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Summary 

The company MIT is developing a micro turbine for combined heat power solutions, wherein the 
turbine rotor is supported by floating ring bearings. The characteristic of a floating ring bearing 
is assumed as a series placement of two fluid film bearings. This series placement is highly non
linear, which complicates the rotor dynamic ana lysis . Therefore this research is done to require a 
simplified model that predicts the dynamic behavior accurately. The dynamic model will be used 
to gain understanding of the rotor dynamics of a high speed rotor. 

A simple model of a flexible Laval-Jeffcott rotor is set up, wherein the characteristic of a floating 
ring bearing is modeled as a series placement of the short bearing theory (SBT). A parameter 
study is done to obtain improved understanding of the rotor dynamics , which investigates the 
power loss and the maxima! rotor positions at the operation point of 240 krpm. The results of 
this parameter study display that a too fl exible shaft introduces a large whirl orbit of the centra! 
mass. The dynamic behavior could be improved by variations of the inner film length and clear
ance and the power loss could be improved by decreasing the shaft surface and viscosity. By using 
the dimensionless Sommerfeld number, a genera! criterion is obtained for favorable dynamic be
havior. 

The S BT-based model will be useful when it is validated, therefore a CFD-based bearing model 
is set up. This bearing model uses a CFD simulation in stead of the short hearing theory. Thus 
the SBT is compared toa complex CFD-based model of a floating ring bearing, which shows that 
th e SBT underes timates the pressure distribution in a Auid film. This underestimation can be 
compensated by adjusting the film lengths and the ring rotation speed. The comparison demon
strates that th e Auid supply has much inAuence on the dynamic behavior. The SBT describes th e 
behavior of a Aoating ring bearing accurate when these adjustments are implemented. 

An expe riment is done to compare the S BT-based model to an actual rotor. This comparison 
displays some similarity as the ½w-whirl and w-whirl evolution, but the 2w-whirl evolution is not 
represented. This dissimilarity could be caused by the simplicity of a flexible Laval-Jeffcott rotor, 
which does not include the gyroscopic effects, different material properties and four floating ring 
bearings are used in the experiment. 

Therefore a FEM-based model is set up, wherein the rotor is split in Timoshenko beam elements . 
The floating ring bearings are represented by the SBT and the CFD-based bearing model. Both 
FEM-based models are compared to the experiment, which shows that the ½w-whirl and w-whirl 
evolution are qui te reasonable represented. The 2w-whirl evolution is sti ll not presented, which is 
probably caused by the suspension of the tes t rig. The dynamics of this suspension are unknown, 
thus future research should be done. 

The SBT-based model is quite accurate for representing a floating ring bearing, only the com
parison to an actual rotor could be improved. This model has improved the understanding of 
th e rotor dynamics of a high speed rotor. The calculation time of this model is much shorter in 
comparison to the recently used models, thus the S BT-based model is useful for design studies. 
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Samenvatting 

MTT is een micro turbine aan het ontwikkelen voor een gecombineerde warmte-stroom oploss
ing, waarbij de turbine rotor is ondersteund door een drijvende ring lager. De eigenschappen van 
dit lager kunnen beschouwd worden als een serie schakeling van twee vloeistoflagers . Deze se
rie schakeling is niet-linear, waardoor de rotor dynamische analyse complex is. Dit onderzoek is 
uitgevoerd om een vereenvoudigd model te ontwikkelen die het dynamisch gedrag nauwkeurig 
voorspelt. Dit model zal gebruikt worden om begrip te krijgen van de rotor dynamica van een 
hoge snelheid rotor. 

Een simpel model van een flexibele Laval-Jeffcott rotor is opgezet, waarin een drijvende ring 
lager is gemodelleerd als een serie schakeling van de korte lager theorie (SBT). Een parameter 
studie is uitgevoerd om een verbeterd begrip te krijgen van de rotor dynamica, waarin de wrijv
ingsverliezen en de maximale rotor positie in het werkpunt van 240 krpm worden onderzocht. 
De resultaten laten zien dat een grote rotatie beweging van de centrale massa wordt veroorzaakt 
door een te flexibele as. Het dynamisch gedrag kan verbeterd worden door aanpassingen van de 
binnen film lengte en de speling. De wrijvingsverliezen kunnen vermindert worden door het as 
oppervlakte en de vloeistof viscositeit te verlagen. 

Dit S BT model is pas bruikbaar als het gevalideerd is, daarom is een CFD lager model opgezet. 
Dit lager model gebruikt een CFD simulatie in plaats van de SBT. De vergelijking laat zien dat de 
SBT de drukverdeling in een vloeistof film onderschat, welke wordt gecompenseerd door de film 
lengtes en de rotatie snelheid van de ring aan te passen. De vergelijking toont aan dat de vloeistof 
toevoer veel invloed heeft op het dynamisch gedrag. De SBT beschrijft het dynamisch gedrag van 
een drijvende rin g lager nauwkeurig als deze aa npass ingen zijn geïmplementeerd. 

Een experiment is uitgevoerd om het S BT model te vergelijken met een echte rotor. De vergelijk
ing toont enkele overeenkomsten, zoals de ½w-rotatie en de w-rotatie evolutie, maar de 2w-rotatie 
evolutie is niet zichtbaar. Dit verschil is waarschijnlijk veroorzaakt door de eenvoud van een 
fl exibele Laval-Jeffcott rotor, waarin de gyroscopische e ffecten en verschillende materiaal eigen
schappen niet worden beschreven en in het experiment zijn vier drijvende ring lagers gebruikt. 

Daarom is een FEM model opgezet, waarin de rotor is opgesplitst in Timoshenko balk elementen. 
De drijvende ring lagers worden beschreven door de SBT en het CFD lager model. Beide FEM 
modellen worden vergeleken met het experiment, waarvoor de ½w-rotatie en de w-rotatie evolutie 
redelijk vergelijkbaar zijn. De 2w-rotatie evolutie is nog steeds niet verkregen, wat waarschijnlijk 
is veroorzaakt door de ondersteuning van de testopstelling. De dynamica van deze ondersteuning 
is onbekend, daarvoor zou een opvolgend onderzoek gedaan moeten worden. 

