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Abstract 

On the Dynamic Stability of Automotive Turbochargers: 

Case Studies with various Bearing Configurations 

(February 2018) 

Xiao Fang, B.S., Hanyang University 

Chair of Advisory Committee: Dr. Keun Ryu 

The present study introduces a finite element structural rotor dynamic model to predict the 

stability of automotive turbochargers (TCs) supported on simple rigid geometry fluid film bearings 

(2-axial groove bearings or multi-lobe bearings or offset-half bearings). The turbocharger finite 

element (FE) structural model for linear analyses include lumped masses for compressor wheel, and 

turbine wheel. The free-free mode shapes and natural frequencies of a rotor are measured and 

compared with predictions. Stability of the TC rotor-bearing system is largely related to bearing 

dynamic coefficient (stiffness and damping coefficients). Rotordynamic predictions are conducted 

with a commercial TC rotor model from 10 krpm to 200 krpm. By comparing the bearing force 

coefficients of various configuration bearings, the results show the relationship between bearing 

configurations and rotor-bearing system stability. The higher offset provides higher direct stiffness 

and damping force coefficients of multi-lobe bearing when the bearings are preloaded. The higher 

pad angle provides higher direct stiffness and damping force coefficients of the multi-lobe bearings. 

The 3 lobe bearings provide higher direct dynamic coefficients than the 4 lobe bearings, offset-half 

bearings, and 2-axial groove bearings.  Furthermore, the eigenvalue analysis show significantly 

different stability results among the 2-axial groove bearings, 3 lobe bearings, 4 lobe bearings, and 

offset half bearings.   
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Nomenclature 

Cb Bearing radial clearance [m] 

Cp Pad radial clearance [m] 

rb Bearing radius at minimum clearance [m] 

rj Journal shaft radius [m] 

W Static load on bearing [N] 

Rp Pad radius [m] 

Rb Bearing radius [m] 

Rj Journal radius [m] 

e Eccentricity [m] 

m Preload [-] 

α Offset [-] 

θp Angle from the negative load vector (negative X-axis) to the line connecting the bearing center 

and the pad center of curvature [degree] 

θl Angle from the negative load vector (negative X-axis) to leading edge of the first lobe [degree] 

θt Angle from the negative load vector (negative X-axis) to trailing edge of the first lobe [degree] 

δ Logarithmic decrement [-] 

M Mass [kg] 

C Damping coefficient [kN-s/m] 

K Stiffness coefficient [MN/m] 

Ω Rotor angular velocity [/s] 

X Horizontal direction 

Y Vertical direction  
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Chapter 1. Introduction 

Turbochargers (TCs) are turbomachinery that enhances the efficiency and the power output of 

internal combustion engines by forcing outside air into the combustion chamber. Researchers are 

focused on improving turbocharger designs for better performance at a lower cost as well as to 

improve reliability and increase operational life. The operating speed of turbocharger is very high, 

hence stability of entire system made a very high demand. Bearings are one of the important parts 

of TC rotor-bearing system. 

The current study focuses on TC rotor systems supported on 2-axial groove bearings, offset-

half bearings, and multi-lobe bearings. This study analysis and compare the stability effect of 

turbochargers using different bearing configurations. The most significant considerations for proper 

bearing selection are cost, manufacturability, easy for installation, interchangeability, static 

characteristics, and dynamic characteristics. The static characteristics and the dynamic 

characteristics of bearings are essential in a rotor-dynamic analysis. The results of bearing dynamic 

analysis and eigenvalue analysis are used to verify stability of rotor-bearing systems. 

This study analyzes static characteristics, and dynamic characteristics of TCs supported on 

different types of bearings. After calculating stiffness and damping force coefficients of TC 

supported on each bearing, eigenvalue analysis can be used to compare the stability of each TC 

system. Compare TCs using different bearing configurations can find the source of the stability 

problem of TC. 
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Chapter 2. Literature review 

Turbochargers are machines which enhance performances of internal combustion engines. 

Principal components of turbocharger include compressor wheel, turbine wheel, shaft and bearing. 

Turbochargers are high-performance rotation machines. Shaft speed of turbocharger can reach 

100,000 rpm. Most of the researchers are focused on increasing efficiency of turbochargers, 

especially power output enhanced in a miniaturization turbocharger. Under these circumstances, 

turbochargers appear many problems like excessive levels of steady state synchronous rotor 

response, and sub‐ harmonic rotor instabilities. Previous researchers developed many kinds of 

bearings. These bearings show different stability effect on the turbocharger. To quantify rotor-

bearing system stability, researchers introduced the concept of logarithmic decrements [5]. This 

concept needs to be further described later in this study. There are two ways to improve rotor-bearing 

system stability. One is to redesign all rotor-bearing system, and another one is to amend bearing 

configurations. Amend bearing configurations is more suitable when considering economy and 

manufacturability. 

General bearings include following bearings: plain journal bearings, axial groove bearings, 

elliptical bearings, offset-half bearings, multi-lobe bearings, floating ring bearings, semi-floating 

ring bearings, and tilting pad bearings. This study compares performance difference of automotive 

turbochargers supported on some bearing types. 

Multi-lobe bearings have better stability than plain cylindrical bearings. Zeidan et al. [1] 

describe many types of bearing configurations include preload. Preload is a parameter that is often 

used to change characteristics of the rotor-bearing system. Increased preload enhances fluid film 
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stiffness. On the other hand, an increase in preload reduces damping in a rotor-bearing system. 

