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Abstract
The correct capture and understanding of the bearing induced rotor vibrations is nowadays a rather compul-

sory task, which should accompany the modeling and simulation work flow of high-speed rotor systems, such as
turbochargers. The oil-film concentrated in the rotor’s journal bearings is the root cause of the systems occurring
non-linear effects known as sub-synchronous vibrations. In this paper the virtual prototype process of turbocharger
rotors with full-floating bearings is presented, which is conducted based on data mining, sensitivity analysis and
non-supervised neural network methods for three levels of the system’s assembly: the wheel-shaft-bearing center
of masses distribution, the bearing-shaft geometry and thewheel unbalance levels. The impact of each design
parameter on the system’s stability is verified by quantifying their influence upon the sub-synchronous evolution
and the inner and outer oil-film load capacity. On this account design configurations are indicated that could be set
as a compromise in terms of feasibility and low-cost production.

1 Introduction
The turbocharger rotor-bearing model with oil-film ring bearings is defined as an assembly of rigid and flex-

ible bodies, which interact with each other due to the presence of joints and force elements (Fig. 1). The mo-
tion equations of such constrained mechanical multi body systems [26, 27] are given by second order, index-3
Differential-Algebraic Equations (DAE) [2, 1, 4, 8]:

M(q)q̈(t) = h(q, q̇, t)−GT (q, t)λ (1)

0 = g(q, t). (2)

Here,qT ∈ R
n×1, n ∈ N

∗ represents the set of generalized coordinates,M ∈ R
n×n the symmetric mass matrix

andh(q, q̇, t) ∈ R
n×1 the vector containing all applied and velocity dependent inertia forces. The generalized

constraint forces−GT (q, t)λ ∈ R
n×1 are defined by the associated Jacobian matrixG := (∂g/∂q)(q, t) and the

Lagrange multipliersλ ∈ R
nc satisfying the existingnc constraints. While the wheels and journal bearings are

modeled as rigid bodies including the associated unbalanceeffects (Fig. 1), the shaft is introduced as a flexible
body, which is FE-discretized and incorporated in (1)-(2) as a Component-Mode-Synthesis reduced order model
[7, 6, 15, 16, 17, 3].

The root cause of the sub-synchronous vibrations -also known as oil-whirl/whip- is the oil-film concentrated in
the rotor journal bearings, which in case of turbocharger rotors with full-floating ring bearings drives the system to
exhibit the following basic sub-synchronous responses [3,22, 24, 5, 9, 29, 25]:

1. 1st sub-synchronous (Sub1) with the oil whirl/whip of the inner oil film exciting the gyroscopic conical for-
ward mode,

2. 2nd sub-synchronous (Sub2) with the oil whirl/whip of the inner oil film exciting the gyroscopic cylindrical
forward mode,

3. 3rd sub-synchronous (Sub3) with the oil whirl/whip of the outer oil film exciting the gyroscopic conical for-
ward mode.
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1. No oil-grooves, bores and/or axial bearing

2. No fluid turbulence, inertia effects and/or  

Figure 1: Turbocharher rotordynamics - modeling procedure

The aforementioned oil-whirl/whip effects are captured bysolving the Reynolds equation [28, 5, 3, 24] for both
the inner and outer film, which in the framework of the currentwork undergo the restrictions quoted in Fig. 1. The
calculated fluid film forces along with the friction torques are incorporated into (1)-(2) for conducting the rotor
dynamic simulations. The rotor is driven by a prescribed motion applied at the turbine wheel center of mass (Fig.
1).

The turbocharger run-up virtual prototype process presented within the framework of this paper is applied for
three levels of the system’s assembly: the wheel-shaft-bearing center of masses design, the bearing-shaft geometry
and the wheel unbalance levels. Each assembly level undergoes separately a variation study with which design
parameters are identified and assessed according to their impact on the sub-synchronous evolution and the inner
and outer oil-film load capacity. All above is conducted for an example rotor system with its’ basic configuration

Table 1: Virtual prototype process - basic rotor assembly information

Design information of rotor assembly Approximate value(≈) Unit

Total rotor assembly mass 70 [g]

Total rotor assembly length 100 [mm]