Het SBT model is nauwkeurig in het beschrijven van een drijvende ring lager, alleen de vergelijk
ing met het experiment kan verbeterd worden. Dit model heeft het begrip van de rotor dynamica 
van een hoge snelheid rotor verbeterd. De rekentijd van het SBT model is veel korter ten opzichte 
van de huidige modellen, dus het SBT model is bruikbaar voor een ontwerpproces van een hoge 
snelheid rotor. 
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Chapter 1 

Introduction 

1.1 Problem context 

Micro turbines become increasingly popular for small-scale power generation up to rookW. The 
company Micro Turbine Technology (MTT) is developing a micro turbine based on commercial 
turbocharger technology for small scale combined heat power (CHP) solutions. This system 
should reduce cost and emissions for domestic use or automotive application. The micro turbine 
can be used as replacement of a HR boiler for heating a building and recovering electrical energy. 
As automotive application, the micro turbine will be used as heater and electricity generator dur
ing parking time of trucks. However, significant challenges still remain in terms of efficiency, 
operating costs and environmental issues to make micro turbines competitive in relation to exist
ing concepts. The challenges with the development of micro turbines are to minimize the losses 
that become increasingly large by sealing down a gas turbine in size and to design a rotor that 
remains stable at the high rotation speeds required for efficiency. 

The micro turbine consists of a compressor, which is used to compress the fuel and air for com
bustion in the combustion chamber. The combustion results in fast flowing gasses, which will 
drive the gas turbine. A recuperator is installed to reduce the heat loss, which is used to heat 
the compressed air and fuel. The heat, which is left in the exhaust gasses after the recuperator, 
is caught by a heat exchanger to generate 18 kW of thermal energy. The gas turbine drives a 
generator, which produces the 3 kW electrical power of the CHP solution. The turbine/compres
sor shaft is supported by floating ring bearings (frb's) in an overhung configuration (Figure u). 
These bearings consist of a housing with a fluid film, in which the shaft rotates. In the fluid 
film is also a floating ring situated (Figure 1.2). This ring inflicts two fluid film layers, which are 
coupled together by six holes in the ring. Thus the floating ring bearing has a fluid film between 
the housing and the ring, which is called the outer film, and a fluid film between the ring and the 
shaft, which is called the inner film. 

Figure 1.1: A high speed rotor. 
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(a) Floating rings (b) Cartridge 

Figure 1.2: Images of floating rings and a cartridge with a shaft and a floating ring. 

1.2 Problem statement 

As with most internal combustion engines, the turbine's thermal efficiency directly depends on 
the cycle pressure ratio. A sufficient pressure ratio can only be obtained at very high rotor speeds. 
When a weakly loaded shaft is rotating with a high rotational speed, a normal journal bearing is 
unstable. This instability can lead to high vibration levels or even damage the system. Therefore 
a fluid lubricated floating ring bearing is used to support the rotor in automotive turbochargers. 
These bearings are also of interest for this turbine, because it is proven technology at a low cost. 

The floating ring does not improve the behavior of the system when the shaft is not rotating, but 
this behavior will be improved when the shaft rotates. The small motions of the ring in the fluid 
film adds damping to the system. Thus the shaft is still whirling in the fluid film, but the motion 
describes a limit cycle. This whirling is caused by a pressure and friction force of the fluid on the 
shaft. The pressure force is a result of the shaft eccentricity in the hearing, which is caused by the 
load on the shaft. This eccentricity forces the fluid to be compressed, which results in a pressure 
distribution in the bearing. The pressure distribution creates reaction forces on the shaft. The 
friction forces on the shaft are a result of the fluid viscosity. 

These forces in a floating ring bearing are not well-known, but they can be approximated by a se
ries placement of the short bearing theory (SBT). This series placement of the SBT is highly non
linear, which complicates the rotor dynamic analysis. Conventional rotor dynamic techniques 
assume a stationary point of operation, where only the rotor is rotating along its axis. A high 
speed rotor on floating ring bearings does not have such stationary operation point, because the 
non-linear interaction between the floating ring hearings and the shaft forces the rotor into a limit 
cycle motion. Therefore, a scientific approach is required to gain understanding of the rotor dy
namics of a high speed rotor. The currently used dynamic models need a long calculation time to 
simulate one configuration, therefore a simplified dynamic model should reduce this calculation 
time. Thus an accurate simplified dynamic model of a high speed rotor on floating ring bearings, 
which can be used for dynamic design studies, needs to be acquired. 
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1.3 Objectives 

The following objectives will be investigated: 

• Obtain understanding of the rotor dynamics of a high speed rotor supported by floating 
ring bearings. 

• A validated dynamic model of a high speed rotor suitable for dynamic design studies. 

First a literature study will be done to investigate which methodes and theories are available to ob
tain a dynamic model of a high speed rotor. This study points out that two main approaches can 
be used, namely a mathematica! and finite element method (FEM) approach. The mathematica! 
analysis is useful to obtain a simplified dynamic model, which could be used for dynamic design 
studies. A mathematica! model of a Laval-Jeffcott rotor supported by journal bearings is used to 
ge t affinity with the used software packages and to introduce the non-linear dynamics of a high 
speed rotor. The journal bearings are characterized by the short bearing theory, which describes 
the flow in a short hydrodynamic bearing. 

When the results are satisfactory, the model will be extended by floating ring bearings. The float
ing ring bearing is characterized by a series placement of the short bearing theory. This dynamic 
model will be used to acquire unders tanding of the rotor dynamics, which will be obtained by 
performi ng a parameter study. This param eter study can be carried out due to the clear genera! 
structure. The results of this study can be used as qualitative information about the dynamic 
behavior of a high speed rotor on floating ring bearings. 

This SBT-based model will be useful when it is validated, therefore the SBT will be validated 
agains t a computational fluid dynamics (CFD) bearing model. This CFD-based bearing model 
uses the Reynolds equation with a simpte cavitation model to determine the flow in a floating 
ring bearing. When this validation is satisfactory, the rotor is validated against a complex FEM
based model. A FEM approach does not have a genera! structure due to the large number of de
grees of freedom, wherefore it is less suitable to ga in understanding of the rotor dynamics. The 
FEM-based model is a complex and detailed dynamic model of a high speed rotor, therefore it is 
u seful as validation. Still this FEM-based and CFD-based bearing model are an approximation of 
an actual high speed rotor, therefore an experimen t is performed. The results of thi s experimen t 
wilt be compared to the SBT-based model, whereof some conclusions and recommendations with 
respect to future research are obtained. All these steps to gain the objectives are listed in the table 
below, wherein the used solvers are also mentioned. 

LJ rotor flexiblc LJ rotor FEM-basecl roto r 
journal bearing::; frb 's frb 's 

Mathematica!: Auto Auto Newmark 
SBT ODE ODE 

Numerical: X ODE Newmark 
CFD 

Experiment X X ✓ 

Table 1.1: Diagram with t he models and solvers usecl in this research. 
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1.4 Outline 

First, a literature study is performed to inves tiga te which research already is done on rotor dy
namic analysis of a rotor supported by floating ring bearings (Chapter 2). A division between a 
mathematica! and a FEM approach is made in the literature study. This study will be performed 
to investigate which methodes, applications and theories can be used fora rotor dynamic analysis 
of a high speed rotor. It also provides an useful insi ght in the basic concepts and phenomena of 
the rotor dynamics. 