Adams [2] introduces several bearings from Zeidan [1], along with a brief discussion of 

strengths and shortcomings of each: Floating axial groove bearings, four axial groove bearings, 

floating-ring bearings, and tilting pad bearings. By using rotor dynamics software (DyRoBeS), result 

shown tilting pad bearing design is most stable bearing design included in this research. 

Similar to Michael, Alsaeed [3] introduce several bearings: floating ring bearings, six-oil-

groove bearings (with different configurations as external damping), 6-pocket bearings, elliptical 

(lemon bore) bearings, and tilting-pad bearings. Though tilting-pad bearings provided stable 

turbocharger rotor-bearing system, they are still relatively expensive to produce. Other types of 

fluid-film journal bearings showed unaccepted instabilities in the linear running. However, a 

turbocharger supported on floating ring bearings has a least unstable whirling operation. Floating-

ring design introduced an external damping by outer oil-film that re-stabilized whirling modes. 

Hence, an attempt was made to find an optimum external damping turbocharger supported on six-

oil-groove bearings. Unfortunately, attempt to optimize whirling modes by adding damped supports 

to six-oil-groove bearings was not successful. 

Mondschein [4] developed TC rotor-dynamic model using floating ring bearings, six axial 

groove bearings, eight axial groove bearings and ten axial groove bearings. Then they analyzed 

stability, and compare with experimental tests. Previous work suggests that modeling turbocharger 

load on compressor wheel rather than turbine wheel is more representative of actual operation 

characteristic [3]. Therefore, FR and 6AG cases were run applying 5, 10, 15, 20, and 25-pound loads 

force on the compressor. 6AG and 8AG bearings performed similarly with 15lbs of compressor 

loading. However, 8AG was unable to be loaded to 25lbs, and 6AG was unable to match the 
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performance of floating ring bearings. Despite improved performance of 6AG bearings with 

compressor loading, linear analytical testing shows it fails to outperform stock FR bearings currently 

used in production turbochargers. 

TC rotor dynamic performance defined by stiffness and damping coefficients of oil-lubricated 

bearings. Lund [6] discussed many bearings include elliptical bearings, 2-axial groove bearings, 3 

lobe bearings, and offset cylindrical bearings. By calculating finite difference solutions of Reynolds 

equations, they calculate stiffness and damping coefficients. 

On this basis, Ferron [7] considers heat transfer between film and bush and both shaft of a finite 

length journal bearing. They even considered cavitation and lubricant recirculation. They compare 

predicted results such as pressure and temperature distribution on bearing wall with experimental 

data. Their conclusion is bearing analysis should be considered thermal deformations. Along with 

differential thermal dilatation between journal and bearing also essential. 

With the development of computer technology, more and more researchers use a computer to 

analyze thermal fluid dynamics. San Andrés [8] presents a thermo-hydrodynamic (THD) analysis 

and computer program to predict static and dynamic force response of hydrostatic journal bearings, 

annular seals, or damping bearings, and fixed arc-pad bearings. Especially six-recess hydrostatic 

bearings which are using Space Shuttle Main Engine high-pressure oxidizer turbopumps. 

Based on finite element analysis for complete rotor dynamics analysis and comprehensive 

bearing performance calculations, Chen [9] developed computer software tool since 1991. This 

software is powerful, yet easy to learn and use, engineering design/analysis software tools. This 

study also uses this software to complete analysis of TC rotor-bearing system. 
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Most researchers discuss the performance of automotive TCs using floating ring bearings, 

tilting pad bearings, and plain cylindrical bearings. This study compares the stability of automotive 

TCs using 2-axial groove bearings, offset-half bearings, and multi-lobe bearings. Marine TCs are 

wildly using offset-half bearings and multi-lobe bearings. This study discusses the new area of these 

bearing types. 
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Chapter 3. Computational model of rotor-bearing system 

This section describes a finite element model of an automotive TC rotating component using a 

commercial rotordynamic software. 

The first section describes a finite element model of automotive TCs rotor. Validation of rotor-

dynamics model requires a good correlation between measured and predicted rotor physical 

properties, as well as free-free natural frequencies and mode shapes. This step is essential for proving 

the accuracy of rotor structural model. 

The second section describes models of each bearing using the computational bearing software. 

Each TC supported on two bearings which named a turbine side bearing and a compressor side 

bearing. This study discusses four types of bearings, every single TC using same bearing type. This 

study using a constant lubricant viscosity to the easier compare characteristics difference between 

each kind of bearings. Next chapter calculates characteristics of bearings such as stiffness and 

damping force coefficients. 

3.1 Finite element (FE) rotor-bearing system model 

Figure 1 shows TC rotor assembly. To validate computational FE model, first measured 

turbocharger dimension, polar moment of inertia and transverse moment of inertia, mass, the center 

of gravity, and free-free mode natural frequencies and mode shape of the turbocharger. The overall 

weight of the TC rotor is 1.51 N, and its center of gravity (C.G.) is located 76.901 mm from the 

compressor wheel end. The measured mass moment of inertia is 2.101×10-4 kg-m2, and polar 
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moment of inertia is 1.780×10-5 kg-m2. Tables 1 through 4 list relevant dimensions of the TC rotor. 