Bearing ring inner & outer diameter 6 & 9.5 [mm]

Bearing ring inner & outer width 3.5 & 6 [mm]

Reference bearing shaft diameterD 6 [mm]

Dynamic oil viscosity at20◦C 0.16 [Ns/m2]

being given in Table 1. It copes with a small-sized high-speed turbocharger rotor with full-floating ring bearings,
which operates under high oil-supply temperatures (150◦C). The size as well as the maximum operating speed
(3 · 105 RPM) indicates for the aforementioned vibration effects (Sub2 & Sub3) not to be avoidable. While Sub2
could be listed under comfort-issue problems, Sub3 with extended amplitudes might lead to rotor destruction.

It should be mentioned that the results presented in this paper are valid only for the investigated turbocharger
rotor, i. e. generalizations are not advisable.
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2 Turbocharger run-up virtual prototype process
2.1 First assembly level: wheel-shaft-bearing center of mass design

The first assembly level considers the system’s basic designgeometry based on center of mass distribution of
all the system’s rigid bodies as given in Fig. 2. The distancebetween the center of massesLCB (compressor wheel

D

LCB LB LTB

Figure 2: First assembly level [18]

to compressor side bearing),LB (compressor side to turbine side bearing) andLTB (turbine side bearing to turbine
wheel) depicted in Fig. 2 are set as independent parameters for a variation study, which is defined in terms of a
Design of Experiment (DoE) [20]. Additionally, the diameter D of the shaft-part located between the two bearings
(Fig. 2) is set as an extra DoE-parameter. Herewith, variousrotor assemblies are generated, all of which have both
different shaft diameter and total length. This implies that the flexible shaft modeling process described in Section
1 and Fig. 1 should be repeated according to the associated dimension of the DoE (in this case20 configurations
were computed).

It is worth mentioning that the methodology applied is not restricted on how to vary the investigated parameters.
Here, it is conducted by means of a DoE, but the application ofmultivariate analysis algorithms for defining the
parameter space with the help of sampling methods, e.g. random, Monte Carlo, Latin Hypercube, etc., is not
excluded [11, 19].
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Figure 3: First assembly level - Sensitivity analysis [18]

The importance of each parameter upon the global set of responses, i. e. sub-synchronous vibrations and
inner/outer oil-film capacity, is assessed by applying the sensitivity analysis algorithm (Appendix A.1). The shaft
diameterD is quantified as being the most influential input variable (39%). On the other hand, the role ofLTB is
subordinate (10%), whereasLCB andLB are rated as equally important (26% and25%, respectively).

Amongst other methods, response surface methodology [21, 20, 12, 23] delivers an insight on the positive or
negative influence of each parameter on the designated response space. In this regard Fig. 4 combined with the
global sensitivity information reveals the possibilitiesof improved designs with respect to Sub1, Sub2 and Sub3,
but also depict the controversial effect a single parametercan have on several sub-synchronous responses (e.g. a
large shaft diameter affects positively the Sub1-, but negatively the associated Sub2-amplitude, etc.). This means
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the best suitable compromise should be found, which in case of the examined rotor would be a decrease ofD and
LCB and an increase ofLB . LTB has a minor impact on the system’s responses (Fig. 3), therefore it should remain
unchanged.
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Figure 4: First assembly level - Response surface methodology for the Sub1,2,3 relative amplitudes - Normalized

Data [18]

2.2 Second assembly level: shaft-bearing dimension design
The second assembly level copes with the detailed information with respect to the shaft and bearing design [18],

which is directly set as an input for the Reynolds equation oflubrication in the inner and outer oil-film bearing
[28, 5, 3, 24] under the restrictions quoted in Fig. 1. On thisaccount, the parameters selected for this specific
DoE study of45 configurations are given in Table 2. Both the inner and outer bearing diameter are primarily
not introduced as design parameters due to often occurring packaging restrictions, although their correlation with
hydrodynamic friction [19], bearing speed ratio and thus, Sub3 minimization is well known.