The dynamic analysis wil\ be started with a simple case like a Laval-Jeffcott rotor supported by 
journal bearings to get affinity with the solver packages (Chapter 3). The pressure distribution in 
a journal bearing wil\ be solved with the short bearing theory. Simulations of this model will be 
performed for two different configurations, whereby the equations are so lved with Auto97 and 
an ode-solver. 

This simple case will be extended with floating ring bearings and a fl exible shaft, of which also 
simulations will be performed with Auto97 and an ode-solver (Chapter 4). The floating ring 
bearings are modeled as a series placement of the short bearing theory. A parameter study with 
respect to the model parameters is performed to gain unders tanding of the rotor dynamic behav
ior and the power loss of a floating ring bearing. 

A CFD-based bearing model will be used to validate the SBT (Chapter 5). This validation wil! 
be performed for several different configurations of the model parameters to obtain an accurate 
comparison . The simulations of the CFD-based bea ring model are performed with an ode-solver, 
which starts a CFD simulation when th e farces of a floating ring bearing are required. This CFD 
simulation consist of a m esh, wherein the pressure distribution of a floatin g ring bearing is de
termined by the Reynolds equation. 

The CFD-based bearing model is still an approximation of a high speed rotor on floating ring 
bea rings. Therefore an experiment wi ll be performed at the test rig of MTT, which will be used 
to compare to the SBT-based model (Chapter 6). The comparison will be perform ed by waterfa ll 
di agrams, which visua lize the frequency spectrum for different rotation speeds . Recomme nda
tions for improvements of the SBT-based model wi ll be obtained as result ofthis comparison. 

The comparison of th e SBT-based model to th e experiment could be improved, therefore a FEM
based model is set up (Chapter 7). Th is FEM-based model uses a beam elemen t based on the 
Timoshenko beam theory, whereby the equations are solved with a Newmark solver. The floating 
ring bearings are characterized by the short bearing theory and the CFD-based bear ing model. 
These two FEM-based models are compared to the experiment. 

Recommendations and conclusions are obtained to display the results of the rotor dynamic ana l
ysis of a high speed rotor (Chapter 8). Derivations of equations and all the obtained figures and 
diagrams can be found in the appendices (Appendix A-F). 
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Chapter 2 

Literature study 

This literature study is performed to investigate which methodes, applications and theories can 
be used fora rotor dynamic analysis of a high speed rotor. A lot is written about rotor dynamics, 
but only some are useful for this thesis. The useful literature needs to contain an explanation 
about non-linear rotor dynamics of a high speed rotor supported by floating ring bearings or 
useful references to other papers with this explanation. The study points out that two groups can 
be separated, namely a mathematica! and a FEM approach. The mathematica! approach needs 
to contain an explicit explanation of the used methods to gain understanding in modeling a high 
speed rotor. However, the basic concept of rotor dynamics can be useful to obtain insight in the 
rotor dynamic phenomena. The FEM approach needs to describe which applications are used 
and how the solutions are obtained with these applications. A description of how a FEM-based 
model can be obtained, would be very useful for this research. 

2.1 Mathematica! approach 

The rotor dynamic behavior of a Laval-Jeffcott rotor has been studied extensively [r8, ro, 7]. A 
Laval-Jeffcott rotor is a point mass attached toa massless shaft. The point mass is a simplification 
of a disk, which is attached toa rigid shaft (Figure 2.ra). This model shows some basic character
istics and insight in phenomena of the rotor dynamics, like the critica! speed, forward/backward 
whirl and cylindrical/conical modes. A critica! speed is an angular velocity which excites the nat
ura! frequency of the rotor. This excitation of the natura! frequency leads to a resonance of the 
rotor, which can be divided in two categories by the mode shapes, namely the cylindrical and 
conical modes. The cylindrical mode describes a circular motion and the conical mode describes 
a rocking motion of the shaft. These mode shapes can include two different whirl directions, like 
a forward and a backward whirl. A forward whirl means that the rotating direction of the shaft is 
similar to the whirl direction and a backward whirl means that the rotating direction of the shaft 
is opposite to the whirl direction. 

Bearing 

~ 
/177111 

Shaft 
ms,ks 

Mass 

m Bearing 

/177111 

(a ) Model of a Laval-Jeffcott rotor (b) Model of a Laval-Jeffcott rotor on floating ring hearings 

Figure 2.1: Models of a Laval-Jeffcott rotor configuration . 
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A Laval-Jeffcott rotor supported by floating ring bearings has been studied [3] (Figure 2.1b) , 
wherein the oil whirl, oil whip and bifurcation are discussed. The shaft and disk are modeled 
similar as in the previous Laval-Jeffcott model, but this shaft is supported by floating ring bear
ings. These floating ring bearings are modeled as two rigid bodies for the housing and the ring. 
The housing is pinned, which means that it can not execute any motions. The fluid whirl/whip 
is a well-known effect of fluid bearings, which is caused by the self-excited vibrations of the fluid 
bearings. Two critica) speeds can be distinguished which denotes the onset of these vibrations. 
At the first critica) speed, the rotor loses its stability and the rotor is forced into a limit cycle 
("fluid whirl") instead of a stable operating point. At the second critical speed, the first limit cycle 
becomes unstable and a second limit cycle ("fluid whip") is bom. This second limit cycle may 
cause destructive vibrations to the system. It has been demonstrated that this transition between 
a stable operating point and the first limit cycle is characterized by a Hopf-bifurcation. 

A high speed rotor could be designed in an overhung configuration, therefore a Laval-Jeffcott ro
tor would not be sufficient. An overhung configuration of a high speed rotor supported by floating 
ring bearigns has been studied [12, 9], wherein a general mathematica! model is provided. The 
model has been build with two rotor stations (compressor/turbine impelle r) at the ends of the 
shaft and a point mass in the middle of the shaft (Figure 2.2a). The rotor stations are modeled 
as a rigid disk which m eans that the flexibility and damping of a rotor station are neglected, but 
a rigid disk includes the gyroscopic effects. The flexibility and damping of a rotor station are 
neglected, because they are less flexible in comparison to the shaft. The shaft is modeled as a 
point mass in the middle of the configuration. Thus the inertia of the shaft is neglected, because 
it is much smaller in comparison to the inertia of the rotor stations. The fl exibility of the shaft 
is included by stiffness coefficients, which are determined using a finite element m ethod. The 
damping of the shaft is neglected, because it is much smaller in comparison to the damping of 
the floating ring bearings. 