 

Fig. 1 Turbocharger rotor and bearing 

Table 1 Length of TC rotor 

 
Shaft & 

Turbine 
Compressor 

Thrust 

Collar 

Thrust 

Washer 

Compressor 

Nut 

Assembled 

TC rotor 

Measurement 

[mm] 
127.7 25.8 12 1.46 7 127.7 

Prediction 

[mm] 
127.7 25.8 12 1.46 7 127.7 

Difference 

[%] 
0% 0% 0% 0% 0% 0% 
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Table 2 Mass of TC rotor 

 
Shaft & 

Turbine 
Compressor 

Thrust 

Collar 

Thrust 

Washer 

Compressor 

Nut 

Assembled 

TC rotor 

Measurement 

[g] 
109.3 32.8 6 1.1 1.9 151 

Prediction 

[g] 
109.280 32.800 6.044 1.098 1.900 151.12 

Difference 

[%] 
0% 0% 0% 0% 0% 0% 

 

Table 3 Moment of inertia of TC rotor 

 
Shaft & 

Turbine 
Compressor 

Thrust 

Collar 

Thrust 

Washer 

Compressor 

Nut 

Assembled 

TC rotor 

Measurement 

[kg-m
2
] 

6.668× 

10
-5

 
4.177×10

-6
 

1.149× 

10
-7

 

8.216× 

10
-10

 
1.114×10

-8
 2.101×10

-4
 

Prediction 

[kg-m
2
] 

6.668× 

10
-5

 
4.177×10

-6
 

1.129× 

10
-7

 

1.147× 

10
-8

 
1.114×10

-8
 2.048×10

-4
 

Difference 

[%] 
0% 0% 2% 93% 0% 3% 

 

Table 4 Polar moment of inertia of TC rotor 

 
Shaft & 

Turbine 
Compressor 

Thrust 

Collar 

Thrust 

Washer 

Compressor 

Nut 

Assembled 

TC rotor 

Measurement 

[kg-m
2
] 

1.113× 

10
-5

 
6.215×10

-6
 

1.298× 

10
-7

 

2.529× 

10
-8

 
1.952×10

-8
 1.750×10

-5
 

Prediction 

[kg-m
2
] 

1.113× 

10
-5

 
6.215×10

-6
 1.256×10

-7
 2.255×10

-8
 1.952×10

-8
 1.751×10

-5
 

Difference 

[%] 
0% 0% 3% 12% 0% 0% 
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Figure 2 displays the TC rotor-dynamic structural model. The model includes lumped masses 

for the compressor wheel, the turbine wheel, and the thrust collar. 

 

Fig. 2 Rotordynamic structural model of TC rotor 

Free-free mode shapes and natural frequencies of TC rotor are measured, i.e., the rotor model 

does not include any support without rotation. The test rig consisted of FFT signal analyzer and a 

pair of acceleration sensors. Figure 3 displays the test rig of FFT signal analyzer and acceleration 

sensors. 
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Fig. 3 Free-Free mode natural frequencies and mode shapes measurement using FFT signal 

analyzer and acceleration sensors 

The measured values are similar to the predicted values. Figure 4 compares the measured and 

predicted results of first free-free mode shapes and natural frequencies of TC rotor. The measured 

and predicted first free-free natural frequency is 1,456 Hz and 1,339.6 Hz, respectively. Therefore, 

the difference between measurement and prediction is 8 %. 

 

Fig. 4 Measured and predicted first free-free mode shapes of TC rotor 

Acceleration sensor 
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Figure 5 compares measurement and prediction of second free-free mode shapes and natural 

frequencies of TC rotor. The measured and predicted second free-free natural frequency is 4,282 Hz 

and 4,512.4 Hz, respectively. Therefore, the difference between measurement and prediction is 

5.11%. 

 

Fig. 5 Measured and predicted second free-free mode shapes of TC rotor 

Figure 6 displays TC rotor dynamic structural model supported on fluid film bearings. This 

model includes 49 finite elements (12 stations), two bearings and four imbalance masses. Each 

spring connections represent one fluid film bearing. 
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Fig. 6 Rotordynamic model for TC rotor-bearing system. 

3.2 Bearing modeling 

As shown in figure 7, static loads of compressor side bearing are -0.1821N, and turbine side 

bearing are 1.673N, respectively. 

 

Fig. 7 Static load of TC rotor 
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The commercial bearing program calculates static and dynamic characteristic based on bearing 

operating in equilibrium position for a designated shaft speed range. Rotor speed ranges from 10,000 

rpm to 200,000 rpm. The value of lubricant (SAE 0W30) viscosity is 6493(Pa-s), and the density 

value is 0.7785(grams/CC).There are four types of bearings discussion in this study. Offset-half 

bearings have 160 degrees of each pad, 3 lobe bearings have 100 degrees of each pad, and 4 lobe 

bearings have 70 degrees of each pad. On the purpose of this study, all bearings using similar 

physical properties. Tables 5 and 6 display input properties of bearing analysis. Figure 9 describes 

the schematic view of 2-axial groove bearing, offset-half bearings, 3 lobe bearings and 4 lobe 

bearings. Appendix A includes the detail inputs of each bearing (Figure A.16 through A.23). 
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Table 5 Bearing dimensions and support loads 

 

Axial 

Length 

(mm) 

Rotor 

Diameter, D 

(mm) 

Bearing 

Diameter, 

Db (mm) 

Radial 

Clearance, 

Cb (mm) 

Bearing 

Load 

(N) 

Turbine side bearing 6 6.934 6.993 0.030 1.673 

Compressor side bearing 6 6.934 6.993 0.030 -0.1821 

 

Table 6 Lubricant performances and other bearing configurations 

 

Lubricant 

Dynamic 

viscosity (cP) 

Lubricant 

density 

(g/CC) 

Preload Offset 

Two axial groove bearing  

(160 degree pad) 
6.493 0.7785 0 0 

offset half bearing  

（160 degree pad） 
6.493 0.7785 0.5 0.8 

3 lobe bearing  

(100 degree pad) 
6.493 0.7785 0.5 0.8 

4 lobe bearing 

 ( 70 degree pad) 
6.493 0.7785 0.5 0.8 

Bearing preload and offset determine dynamic coefficients (stiffness and damping). Preload 

bearings mean bearing pads have a larger radius than a journal. Preloading let pad center of curvature 

move closer to journal, to create a higher pressure. Variable L often define preload value of a bearing 

by which defined as equation (1): 

m = (Cp-Cb)/Cp = 1-Cb/Cp       (1) 

Cb = rb-rj and Cp = rp-rj 

where Cb is the bearing minimum assembled radial clearance; Cp is the pad machined radial 

clearance; rb is the bearing assembled radial at minimum clearance, and rj is the journal shaft radial. 
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When preload value is zero means no preload, then the center of the rotor and the center of the 

bearing are coinciding. In this configuration, this bearing is a cylindrical journal bearing. When 

preload value equal to 1, the shaft contact the bearing. 