Table 2: Assembly level two: shaft-bearing dimension design

Parameter Description

D1 andD2 CSB and TSB shaft diameter

CSBψi
andCSBψo

& CSBWi
, CSBWo

CSB inner and outer clearance & CSB inner and outer width

TSBψi
andTSBψo

& TSBWi
, TSBWo

TSB inner and outer clearance & TSB inner and outer width

Tsup Oil-supply temperature withTminsup = 90
◦

C & T
max
sup = 150

◦C

CSB: Compressor-Side-Bearing & TSB: Turbine-Side-Bearing

The sensitivity analysis results for the second assembly level are depicted in Fig. 5. Almost40% of the system’s
response is controlled by the design of the outer clearances(CSBψo

& TSBψo
). The application of smaller outer
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clearances for Sub3 vibrations is an experience-based solution, which in the framework of the current analysis is
in addition quantified.

The bearings’ outer width is further listed as important factors, which along with the outer clearances contribute
in influencing over55% of the system’s response. An enlargement of the bearing outer width although Sub3-
beneficial, it acts contra-productive w.r.t. to constant tone problems (Sub2) as seen in Fig. 6. The oil-supply
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Figure 5: Second assembly level - Sensitivity analysis [18]

temperatureTsup is ranked as the fourth most important parameter. Since, a turbocharger rotor has to perform
equally well under cold and warm conditions, the presented results are extended by applying the Self Organizing
Maps (SOM) methodology [13, 14, 18] (Appendix A.2) in order to account for feasible rotor-assembly designs
that would hold on to the temperature prerequisites. On thisaccount a Sub3 best case scenario (elliptical selected
cells in Fig. 6) and a compromise Sub1,2,3 scenario (rectangular selected cells in Fig. 6) is proposed.

Figure 6: SOM analysis: Sub3 best case scenario (elliptical selected cells) & compromise Sub1,2,3 scenario (rect-

angular selected cells) - Normalized responses [18]
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Table 3: Assembly level two - Improved design based on the referenceconfiguration of Table 1 [18]
❳
❳

❳
❳
❳
❳

❳
❳
❳

❳
❳
❳
❳❳

Parameter

Assembly level two
Best Sub3 configuration Compromise Sub1,2,3 configuration

D1 & D2 ց & = ց & =

CSBψo
& TSBψo

ց & ց = & =

CSBψi
& TSBψi

= & = = & ր

CSBWo
& TSBWo

ր & ր ր & ր

CSBWi
& TSBWi

= & ց ց & ց

”ց” , ”ր” and ”=” indicate parameters with dimension smaller, larger and equal than the associated

parameter of the reference configuration rotor-assembly, respectively

2.3 Third assembly level: wheel unbalance dimension design

The third and final assembly level takes into consideration the unbalance information introduced into the system
(Fig. 1) after having completed the previous two assembly level steps. Herewith, the recommended bearing
design undergoes a robustness test coping for the uncertainreal-life unbalance configurations. It is conducted
by accounting for several feasible unbalance magnitude andphase configurations for the four unbalance planes
(left-hand side of Fig 7).

Apart form the standardized force and rotor coupling configurations, the rest of0◦ and180◦ phase configura-
tions per unbalance plane are tested for sub-synchronous robustness. It an important task, since the rotor-bearing
systems behaves highly non linear under different unbalance phase configurations. On this account, it is shown
(Fig. 7) that the first and last unbalance levels result in having the greatest sensitivity with respect to the harmful
Sub3 response, i.e. Sub3-magnitude and duration, respectively.

CS_1 CS_2 TS_3 TS_4Unbalance Planes

0 5 10 15 20 25 30 35

phi_CS_2

phi_TS_3

phi_TS_4

phi_CS_1

Global Sensitivity [%]