The shaft is supported by floating ring bearings, which are modeled by a mathematica! theory 
[u] . The floating ring bearing is modeled as two rigid bodies, namely the housing and the ring 
(Figure 2.2b). The housing and the ring can have translational and rotational motions, thus de
formations are n eglected. The housing is pinned and the ring is whirling in fluid films due to the 
reaction farces and torques, which are caused by a pressure distribution in these fluid films. The 
ring has a rotation al speed due to the torques on the ring and the farces on the shaft represent 
the stiffness and damping of a floating ring bearin g. 

• 
1 

• 

• 

Housing 

1 

Ring 

I-

l 

/ i Shaf\ i · ./ .: 

(a) Model of a n overhung configurat ion rotor (b) Model of a Ooating ring bearing 

Figure 2.2: Model of an overhung configurat ion rotor supported by float ing ring hearings. 
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The bearing farces and torques on a shaft and ring can be obtained by using the impedance 
method [4]. The impedance method takes advantage of an observer pinned to the center of the 
shaft and rotating with an average speed of the shaft and the ring. Therefore the observer sees no 
pressure generation due to the rotation of the shaft, but only due to the squeeze action. Thus only 
performance maps of the pressure distribution by pure squeeze motion at different eccentricities 
needs to be obtained. These performance maps can be obtained by using the short bearing 
theory, long bearing theory and two term approximation, which is a combination of the short/long 
bearing theory. These theories are derivations of the Reynolds equation. The hearing farces and 
torques can also be obtained by adding a look-up table. A look-up table can be produced by solving 
the flow in a floating ring bearing for different eccentricities. The set of equations of a dynamic 
model with a look-up table is solved by numerical integration, because the farces and torques 
exerted on the shaft and ring need to be updated at each time step. 

2.1.1 Remarks 

The models with an overhung configuration can be promising for the mathematica[ approach 
of a high speed rotor due to the genera! structure, which affords to adjust the model relatively 
easy. For example the inertia of the rotor stations can be changed for more advanced shapes of a 
compressor/turbine impeller, the inertia of the shaft and generator can be added to the model and 
a spring can be added between the housing of a floating ring bearing and the world. This genera! 
model seems to give an accurate prediction of the limit cycles in comparison to the obtained 
experiments . The impedance method relies on the Reynolds equation, which is not sufficient to 
solve the flow in a floating ring bearing. The fluid films in a floatin g ring bearing are coupled 
by holes in the ring, which are not taken into account by the Reynolds equation. Therefore the 
impedance method causes some errors in the analysis of the rotor dynamics. The alternative of a 
look-up table causes also some errors, because interpolation between given solutions of the farces 
in a floating ring hearing needs to be used. 

2.2 FEM approach 

The rotor dynami c behavior of a high speed rotor can also be exa mined by a FEM approach. The 
dynamic behavior of a Laval-Jeffcott rotor has been studied, because of the simplicity of a Laval
Jeffcott rotor some complexity as asymmetry in the shaft flexibility is added [14]. This asymmetrie 
Laval-J effcott rotor uses a FEM-based model of the rotor (Figure 2-3). The rotor is split in ele
ments, which can have their own properties as a beam or disk element. The shaft is modeled by 
fl exible beam elements , where the internal damping is neglected. The disk is characterized by a 
point m ass, thus the inertia is neglected. An imbalance load is generated by Matlab and applied 
to the FEM-based model. The dynamic behavior of this model will be determined by a FEM solver 
(Ansys), to visualize the whirl or bits of the rotor. 

Figure 2.3: A FEM-based model of a Laval-Jeffcott rotor. 
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A Laval-Jeffcott rotor supported by floating ring bearings has been studied [16], wherein the rotor 
is presented as a fl exible shaft without internal damping and a rigid disk. The housing and ring 
of a floating ring bearing are modeled as rigid bodies, where the housing is pinned. The flow in a 
floating ring bearing is solved with a circular Reynolds equation, whereby this Reynolds equation 
is extended with a non-mass-conserving cavitation algorithm. The supply grooves and holes in 
the ring are neglected, which leads to symmetrie bearing farces and torques. The Reynolds equa
tion is solved with a finite element method and implemented by look-up tables in the dynamic 
model. This FEM-based model is discretized using a backward differentiation farmula (BOF) 
method. The run-up simulations have been perfarmed by an ode solver to visualize waterfall 
diagrams of the dynamic behavior. 

The overhung configuration of a high speed rotor supported by floating ring bearings has been 
studied [17, 15, 8], wherein a FEM-based model is used to analyse the rotor dynamic behavior 
(Fi gure 2-4). This model is build up by Timoshenko beam elements far the shaft, rigid bodies 
far the impellers and bearing elements for the floating ring bearings. The Timoshenko beam 
element includes the fl exibility, damping and inerti a of the shaft. The rigid bodies include the 
inertia of th e impellers, but the flexibility and damping are neglected. The bearing elements con
tain the dynamic behavior of a floating ring bearing, wherein the ring and housing are presented 
by rigid bodies. These dynamics are implemented by two different methods, namely by solving 
the Reynolds equation or by implementing a look-up table. The Reynolds equation is solved with 
a fini te element method, which provides the farces and torques of th e fluid films. The look-up 
table is obtained by solving the Reynolds equation far interes ting configurations. The reques ted 
bearing farces and torques will be gained by interpolation between solutions in the look-up table. 
Component mode synthesis is used to decrease th e modes of interes t, which leads to a smaller 
set of equation s. The equations of the FEM-based model are solved with a numerical time inte
gration so lver (Ansys). 

Figure 2.4: A FEM-based model of an overhuug configuration rotor. 
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The run-up simulations show waterfall diagrams, wherein sub-synchronous and synchronous 
vibrations are visualized. These vibrations exist due to the fluid whirl/whip in the floating ring 
bearings. An effect, which is called total instability, seems to appear for this rotor. The total in
stability is caused by synchronization of the fluid whirl/whip between the inner film and outer 
film. The frequencies can synchronize in such way that the same natura! mode is excited. This 
synchronization reduces the damping of the floating ring bearings, which leads to an unstable 
vibrations of the rotor. 

The company MTT has studied the rotor dynamic behavior of a high speed rotor [2]. This study 
provides a modal analysis m ethod by using a FEM-based model. The system matrices are ob
tained by a FEM analysis, wherein the mass and stiffness matrix are used to determine the free 
vibration modes and eigenvalues. These free vibration modes are intersecting each other, there
fore the modes need to be cleaned up. The system matrices are scaled with these modes, in 
such way that the mass matrix becomes an identity matrix, into a generalized system. Inter
esting free vibration modes are selected to reduce the generalized system. The bearing farces 
are determined with the short bearing theory and added to the reduced system matrices. This 
reduced FEM-based model is solved by a numerical integration solver. The run-up simulations 
show waterfall diagrams and limit cycles of a high speed rotor. The waterfall diagrams point out 
the sub-synchronous and synchronous vibrations due to the fluid whirl/whip in the floating ring 
bearings. 