When preload exists on bearing and shaft always rotated in one direction, pads can be offset, 

which is another important configuration of bearings. In mathematical significance, the offset value 

is a fraction of converging pad surface to full arc length. When offset value is equal to 0.5 means, 

there is no offset of the pad. If offset value less than 0.5, that means pad surface becomes diverging. 

Otherwise, offset value larger than 0.5 provides convergent pad surface. Offset value defined by 

equation (2): 

α = (θp-θl)/ (θt-θl)       （2） 

where θp is the angle from negative load vector (y-axis) to a line connects bearing center and pad 

center of curvature. θl is the angle from negative load vector (y-axis) to leading edge of the first lobe. 

θt is the angle from negative load vector (y-axis) to trailing edge of the first lobe. To better 

understand preload and offset, Figure 8 describes an illustration of a 3 lobe bearing. 
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Fig. 8 Preload and offset of a 3 lobe bearing 

 

Fig. 9 Schematic view of (a) plain cylindrical bearing, (b) axial groove bearing, (c) offset half 

bearing, (d) 3 lobe bearing, and (e) 4 lobe bearing 
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Chapter 4. Predicted results 

The first section of this chapter presents the static characteristic of fluid-film bearing analysis, 

including predicted eccentricity ratio, attitude angle, minimum film thickness and maximum film 

pressure and frictional power loss of lubricant films versus rotor speed. These analyses are to 

investigate the effect of bearing configurations on bearing performance. Static characteristics can 

calculate dynamic characteristics (stiffness and damping coefficients). 

Next, analytical procedure results of estimating stability on turbocharger rotor are given by 

eigenvalue analysis. Moreover, compare the effect of different configurations of bearings on rotor-

bearing system stability. 

4.1 Predicted bearing performance 

This section presents the static and the dynamic characteristic of bearing analysis. To more 

intuitive comparison of the bearing configuration on performance impact, export the calculation 

result to make a table. Because of the same reason, this study tries to use same axis dimensions in 

one kind of particular result. These bearing analysis inputs show in Appendix A. 

Bearing reaction force from oil film bearing varies with different rotor speeds, which means that the 

equilibrium position is becoming different with different rotor speed. Confirm the rotor center locus with rotor 

speed variation, eccentricity ratio, and attitude angle are using to achieve this goal. Figure 10 and 11 describe 

eccentricity ratios versus rotor speed of each bearing. All figures show that when rotor speed increases, 

eccentricity ratio becomes lower. The result showed that center of rotor and journal become closer when rotor 
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speed increases. At low speed, turbine side bearings have much higher eccentricity ratio than compressor side 

bearings; this may because turbine side bearings forced on higher static load from the rotor. On the other hand, 

these figures show the center of 2-axial groove bearings has the lowest eccentricity in operation 

rotor speed. 

 

Fig. 10 Eccentricity ratio of compressor side bearing 
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Fig. 11 Eccentricity ratio of turbine side bearing 

Figures 12 and 13 describe attitude angles [degree] of each bearing. Attitude angles of each 

bearing tend to increase when shaft speed became higher. Attitude angles increased amplitude in 

compressor side bearings are very small, close to constant. On the other hand, attitude angles in 

compressor side bearings are more significant than turbine side bearings. Reason for these 

phenomena may be the static load on compressor side is negative. Note that offset-half bearings 

have lower attitude angles than other bearings. 
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Fig. 12 Attitude angle of compressor side bearing. 

 

Fig. 13 Attitude angle of turbine side bearing. 
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Figures 14 and 15 describe ratios between film thickness and bearing clearance of each bearing. 

As the name suggests, bearing contacts journal wall if the minimum film thickness is 0. During 

Reynold’s equation, the position of minimum film thickness presents highest flow rate of highest 

pressure. Minimum film thickness decreases mean shaft center close to journal center. Minimum 

film thickness becomes higher when shaft speed increases. 

 

Fig. 14 Ratios of minimum film thickness over bearing clearance of compressor side bearing. 
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Fig. 15 Ratios of minimum film thickness over bearing clearance of turbine side bearing. 

Figures 16 and 17 present maximum film pressures of each bearing. Apparently, offset bearings 

have a significant impact on maximum film pressure. In 2-axial groove bearings, maximum film 

pressures almost constant when increasing shaft speed. The pressure in turbine side bearings was 

larger than compressor side at low shaft speed, which because of the difference of static loads from 

the rotor. Maximum film pressures are approximately linearly increasing with shaft speed to offset 

bearings. 3 lobe bearings have secondary maximum film pressures on both sides. 4 lobe bearings 

have less maximum film pressures than three lobe bearings. 2-axial groove bearings have lowest 

maximum film pressures. 
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Fig. 16 Maximum film pressure of compressor side bearing. 