Sensitivity Analysis

Figure 7: Left: unbalance planes - Right: sensitivity analysis for the unbalance phase of each plane upon the Sub3

evolution, i.e. Sub3-magnitude and -duration

On the basis of the aforementioned, the three level assemblyprocess along with the noted bearing diameter
effects [19] leads to the generation of a compromise model, which compared to the reference configuration shows
better controlled sub-synchronous responses (Fig. 8). Thecomparison is conducted by means of the radial dis-
placement of the compressor’s wheel center of mass (Fig. 1, 7) as well as the frequency decomposition of this
signal.
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Figure 8: Left: reference - Right: DoE result - Comparison of the compressor wheel’s center of mass radial

displacement & waterfall diagram

3 Conclusion
In this paper the virtual prototype process of turbochargerrotors with full-floating bearings is presented, which

is conducted based on data mining, sensitivity analysis andnon-supervised neural network methods for three levels
of the systems assembly: the wheel-shaft-bearing center ofmasses distribution, the bearing-shaft geometry and the
wheel unbalance levels. The impact of each design parameteron the systems stability is verified by quantifying
their influence upon the sub-synchronous evolution. Additionally, the recommended bearing design undergoes a
robustness test coping for the uncertain real-life unbalance configurations. It is conducted by accounting for several
feasible unbalance magnitude and phase configurations for the four unbalance plane and the inner and outer oil-
film load capacity. On this account design configurations areindicated that could be set as a compromise in terms
of feasibility and low-cost production.
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[8] Garćıa de Jaĺon, J., Gutíerrez-Ĺopez, M. D. Multibody dynamics with redundant constraints and singular
mass matrix: existence, uniqueness, and determination of solutions for accelerations and constraint forces.
Multibody System Dynamics, 30:311–341, 2013.

7 Paper-ID 43
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A Appendix

A.1 Appendix: Sensitivity analysis

The application of Redundancy Analysis (RDA) [10, 12, 23, 18] contributes in locating certain sensitivity
origins among the variables and responses. Aim is to locate the most influencing variables with respect to not only
one selected response, but either all or a set of responses.

Linear regression analysis is performed on the matrix of theresponsesR using the matrix of variablesV and
then a standard Principal Component Analysis (PCA) is conducted on the approximate matrix obtained by multi-
dimensional regression [10]. The set of responsesR is varied according to the set of variablesV and thus, the
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multi linear regression model can be formulated for each responseRi individually (3)-(4), i.e.
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ǫi

, i = 1, 2, · · · , n (3)

B = [b1 b2 · · · bi] ∈ R
m×n where bi = (VTV)−1VTRi (4)

The vectorG containing the sensitivity coefficients is formulated by calculating the euclidean norm for each of the
row vectors of the regression coefficient matrixB, i.e.

G =
[ ∥
∥
∥b̃1

∥
∥
∥

∥
∥
∥b̃2

∥
∥
∥ · · ·

∥
∥
∥b̃j

∥
∥
∥

]T

∈ R
m×1 with b̃j , j = 1, · · · ,m being the row vector ofB in (4). (5)

A.2 Appendix: Self Organizing Map (SOM)
The Self Organizing Map (SOM) methodology is applied [13, 14] using the SOM Matlab toolbox [30]. For

the purpose of the current study the sequential training algorithm has been applied, which is briefly outlined in
the following based on the exact description given in [19, 18]. For an in-depth description of the method see
[30, 13, 14].

Assume the high dimensional input data (variables and responses in Section3) be represented by ad-dimensional
set of vectors. A weight vectorM = [m1 m2 ... md]

T
∈ R

d is associated with each element of the SOM array,
which additionally is of equal dimension. At each training step, a random sample vectorx is selected from the
input set and the associated distances w.r.t. to the weight vectors are calculated. Herewith, the Best Matching
Unit (BMU) is ascertained [13], which is calculated by allocating the node indexc with the minimum distance
-Euclidean distance- from the input vector [30]:

‖x−mc‖ = mini {‖x−mi‖} (6)

The SOM weight vectorsmi are updated such that BMU gradually approaches the input vector in the input space
with the associated BMU topological neighbors conducting the same procedure. The time dependent update algo-
rithm used therefore is [30, 13, 14]:

mi(t+ 1) = mi(t) + α(t)hci(t) [x(t)−mi(t)] , (7)

with α(t) being the monotonically decreasing learning rate [30, 13, 14], hci(t) the neiborhood function around the
computed unitc andt the time. A random initialization scheme is chosen for the SOM generation and the Gaussian
function is used for allocating the neighborhood functionhci(t) as defined in [30], i.e.

hci(t) = e−d
2

ci
/2σ2

t (8)

σt : neighborhood radius at timet

dci : distance between the map unitsc andi on the map grid
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