2.2.1 Remarks 

It is possible to add more complexity of a high speed rotor in a FEM-based model to obtain 
accurate rotor dynamic behavior. Therefore the FEM approach is applicable for complex rotor 
configurations, but the understanding of the rotor dynamics is difficult due to the many degrees 
of freedom. The rotor can be modeled with beam elements and rigid bodies, but the floating 
ring bearings are modeled by a bearing element. Mostly, this bearing element uses the Reynolds 
equation to determine the flow in a floating ring bearing. This Reynolds equation is not suf
ficient, because the fluid supply and holes in the ring are neglected. Therefore some errors are 
introduced in the rotor dynamic analysis. An alternative for this problem is a look-up table, which 
is obtained by determining the flow in a floating ring bearing with a computational fluid dynam
ics (CFD) model. The interpolation between the solutions in a look-up table will also cause some 
errors. However, the rotor dynamic analysis of the FEM-based models seems to show accurate 
predictions of the rotor dynamic behavior. 
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2.3 Conclusions 

The literature study points out the possibility of a mathematica! and a FEM approach far the 
rotor dynamic analysis of a high speed rotor. The general model of an overhung configuration 
rotor seems to be promising far modeling a high speed rotor by the mathematica! approach. Due 
to the general structure, it is relatively easy to add more components or more complexity to the 
model. Therefore it is useful to start with a simplified model of a high speed rotor and extend it 
until an accurate model is obtained. The farces and torques of the floating ring hearings can be 
implemented by two methods, namely an impedance method or a look-up table. Both methods 
have some drawbacks, therefare the accuracy of both methods needs to be acquired. 

The FEM approach uses FEM-based models to gain the dynamic behavior of a high speed rotor. 
These models contain a lot of complexity, but the understanding of the rotor dynamics is difficult 
in comparison to the mathematica! approach. The implementation of the bearing farces and 
torques are also an important issue, which is done by a finite element method of the Reynolds 
equation or by a look-up table. The look-up table is gained by a CFD model and it seems to be the 
most applicable method, because the Reynolds equation does not include the coupling between 
the fluid films. The interpolation between the solutions in a look-up table causes some errors in 
the rotor dynamics. 
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Chapter 3 

Laval-J effcott rotor on journal 
hearings 

The dynamic behavior of a high speed rotor is investigated by a mathematical approach. There
fore a simple dynamic model is set up, which consists of a Laval-Jeffcott rotor supported by jour
nal bearings. This simple model is used to introduce the non-linear rotor dynamics. The journal 
bearings are represented by the short bearing theory, which is a derivation of the Reynolds equa
tion. This short bearing theory is used to determine the reaction forces of a journal bearing, but 
this theory introduces non-linear dynamics in the model. 

The simulations of this model are performed by the software package Auto97 and an ode-solver 
in Matlab. It is difficult to set up a working model with this software package, therefore this sim
ple model is used to get affinity and confidence. The ode-solver will be used to check the results 
of Auto97 and continues the simulations when the solution is quasi-periodic, since Auto97 is 
not able to determine quasi-periodic solutions. Two different settings of the model parameters 
are analyzed. The chosen model parameters represent the inner and outer film of a floating ring 
bearing in the MTT high speed rotor. 

A remarkable result is the walk-back of the periodic solution branch in the bifurcation diagrams 
by continuation at the Hopf-bifurcation point. This walk-back is contradictory to the common 
definition of a Hopf-bifurcation point, but in literature is demonstrated that the walk-back could 
exist for specific bearing conditions [5]. The orbit of the rotor becomes quasi-periodic for higher 
rotation speeds and converges to the clearance limit. All these results are confirmed by the ode
solver, therefore Auto97 is appropriate. Thus these software packages can be used to determine 
the dynamic behavior of a high speed rotor on floating ring bearings, since the simulations have 
provided affinity and confidence. 

LJ rotor flexible LJ rotor FEM-based rotor 
journal hearings frb's frb 's 

Mathematica!: Auto Auto Newmark 
SBT ODE ODE 

Numerical: X ODE Newmark 
CFD 

Experiment X X ✓ 

Table 3.1: Diagram with the models and solvers used in this research. 
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3.1 Model description 

The simple model of a Laval-Jeffcott rotor supported by journal bearings consists of a thin rigid 
disk attached to a massless shaft (Figure 3-1a) . This shaft is symmetrically supported by two 
journal hearings. The shaft is assumed to be rigid and only the symmetrie motions will be in
vestigated, therefore the thin rigid disk can be presumed as a point mass without inertia (Figure 
3.rb). These assumptions result in a statically over-determined model, which can be solved by 
reducing the model (Fi gure 3.rc). Tuis reduction is allowed due to the symmetry of the model 
and the rigid shaft. The spring-damper combination of this reduced model has the non-linear 
dynamic properties of two journal bearings. 

Bearing 
F= 

1 

/717111 

Mass 
m 

Shaft 
Bearing m 
= 

/717111 -
(a) Laval-J e ffcott rotor on journa l bear ings (b) Statically over-determined (c) Redu ced 

Figure 3.1 : Moclels of a Laval-Jeffcott rotor supportecl by journal bearings. 

A journal bearing is a hydrodynamic bearing, which means that it has a long lifetime and rela
tively low power loss what makes it useful for a high speed rotor. A journal hearing consist of a 
housing, wherein the shaft rotates. A thin Auid film is located between the shaft and the housing 
(Figure 3.2). The fluid enters a journal bearing at the top of the housing through an inlet tube and 
leaves at the open ends . The pressure at these outlets is assumed to be atmospheric, therefore 
the outlet pressure will be neglected in the dynamic model. 

Figure 3.2: A sketch of a journal bearing. 

The dynamics of this reduced model are characterized as 

mx = 2F_1;, 

my = 2Fy - mg. 
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The reaction forces Fx and Fy, which are introduced by the journal hearings, are dependent on 
the rotation speed and position of the shaft. These reaction forces are caused by the pressure 
distribution, which is provoked by the eccentric position and rotation of the shaft. The pressure 
distribution in a journal hearing can be expressed by the short hearing theory, which is a deriva
tion of the Reynolds equation (Appendix A). The short hearing theory assumes that the pressure 
gradient in angular direction is small in comparison to the pressure gradient in axial direction. 
Therefore the supply pressure is neglected in the dynamic model. 

3µ L2 2 . . 
Psbt(0,y) = C 2 ( 

0
)3 (- - y )((Sl - 2w1) t: sm0 - 2t:cos0). (3.3) 

1 + ECOS 4 

The reaction forces are obtained by integrating the pressure distribution along the surface of the 
shaft, which leads to a reaction force in radial and tangential direction. The cavitation is included 
by neglecting the pressure when it becomes below zero, which is a simple n-film cavitation model. 
Therefore the pressure distribution only acts on half of the shaft surface. 