 

Fig. 17 Maximum film pressure of turbine side bearing 
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Stiffness coefficients are proportional to rotational speed and fluid viscosity. It means there is 

no fluid film bearing stiffness without rotation. Figure 18 and Figure 19 present stiffness coefficients 

Kxx of each bearing. Naturally, offset-half bearings and multi-lobe bearings present higher stiffness 

coefficients Kxx than 2-axial groove bearings. Similar to the result of maximum film pressure, higher 

shaft speed increases higher stiffness coefficients Kxx absolute value than other bearings, and this 

process is approximately linear. In both side bearings, 3 lobe bearing stiffness coefficients Kxx are 

highest, 4 lobe bearing stiffness coefficients Kxx are higher than offset half bearing stiffness 

coefficients Kxx and lowest stiffness coefficients Kxx are coming from 2-axial groove bearings. Note 

that on turbine side, this situation becomes precisely opposite when rotor speed at low speed 

(<25,000 rpm). 

 

Fig. 18 Stiffness coefficients Kxx of compressor side bearing 
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Fig. 19 Stiffness coefficients Kxx of turbine side bearing 

Figures 20 through 23 present cross-coupled stiffness coefficients of each bearing. Similar to 

stiffness coefficients Kxx, higher shaft speed increases higher cross-coupled stiffness absolute value 

than other bearings. Moreover, this process is also approximately linear. In both side bearings, cross-

coupled stiffness coefficients Kxy in 3 lobe bearings are larger than other bearings. 4 lobe bearings 

have larger cross-coupled stiffness coefficients Kxy than the 2-axial groove bearing. Offset half 

bearings have lowest cross-coupled stiffness coefficients Kxy. 

All cross-coupled stiffness coefficients Kyx are negative values. In both side bearings, cross-

coupled stiffness coefficients Kyx in 4 lobe bearings are larger than other bearings. 3 lobe bearings 

have larger cross-coupled stiffness coefficients Kyx than offset half bearing. 2-axial groove bearings 

have lowest cross-coupled stiffness coefficients Kyx. 
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Fig. 20 Stiffness coefficients Kxy of compressor side bearing. 

 

Fig. 21 Stiffness coefficients Kxy of turbine side bearing. 
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Fig. 22 Stiffness coefficients Kyx of compressor side bearing. 

 

Fig. 23 Stiffness coefficients Kyx of turbine side bearing. 
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Figures 24 and 25 show analysis results of stiffness coefficients in the y-direction, offset-half 

bearings present higher stiffness coefficients Kyy than other bearings. Similar to stiffness coefficients 

Kxx, higher shaft speed of bearings have higher stiffness coefficients than other bearings. Moreover, 

this process is approximately linear. In both side bearings, offset half bearing stiffness coefficients 

Kyy are highest, 3 lobe bearing stiffness coefficients Kyy are higher than 4 lobe bearing stiffness 

coefficients Kyy, and lowest bearings stiffness coefficients Kyy are coming from 2-axial groove 

bearings. 

 

Fig. 24 Stiffness coefficients Kyy of compressor side bearing. 
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Fig. 25 Stiffness coefficients Kyy of turbine side bearing. 

Damping coefficients depend on fluid viscosity and journal equilibrium position. When the 

viscosity is a constant value, damping coefficient only depends on equilibrium position. Figures 26 

and 27 present damping coefficients of each bearing. Damping coefficients Cxx of compressor side 

bearings are almost constant. 3 lobe bearings show highest damping coefficients on the compressor 

side. 4 lobe bearing damping coefficients Cxx are higher than 2-axial groove bearings, and lowest 

damping coefficients Cxx are coming from offset half bearings. On turbine side, these damping 

coefficients Cxx are similar in high shaft speed (> 25,000 rpm). 
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Fig. 26 Damping coefficients Cxx of compressor side bearing. 

 

Fig. 27 Damping coefficients Cxx of turbine side bearing. 
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Figures 28 and 29 present negative value of cross-coupled damping coefficients Cxy of each 

bearing. When rotation speed is increasing, all bearings cross-coupled damping coefficients Cxy 

increase slowly. 0045ven in compressor side offset-half bearings, cross-coupled damping 

coefficients are almost constant value in whole operation speed range. Turbine side bearing has 

relatively significant changes in damping coefficients Cxy. It means equilibrium position also has a 

relatively significant change. Compare lobe number, offset half bearings had smallest damping 

coefficients Cxy in turbine side bearing. By the way, Figures 30 and 31 show figures of damping 

coefficients Cyx are similar to damping coefficients Cxy. 

 

Fig. 28 Damping coefficients Cxy of compressor side bearing. 



32 
 

 
 

 

Fig. 29 Damping coefficients Cxy of turbine side bearing. 

 

Fig. 30 Damping coefficients Cyx of compressor side bearing. 
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Fig. 31 Damping coefficients Cyx of turbine side bearing. 

Below two damping coefficient figures shown damping coefficients Cyy. Apparently, 2-axial 

groove bearings have highest damping coefficient Cyy; other bearings have damping coefficients Cyy 

almost equal to 0. Figures 32 and 33 present damping coefficients Cyy of TC supported on each 

bearing. 
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Fig. 32 Damping coefficients Cyy of compressor side bearing. 

 

Fig. 33 Damping coefficients Cyy of turbine side bearing. 
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Preload m and offset α are the significant configurations of multi-lobe bearing analysis. For a 

more intuitive analysis of these configurations effect of the multi-lobe bearing. The next research 

compares the dynamic force coefficients (stiffness and damping) of 3 lobe bearing using different 

preload and offset. When preload is equal to 0, the offset does not make sense in this condition. 

