. illustrates how variations in oil inlet 

temperature influence the bifurcation speed for different oil supply pressures. The data points, 

plotted with second-order polynomial trend lines for the pressures where at least three points were 

investigated, show a pronounced downward trend: as temperature increases, the bifurcation speed 

decreases. This effect can be attributed to reduced lubricant viscosity at higher temperatures, leading 

to lower fluid-film stiffness and damping within the bearing system. Notably, elevated supply 

pressures partially counterbalance this decline by enhancing the oil film’s load-carrying capacity. 

These observations reinforce the importance of managing both temperature and pressure to maintain 

stable rotor-bearing dynamics. By carefully tuning these parameters, the safe operating range of the 

turbocharger could be extended, mitigating subsynchronous vibrations and other bifurcation-

induced instabilities. 
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Figure 9. Bifurcation speed in the function of oil inlet temperature for varying oil supply pressures: 

experimental data points and second-order polynomial trend lines. 

Figure 10. summarizes the data from Figures 8. and 9., presenting a three-dimensional shell 

diagram that integrates measured values, as indicated by the white points, with linear interpolation 

applied to provide the continuous surface depicted. The diagram reveals a noticeable trend in which 

the influence of oil supply pressure diminishes as temperature increases, suggesting that higher 

temperatures lead to a reduced impact of pressure on bifurcation behavior. This phenomenon could 

be attributed to the decrease in oil viscosity at elevated temperatures, which in turn lowers the 

damping and stiffness effects afforded by the oil film. This observation is crucial for understanding 

rotor dynamics in the context of turbocharger performance. As oil viscosity decreases with increasing 

temperature, the oil supply pressure becomes less effective in stabilizing the rotor system. This 

information is valuable for optimizing operational strategies as it enables better prediction of 

instability occurrences across the full range of operating conditions. Furthermore, incorporating these 

parameter dependencies into future rotordynamic simulations will enhance the accuracy of bearing 

stiffness and damping calculations. Such improvements could lead to more precise models for rotor 

behavior, particularly under varying thermal conditions. By advancing the understanding of how oil 

temperature and pressure influence the rotor bearings, engineers can refine their designs to mitigate 

instability and improve the reliability of turbochargers in automotive applications. Additionally, 

future investigations can leverage this data to examine other dynamic aspects of rotor systems, such 

as transient behavior and response under extreme operating conditions. 
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Figure 10. Three-dimensional shell diagram of bifurcation speed versus oil supply pressure and 

temperature. 

4. Conclusions 

This study presented an experimental work and its analysis, which offers a deeper 

understanding of bifurcation phenomenon in turbocharger rotordynamics, particularly under 

varying oil supply temperature and pressure. By systematically varying these parameters and 

employing a fractional factorial design, enabled to identify critical bifurcation speeds and map their 

dependence at a given lubricant viscosity, bearing geometry, and rotor design factors. The order 

spectrum analysis and custom order tracking methodology further enabled precise detection of 

subsynchronous vibration components, thus providing reliable insights into the onset and 

progression of bifurcation-induced instabilities. 

Key findings demonstrated that higher oil supply pressures generally increased the bifurcation 

speed, reflecting enhanced damping and stiffness caused by the thicker oil film. Conversely, elevated 

temperatures lower the oil viscosity, diminishing the stabilizing effect of pressure and resulting in 

reduced bifurcation speeds. This interplay highlights the need for careful calibration of temperature 

and pressure to maintain rotor-bearing stability across a range of operational conditions. 

From a practical standpoint, the results of the present study emphasize the value of integrating 

temperature and pressure considerations into both design and operational strategies for turbocharger 

systems. By refining rotordynamic simulations to account for the observed sensitivity of bifurcation 

behavior to lubricant properties, engineers can more accurately predict and mitigate instabilities, 

potentially extending component life and improving overall turbocharger performance. 

Future work could expand on these findings by examining additional variables—such as bearing 

clearances, rotor mass distributions, or extreme thermal and pressure conditions—to further optimize 

the design and reliability of turbocharger rotor-bearing systems. 
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