1
L 1•1f L 2 1n - 2w1l t:2 n(l + 2t:2 )é' 

F,. = R Psbt(0, y) cos 080 Öy = - µRL(
0

) ( ( 2 ) 2 + 5 ), 

o o l - E 2(1 - t:2)2 
(3.4) 

l
·L 1•1f . L 2 (n - 2w1 )nE 2EÈ 

Pi = R Psbt(0,y)sm0808y = µRL( - )( 3 + ( 2 ) 2 ). 
ü ü C 4(1 - t:2) 2 1 - E 

(3.5) 

These reaction forces are transformed to reaction forces in cartesian coordinates with the trans
formation equations. These transformation equations are a result of the coordinate definitions 
(Figure 3.3). 

y 

ÏÎ 

Figure 3.3: Cartesian coordinate system. 
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F'.'C = F,. cos cp - Ft sin cp, 

Fy = F,. sin cp + F1• cos cp. 

(3.6) 
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The cartesian reaction forces are substituted in the dynamic equations (3-r) and (3 .2), which are 
transformed to state-space equations by using q = [x , y, i:, y]I' as generalized coordinates. 

Herein 

(3.8) 

(3.9) 

(3. 11) 

(3.12) 

(3. 13) 

(3 .14) 

(3. 15) 

The <p is corrected for every quadrant of the coordinate system, since an common arctangens is 
chosen in the range of [- n/2, n/2]. 

3.2 Simulation 

3.2.1 Inner film parameters 

The followin g model parameters are used, because they characterize th e inner film of a floatin g 
ring bearing at MTT. The length of the inner film is L = 5.3 · 10- 3 m , but the pressure distribution 
in the inner film is divided in two pressure peaks due to the holes in the ring [6]. This division 
can be modeled as a parallel placement of two pressure distributions with adjusted film length. 
Therefore the film length is changed and the reaction forces are doubled due to the parallel place
ment. 

L = l.5 · 10- 3 m 

R = 3.025 · 10- 3 m 

µ = 0.04 kg/m · s 

C = 0.015 · 10- 3 m 

m = 70 · 10- 3 kg 

26 



A bifurcation diagram with respect to the rotation speed is obtained as result of a simulation (Fig
ure 3.4 and 3.5). This bifurcation diagram shows a branch with stable equilibrium points until 
21325 rpm, where it ends in a bifurcation point. The branch continues with unstable equilibrium 
points after this bifurcation point. Continuation at the bifurcation point demonstrates an unsta
ble periodic solution branch until 15530 rpm, where a fold appears. Thus this branch bends back 
and walks along an increasing rotation speed. The periodic solution branch becomes stable after 
the fold, therefore two stable solutions are possible in the range of 15530-21325 rpm. To which 
solution the system converges, depends on the initia! eccentricity of the shaft. 

The bifurcation point can be called a Hopf-bifurcation point, because of the transition from stable 
to unstable of the equilibrium point branch and the existence of a stable periodic solution branch 
at the continuation. The periodic solution branch is cut off at 22290 rpm, which could indicate 
quasi-periodic or chaotic behavior, since Auto97 is not able to determine this kind of solutions. 
The simulation is continued by an ode-solver after the cut off, which is visualized in the bifurca
tion diagrams as a black line, where the solutions are always stable. 
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Figure 3 .4: Bifurcation diagram of the x-positio11 of a Laval-.Jeffcot t rotor on journa l bearings 
with inner fi lm model parameters . 
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Simulations with an ode-solver have been performed to inves tigate the walk-back by continuation 
at the Hopf-bifurcation point and the cut off of the periodic solution branch. Equilibrium points 
are gained for all initia! eccentricities below the 15530 rpm (Figure 3.6a), which corresponds with 
the obtained bifurcation diagrams. The solutions between 15530 and 21325 rpm depend on the 
initia] eccentricity, when the initia! eccentricity is low (1 • 10- 6 ) an equilibrium point is found 
(Figure 3.7a) and when the initia! eccentricity is high (1 · 10- 5 ) a limit cycle is found (Figure 3.76). 
Thus the walk-back is confirmed by the simulations with an ode-solver. Bounded behavior is ob
tained above the 22290 rpm, but it is not periodic (Figure 3.66). This behavior explains the cut 
off of the periodic solution branch. Little changes in the initia! eccentricity result in exactly the 
same time response, thus the bounded behavior is not chaotic. 
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Figure 3.6: Time response of a Laval-Jeffcott roto r on journal bearings with inner film model 
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Figure 3. 7: Time response of a Laval-Jeffcott rotor on journal bearings with inner film model 
parameters a.t 19000 rpm for two different initia! eccentricities. 

The equilibrium point will be balanced at a specific position due to the balance between the grav
ity and the reaction farces. A Hopf-bifurcation point is found due to the increasing reaction 
farces, which provokes the equilibrium point branch to become unstable. The reaction farces 
are too large to ensure a stable equilibrium point, because they push the shaft through its equi
librium. The real part of one complex conjugated pair changes from negative to positive at the 
Hopf-bifurcation point. 
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Continuation at this bifurcation point shows a branch with unstable/stable periodic solutions, 
which increases fast in a short rotation speed range. The reaction forces are increasing, but they 
are not large enough to ensure a small periodic solution. The periodic solution branch reaches 
the clearance limit, which could be dangerous for the system, and becomes quasi-periodic due 
to the still increasing reaction forces. The eigenvalues at 240 krpm are two complex conjugated 
pairs, of which one has a positive real part. This positive real part is large, which means that the 
equilibrium point branch can not become stable by small changes of the model parameters. 

The main difference between the bifurcation diagrams of the x and y-position is the course of 
the equilibrium point branch. The x-position of the equilibrium point branch becomes almost 
zero and the y-position of the equilibrium point branch becomes zero, thus the equilibrium point 
is only centered in the y-direction. Therefore the rotor is rotating with a little offset around the 
center of the bearing. This is a well-known effect of a fluid film bearing, wherein the cross-terms 
of the stiffness dominate the system [10]. The equilibrium point branch of the y-position starts 
with negative values due to the gravity. This gravity is compensated quickly when the shaft rotates 
due to the increasing reaction forces. 

3.2.2 Outer film parameters 

Also interesting to investigate is the dynamic model with model parameters that characterize the 
outer film of a floating ring bearing at MTT, which leads to the following model parameters. The 
outer film length is much larger in comparison to the inner film length, because the pressure 
distribution in the outer film is not divided in two pressure peaks by the holes in the ring. 