Figures 34 through 37 show direct stiffness force coefficients Kxx and Kyy of 3 lobe bearing 

using different preload and offset. When preload=0, the direct stiffness force coefficients change 

negligible (or even decreases) as rotor speed increases. When preload is not equal to 0, the direct 

stiffness force coefficients increases as rotor speed increases. In this case, higher offset provides 

higher stiffness force coefficients. On the other hand, higher preload provides higher stiffness force 

coefficients in the same offset condition. Appendix A include the input data of these bearings 

(Figures A. 1 through A. 12). 

 

Fig. 34 Stiffness coefficients Kxx of 3 lobe bearing (preload=0.25; no preload) 
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Fig. 35 Stiffness coefficients Kxx of 3 lobe bearing (preload=0.5; no preload) 

 

Fig. 36 Stiffness coefficients Kyy of 3 lobe bearing (preload=0.25; no preload) 
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Fig. 37 Stiffness coefficients Kyy of 3 lobe bearing (preload=0.5; no preload) 

Figures 38 through 41 show cross-coupled stiffness force coefficients Kxy and Kyx of 3 lobe 

bearing using different preload and offset. When preload is not equal to 0, the direct stiffness force 

coefficients increases as rotor speed increases. In this case, higher offset provides higher stiffness 

force coefficients. On the other hand, higher preload provides lower stiffness force coefficients in 

the same offset condition. 
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Fig. 38 Stiffness coefficients Kxy of 3 lobe bearing (preload=0.25; no preload) 

 

Fig. 39 Stiffness coefficients Kxy of 3 lobe bearing (preload=0.5; no preload) 
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Fig. 40 Stiffness coefficients -Kyx of 3 lobe bearing (preload=0.25; no preload) 

 

Fig. 41 Stiffness coefficients -Kyx of 3 lobe bearing (preload=0.5; no preload) 

Figures 42 through 45 show direct damping force coefficients Cxx and Cyy of 3 lobe bearing 
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using different preload and offset. When preload=0, the direct damping force coefficients change 

negligible (or even decreases) as rotor speed increases. When preload is not equal to 0, the direct 

damping force coefficients Cxx are lowest. In this case, higher offset provides higher damping force 

coefficients. On the other hand, higher preload provides lower damping force coefficients in the 

same offset condition. 

 

Fig. 42 Damping coefficients Cxx of 3 lobe bearing (preload=0.25; no preload) 
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Fig. 43 Damping coefficients Cxx of 3 lobe bearing (preload=0.5; no preload) 

 

Fig. 44 Damping coefficients Cyy of 3 lobe bearing (preload=0.25; no preload) 
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Fig. 45 Damping coefficients Cxx of 3 lobe bearing (preload=0.5; no preload) 

Figures 46 through 49 show cross-coupled damping force coefficients Cxy and Cyx of 3 lobe 

bearing using different preload and offset. All the cross-coupled damping force coefficients Cxy and 

Cyx become 0 when rotor speed increase. 
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Fig. 46 Damping coefficients Cxy of 3 lobe bearing (preload=0.25; no preload) 

 

Fig. 47 Damping coefficients Cxy of 3 lobe bearing (preload=0.5; no preload) 
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Fig. 48 Damping coefficients Cyx of 3 lobe bearing (preload=0.25; no preload) 

 

Fig. 49 Damping coefficients Cyx of 3 lobe bearing (preload=0.5; no preload) 
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In the multi-lobe bearing, the pad length of bearing lobe is an important configuration. For a 

more intuitive analysis of this configuration effect of the multi-lobe bearing. The next research 

compares the dynamic force coefficients (stiffness and damping) of a 3 lobe bearing using different 

pad angle. The bearing preload=0.5 and offset=0.5 in this comparison. 

Figures 50 and 51 show direct stiffness force coefficients Kxx and Kyy of 3 lobe bearing using 

different pad angle. Obviously, higher pad angle provides higher direct stiffness force coefficients 

of the 3 lobe bearing. 

 

Fig. 50 Stiffness coefficients Kxx of 3 lobe bearing. Pad length of 120, 110, and 100 degrees 
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Fig. 51 Stiffness coefficients Kyy of 3 lobe bearing. Pad length of 120, 110, and 100 degrees 

Figures 52 and 53 show cross-coupled stiffness force coefficients Kxy and Kyx of 3 lobe bearing 

using different pad angle. Obviously, higher pad angle provides higher cross-coupled stiffness force 

coefficients of the 3 lobe bearing. 
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Fig. 52 Stiffness coefficients Kxy of 3 lobe bearing. Pad length of 120, 110, and 100 degrees 

 

Fig. 53 Stiffness coefficients Kyx of 3 lobe bearing. Pad length of 120, 110, and 100 degrees 
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Figures 54 and 55 show direct damping force coefficients Cxx and Cyy of 3 lobe bearing using 

different pad angle. Obviously, higher pad angle provides higher direct damping force coefficients 

of the 3 lobe bearing. 

 

Fig. 54 Damping coefficients Cxx of 3 lobe bearing. Pad length of 120, 110, and 100 degrees 
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Fig. 55 Damping coefficients Cyy of 3 lobe bearing. Pad length of 120, 110, and 100 degrees 

Figures 54 and 55 show cross-coupled damping force coefficients Cxx and Cyx of 3 lobe bearing 

using different pad angles. These figures show similar cross-coupled damping force coefficients of 

3 lobe bearing using different pad angles. 
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Fig. 56 Damping coefficients Cxy of 3 lobe bearing. Pad length of 120, 110, and 100 degrees  

 

Fig. 57 Damping coefficients Cyx of 3 lobe bearing. Pad length of 120, 110, and 100 degrees 
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After analysis of bearings, this study export dynamic force coefficients (stiffness and damping) 

into rotor-bearing system dynamic analysis. 