L = 7.0 · 10- 3 m 

R = 5.5 · 10- 3 m 

µ = 0.04 kg/rn · s 

C = 0.035 · 10- 3 m 

m = 70 · 10- 3 kg 

The obtained bifurcation diagram (Figure 3.8) is different in comparison to the bifurcation dia
gram of the model with inner film parameters. The most remarkable difference is the absence of 
the periodic solution branch by continuation at the Hopf-bifurcation point. A simulation with an 
ode-solver shows immediately quasi-periodic behavior, therefore the periodic solution branch is 
not presented by Auto97. 

An other difference is the faster decrease of the equilibrium point to the center of the bearing and 
the position of the Hopf-bifurcation point at 14390 rpm. This difference is caused by the larger 
dimensions of the journal bearings, which causes larger reaction forces. The equilibrium point 
converges to center at lower rotation speed due to these larger reaction forces, but this also means 
that the onset of instability is reached sooner. Therefore the Hopf-bifurcation point occurs at a 
lower rotation speed. The obtained eigenvalues are like the eigenvalues of the model with inner 
film parameters, thus the equilibrium point branch can not become stable by small changes of 
the model parameters. 
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Figure 3.8: Bifurcation diagram of a Laval-Jeffcott rotor on journal bearings with outer film 
model parameters. 

The connection between the Hopf-bifurcation point and the quasi-periodic solution branch can 
not be made, since an ode-solver can not determine unstable solutions. Thus a short branch 
of unstable quasi-periodic solutions needs to exist. The increase of the quasi-periodic branch is 
slower in comparison to the periodic solution branch of the model with inner film parameters. 
This can be explained by the larger reaction farces due to the larger dimensions of the journal 
bearings, which ensures a smaller orbit. These quasi-periodic solution branch also converges to 
the clearance limit, which could be dangerous for the system. The bifurcation diagrams of the 
x-position and y-position differ not much from each other. Only the equilibrium point branch of 
the y-position starts with negative values and converges to zero. 

3.3 Conclusions 

The implementation of a Laval-Jeffcott rotor supported by journal bearings shows that the equi
librium point branch becomes soon unstable at a Hopf-bifurcation point. A remarkable result 
is the walk-back of the periodic solution branch by continuation at this bifurcation point. The 
orbit of the shaft becomes quasi-periodic when the rotation speed increases and converges to 
the clearance limit, which could be dangerous for the system. The eigenvalues at the operation 
point of 240 krpm demonstrate that the equilibrium point branch can not become stable by small 
changes of the model parameters, therefore the rotor will always describe a limit cycle motion at 
the operation point. 

The introduction of the non-linear dynamic model of a high speed rotor is completed. The results 
of this dynamic model with the used software packages are satisfactory, because both solvers give 
similar solutions. Therefore these software packages will be used for determining the dynamic 
behavior of a high speed rotor on floating ring bearings, since confidence and affinity is obtained. 
Thus the dynamic model wil! be extended with floating ring bearings instead of the journal hear
ings and the Laval-Jeffcott rotor will become flexible. 
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Chapter 4 

Flexible Laval-Jeffcott rotor on 
floating ring hearings 

A dynamic model of a Laval-Jeffcott rotor supported by journal bearings has been introduced and 
ana lyzed in the previous chapter, whereby the non-linear dynamics and th e used software pack
ages are presented. This analysis has a satisfactory result, thus a dynamic model of a high speed 
rotor supported by floating ring bearings can be acquired. The dynamic model consists of a fl exi
ble Laval-Jeffcott rotor, wherein the floating ring bearings are characterized by a series placement 
of the short bearing theory. 

The dynamic model will be used to obtain understanding of the rotor dynamics, therefore a pa
rameter study with respect to the model parameters is performed. The dynamic behavior and 
power loss at the operation point of 240 krpm will investigated, wherefrom qualitative informa
tion can be gained . The Sommerfeld number and the mass imbalance are also analyzed to obtain 
more understanding of the rotor dynamics. The Sommerfeld number is used to get a dimen
sionless parameter for the used bearings , which could indicate improvements of the dynamic 
behavior. The mass imbalance is an important property of the dynamic model, since th e actual 
high speed rotor can not be balanced. Thus the mass imbalance could have a large influence on 
the dynamic behavior. 

The implementation of the flexible Laval-Jeffcott rotor shows a period doubling in the bifurcation 
diagrams, which could be harmful for the rotor since the excitation increases. Therefo re the 
period doubling should be prevented, which can be clone by decreasing the shaft flexibility. Thus 
the shaft fl exibility needs to be as low as possible fora favorable dynamic behavior. The parameter 
study points out that the viscosity and the shaft surface must be as small as possible to obtain a 
favorable power loss. The mass imbalance seems to have a small influence on the dynamic 
behavior, thus the impossibility to balance the shaft is not dangerous for the rotor. A simple 
dynamic model of a high speed rotor and understanding of the rotor dynamics is gained in this 
chapter. 

LJ rotor flexible LJ rotor FEM-basecl rotor 
journal bearings frb's frb 's 

Mathematica!: Auto Auto Newmark 
SBT ODE ODE 

Numerical: X ODE Newmark 
CFD 

Experiment X X ✓ 

Table 4. 1: Diagram with the moclcls and solvers usecl in this research. 
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4 .1 Model description 

A floating ring bearing is similar toa journal bearing, only a ring with holes is placed in the fluid 
film (Figure 4-r) . This ring splits the fluid film in two layers. The fluid film between the shaft and 
the ring is called the inner film and between the ring and the housing is called the outer film . 
The fluid enters a floating ring bearing through a supply tube at the top and leaves through the 
open ends. The floating ring bearing is characterized by a series placement of the short bearing 
theory as used in the previous chapter. 

Lo 

Housing 

Co 

(a ) S ketch or a fl oat ing ring hearin g (h) Rings 

Figure 4.1: A sketch of a floa ting ring bcariug and a picture of two riugs. 

The dynamic model consists of a Laval-Jeffcott rotor as used in the previous chapter, but the shaft 
is assumed to be flexible (Figure 4 .2a). This rotor is still symmetrically supported by floating 
ring bearings, thus the dynamic model is statica lly over-determined (Figure 4.2b) . This is fixed 
by reducing the model due to the symmetry of the rotor (Figure 4-2c). The addition of a fl exible 
shaft means that the shaft is not mass less, there fore the shaft mass is divide in three parts. Two 
parts are the actual shaft mass, which characterize the rotor parts that rotate in the bearings, and 
the other part is added to the point mass. 

Mass 

Bearing m Bearing i (m,•1,m,) = m 
Shaft (2ks) = ks 
m •. k, ('t,m, ) = m. 