4.2 Predicted rotordynamic performance 

Input characteristic of this analysis is shaft rotational speeds and number of modes. The number 

of modes is used to specify the number of processional modes that calculate mode shapes 

(eigenvectors). Only lowest 4 to 6 processional modes are essential. More modes need for large 

systems. 

A complex eigenvalue 𝜆 (lambda) is given by: 

𝜆𝑖 = 𝜎𝑖 + 𝑗𝜔𝑑𝑖          (3) 

Subscript i is mode number. If the damped natural frequency is non-zero, this is a processional 

mode. Here oscillating frequency and damped natural frequency are same. If the damped natural 

frequency is zero, this is a real mode (pure rigid body) or non-oscillating mode. Here is the equation 

of logarithmic decrements: 

𝛿 = 𝑙𝑛⁡(
𝑥𝑖

𝑥𝑖+1
)        (4) 

where 𝛿 (Delta) logarithmic decrement 

𝑥𝑖  amplitude of vibration at cycle i 

𝑥𝑖+1 amplitude of vibration at cycle i+1 
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Logarithmic decrement reduced from vibrations equation of motion: 

𝛿 =
2𝜋𝜁

√1−𝜁2
         (5) 

where:      𝜁 =
𝐶

𝐶𝑐
; ⁡ 𝐶𝑐 = 2𝑀𝑤𝑛 = 2√𝐾𝑀 

And where 𝑀 mass 

   𝐶 damping 

   𝐾 stiffness 

   𝛿 Log. Dec. 

   𝛿 > 0 stable or damped system 

   𝛿 = 0 threshold of instability 

   𝛿 < 0⁡ unstable system 

   𝜁 damping ratio or damping factor 

Linear eigenvalue analysis relies on the specification of stiffness and damping force 

coefficients for lubricant oil films at turbine and compressor side bearings. Linearized stiffness and 

damping force coefficients are calculated using commercial fluid film bearing program previously. 

Existing configuration of turbocharger consists of the main rotor supported by four kinds of 

bearings. Turbocharger operational speed ranges between 2,000 to 200,000 rpm. This analysis input 

shows in Appendix B. 

Figures 34 through 37 depict TC rotor mode shape plots at these three critical speeds supported 

on each bearing. This study chooses mode shapes on same rotor speed (120 krpm) to compare mode 
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shapes easier. Mark “C” means compressor side and mark “T” means turbine side. In all operational 

range, this research assumes rotor speed from 2 krpm to 200 krpm, 1st critical speed is related to the 

conical mode of the rotor. In the conical mode, the frequency is from 43.26 Hz to 301.21 Hz. 2nd 

critical speed is related to rotor cylindrical-bending mode, showing greater motions at compressor 

side bearing than at turbine side bearing of the rotor-bearing system. Linear eigenvalue analysis 

shows frequency is from 66.77 Hz to 537.52 Hz in rotor speed from 2 krpm to 200 krpm. Last critical 

speed is related to first bending mode of the rotor. In first bending mode, the frequency is from 

1278.1 Hz to 2520.5 Hz. 

 

Fig. 58 TC rotor natural frequencies versus shaft speed. Rotor supported on 2-axial groove 

bearings. 
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Fig. 59 TC rotor natural frequencies versus shaft speed. Rotor supported on offset-half 

bearings. 

 

Fig. 60 TC rotor natural frequencies versus shaft speed. Rotor supported on 3 lobe bearings. 
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Fig. 61 TC rotor natural frequencies versus shaft speed. Rotor supported on 4 lobe 

bearings. 

Figures 38 through 41 depict TC damping ratios supported on each bearing. A stable system 

has a damping ratio >0, and an unstable system has a negative damping ratio. Results show all rotor-

bearing systems are unstable. After analyzing each mode shapes, conical modes are unstable of all 

bearings, and bending modes are stable of all bearings. The difference comes from the cylindrical 

mode, 2-axial groove bearings and offset-half bearings have an unstable cylindrical mode in 

operational range. 3 lobe bearing cylindrical mode become stable to unstable from rotor speed 

increased from 30 to 32 krpm and 4 lobe bearing cylindrical mode become stable to unstable from 

rotor speed increased from 26 to 28 krpm. 
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Fig. 62 Damped eigenvalues (damping ratios). Rotor supported on 2-axial groove 

bearings. 

 

Fig. 63 Damped eigenvalues (damping ratios). Rotor supported on offset-half bearings. 
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Fig. 64 Damped eigenvalues (damping ratios). Rotor supported on three lobe bearings. 

 

Fig. 65 Damped eigenvalues (damping ratios). Rotor supported on four lobe bearings. 
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The imbalance response needs to analysis shaft motion response. Figure 42 describes shaft 

motion response versus shaft speed. Choose a position on compressor side because generally, the 

maximum amplitude is happening at compressor end. Unit of amplitude is mm (peak-peak). For 

each bearing, 4 lobe bearing has the most significant amplitude of 0.0658 mm when rotor speed 

reaches 122 krpm. 

 

Fig. 66 Shaft motion amplitude versus shaft speed on compressor side. 

Other significant results are transmitted bearing forces. Figures 43 and 44 describe transmitted 

bearing forces versus shaft speed by using each kind of bearings. On both sides, offset-half bearing 

support maximum transmitted force. Transmitted bearing force becomes maximum during shaft 

speed from 100 krpm to 130 krpm of each bearing. 
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Fig. 67 Transmitted bearing force versus shaft speed on compressor side bearings 

 

Fig. 68 Transmitted bearing force versus shaft speed on turbine side bearings.  
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Chapter 5. Conclusions 

The current study presents progress on the automotive turbocharger rotor-bearing system 

performance prediction using rotordynamics models. The predicted results show that the TC rotor 

dynamic performance strongly relies on the bearing configurations. More importantly, this study 

demonstrates the importance of using accurate rotor dynamic models for accurate predictions of 

turbocharger dynamic stability. Most significant conclusions of this research follow. 

The bearing configurations preload and offset have a significant impact on bearing dynamic 

performance. The higher offset provides higher direct stiffness and damping force coefficients of 

multi-lobe bearing (if bearing preloaded). If bearing preload equal to 0, the offset does not make 

sense of bearing performance. The preload does have the effect of bearing dynamic force 

coefficients (stiffness and damping), but the relationship needs further research.  

The bearing pad angles have a significant impact on bearing dynamic performance. The higher 

pad angle provides higher direct stiffness and damping force coefficients of the multi-lobe bearing. 

The higher pad angle even provides higher cross-coupled stiffness force coefficients of the multi-

lobe bearing. 

All predicted results show unstable conical modes, and stable bending modes. The TC 

supported on 2-axial groove bearings, and offset-half bearings have unstable cylindrical modes in 

the operational range. The TC supported on 3 lobe bearing cylindrical mode becomes unstable when 

the rotor speed reaches 32 krpm. The TC supported on 4 lobe bearing cylindrical mode become 

unstable when the rotor speed reaches 28 krpm. 
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4 lobe bearings have most significant imbalance response at the compressor end. When the TC 

rotor supported on offset-half bearings, the transmitted bearing force is more significant than other 

types of bearings. 
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Appendix A 

Figure A.1 through A.12 depict the input data of preload and offset effects of 3 lobe bearing 

analysis. The pad angle of 3 lobe bearings is 100 degree for each analysis condition. 

 

 

Fig. A. 1 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0; offset=0.5) 
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Fig. A. 2 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0; offset=0.6) 

 

Fig. A. 3 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0; offset=0.7) 
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Fig. A. 4 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0; offset=0.8) 

 

Fig. A. 5 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0.25; offset=0.5) 
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 Fig. A. 6 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0.25; offset=0.6) 

 

Fig. A. 7 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0.25; offset=0.7) 
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Fig. A. 8 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0.25; offset=0.8) 

 

Fig. A. 9 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0.5; offset=0.5) 
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Fig. A. 10 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0.5; offset=0.6) 

 

Fig. A. 11 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0.5; offset=0.7) 
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Fig. A. 12 Input data of preload and offset effect (3 lobe bearing turbine side; preload=0.5; offset=0.8) 

Figure A.13 through A.15 depict the input data of pad angle effect of 3 lobe bearing analysis. 

The preload=0.5 and offset=0.5 of 3 lobe bearings are set for each analysis condition. 
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 Fig. A. 13 Input data of pad angle effect (3 lobe bearing turbine side; preload=0.5; offset=0.5; 100 degree) 

 

Fig. A. 14 Input data of pad angle effect (3 lobe bearing turbine side; preload=0.5; offset=0.5; 110 degree) 
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Fig. A. 15 Input data of pad angle effect (3 lobe bearing turbine side; preload=0.5; offset=0.5; 120 degree) 
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Figure A.16 through A.23 depict the input data of bearing type effect analysis. Each TCs 

supported on two bearings, compressor side bearings, and turbine side bearings. 2-axial groove 

bearings have 160 degree angle of each pad. The preload and offset of 2-axial groove bearings are 

all 0. Offset-halves bearings, 3 lobe bearings, and 4 lobe bearings have 0.5 preload and 0.8 offset. 

 

Fig. A. 16 Input data of bearing type effect (2-axial groove bearing compressor side; preload=0; offset=0) 
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Fig. A. 17 Input data of bearing type effect (2-axial groove bearing turbine side; preload=0; offset=0) 

 

Fig. A. 18 Input data of bearing type effect (offset-halves bearing compressor side; preload=0.5; offset=0.8) 
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Fig. A. 19 Input data of bearing type effect (offset-halves bearing turbine side; preload=0.5; offset=0.8) 

 

Fig. A. 20 Input data of bearing type effect (3 lobe bearing compressor side; preload=0.5; offset=0.8) 
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Fig. A. 21 Input data of bearing type effect (3 lobe bearing turbine side; preload=0.5; offset=0.8) 

 

Fig. A. 22 Input data of bearing type effect (4 lobe bearing compressor side; preload=0.5; offset=0.8) 
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Fig. A. 23 Input data of bearing type effect (4 lobe bearing turbine side; preload=0.5; offset=0.8) 
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Appendix B 

Figure B.1 through B.4 depict the shaft elements input of rotor-bearing system analysis. 

 

Fig. B. 1 Input data of rotor-bearing analysis model (shaft elements 1-20) 
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Fig. B. 2 Input data of rotor-bearing analysis model (shaft elements 21-40) 

 

Fig. B. 3 Input data of rotor-bearing analysis model (shaft elements 41-60) 
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Fig. B. 4 Input data of rotor-bearing analysis model (shaft elements 61-67) 

Figure B.5 depict the unbalance input of rotor-bearing system analysis. Figure B.6 depict the 

eigenvalue analysis input of rotor-bearing system analysis. 
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Fig. B. 5 Input data of rotor-bearing analysis model (unbalance) 

 

Fig. B. 6 Input data of rotor-bearing analysis 
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