F; 2F; 
m,g 2m,9 

~ ~ 2Fo 
1777777 1777777 

(a ) rlexih le Lava l-J effcott rotor on fl oatin g ring hearin gs (h) Over-determined (c) H.edu cPd 

F igure 4.2: Moclels of a fl exible Lava.1-.J cffcott rotor on floa ting ring bearings . 
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The S BT-based model of a flexible Laval-Jeffcott rotor supported by floating ring bearings is char
acterized by 

mx = - k (x - x ) s s ' 

mjj = - ks(Y - Ys) - mg, 

m 8 X8 = k8 (x - Xs) + 2F_Tif ' 

Tn sYs = ks(Y - Ys) + 2FYiJ - m sg , 

Tnrg Xr g = F.Tof - F.T if, 

TnrgYrg = F'l/of - FYiJ - Tnrg9· 

( 4. 1) 

(4.2) 

(4.3) 

(4 .4) 

(4.5) 

(4 .6) 

Herein are Fxi f and FYiJ the reaction forces of the inner film, which act on the shaft and ring. 
These reaction forces are dependent on the position and velocity of the shaft and the ring, there
fore Xif = ,'.Cs - X,·g, Yi f = Ys - Yrg, Xif = Xs - i:rg, Yi f = Ys - Yrg and n if = ns + n.,.g . The 
reaction forces of the outer film F.T01 and Fy01 are only dependent on the position and velocity 
of the ri ng, therefore Xo f = Xrg, Yof = Yrg, Xo f = Xrq, Yof = Yrg and nof = f2rg• The rotation 
speed of the ring is es timated from experience as n .,.g = 0.2 · f2 8 . Further is ks the shaft fl exibil
ity and (x, y) is the position of the point mass. The state-space equations are obtained by using 
q = [:r:, Y, ,Ts , Ys, Xrg , Y, ·g, x, y, Xs, Ys, Xrg , YrgJI' as generalized coordinates. 

q, = q7 , 

42 = qg, 

q3 = Cfg, 

q4 = q10 , 

q5 = q11 , 

(j(j = q1 2, 

k 
(]7 = - _'!._ ( C/ 1 - C/:l ) , 

·m 
k 

éJs = - _:!__ ( C/2 - C/4) - g, 
m 

k 2 
qg = ~(q, - Cf:i) + - (F.,.;1 cosr_pif - Ft iJ sin r_pif) , 

nis ms 
k 2 

éJ10 = ms (q2 - q4) + -:;;;- (Fr;J sin r_pi f + Ftif COS'fJi f) - g, 
s s 

1 1 
éJ,, = --(F"of COS'fJof - Fti f sin '-Pof) - --(F, if COS'fJi f - Ft if sin r_pif), 

11îrg 11îrg 
1 1 

q 1 2 = -- ( F"01 sin '-Po f + F 101 cos '-Po f) - -- ( F,.i f sin '-Pi f + F,if cos '-Pi f) - g. 
Tnrg m"g 

(4. 7) 

(4.8) 

(4.9) 

(4. 10) 

( 4.11 ) 

(4. 12) 

(4 .13) 

( 4.14) 

( 4 .15) 

(4.16) 

( 4.17) 

(4 .18) 

Wherein '-Pi f is the angle between the cartesian coordinate system and the eccentricity of the shaft 
and '-Po f is the angle between the cartesian coordinate system and the eccentricity of the ring. The 
eccentricity and position of the shaft are always relative with respect to the ring, unless otherwise 
m entioned. 
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4.2 Simulation 

The following model parameters are used as default setting, which characterize the inner and 
outer film as introduced in the previous chapter. The viscosity is chosen lower to represent a 
floating ring bearing of MTT. 

L of = 7.0 · 10- 3 m 

R - 5 r- 10- 3 ·of - .ü · 1n 

Cof = 0.035 · 10- 3 m 

rn = 70 • 10- 3 kg 

mrg = 4 · 10- 3 kg 

µ = 0.006 kg / ni · s 

L if = 1.5 · 10- 3 m 

Rif = 3.025 · 10- :i m 

Gif = 0.015 · 10- 3 rn 

'/11, 8 = 35 · 10- 3 f..:g 

f..: .s = 5 · 106 N / m 

The shaft mass is determined by the equation below, wherein L 8 = 0.15 m is the shaft length, 
R s = 6.5 · 10- 3 m is the shaft radius and Ps = 3.0 -103 ftt!r is the shaft density. The shaft mass is ~ 
of th e determined mass, the other ½ was a l ready included by the point mass. The shaft Aexibility 
is determined by the equation below, which is a derivation of the Euler beam equation. This 
equation determines th e deflection of a beam by a force of I Newton, wherein Es = 21 0 • 109 Pa 
is th e E-modulus of the shaft. 

2 
11l 8 = 7r R 8 L sPs, 

121rEsR ~ 
f..:s=----

D! 

( 4.19) 

(4.20) 

Bifurcation diagra ms of the maxima! shaft, ring and point mass positions are obtained as result of 
the simulations (Figure D.1) . Remarkable is the appea rance of three bifurca tion points at respec
tively 19270, 68060 and 236620 rpm , where only one bifurcation point appears in the previous 
chapte r. The eigenvalues are five complex conjugated pairs and two real values, whi ch a ll have a 
negative real part a t low rotation speeds. 

The real part of one co mplex conjugated pair turn s positive at the first bifurcation point, there
fore the equilibrium point branch becomes unstable. Thus one vibration mode becom es unsta
ble, which forces the sys tem in a limit cycle motion . Continuation at this Hopf-bifurcation point 
shows similar behavior as in the previous chapter. Thus the walk-back, the fold and the cut-off 
appear in the bifurcation diagrams, which are completed by simulations with an ode-solver. 

The real part of th e second and third complex conjuga ted pair turns positive at the second and 
third bifurcation point, so two vibration modes becom e unstable. Continuation results in an un
stable periodic solution branch for the ring orbit at the second bifurca tion point, which merges 
with the quasi-pe riodic solution branch . The possibility exists that an unstable quasi-periodic so
lution branch occurs at the third bifurcation point. The eigenmodes need to be determined for 
investigation of which vibration mode becomes unstable . This eigen mode calculation is not per
formed in this resea rch, because only th e stable vibrations are of interes t for developing a simple 
model of a high speed rotor. 

34 



·-x x 
ro 

-5 

1 
_
5 

X 10 

E 0.5 

1 
1 HB 

' ', 

-stable-ode 
- stable 
- - - unstable 

e' 
X x 
ro 
E 

- 5 

2
_
5

x10 

2 

HB 1 
\ 

- sta bie-ode 
- stable 
- - - unstable 

' , ' ', HB ~-- - - - - _ _ HB -------- -o- -
'..., ' HB 

- • - _ _ _ _ HB 

0.5 1 1.5 2 2.5 0.5 
Q [rpm] 

X 10
5 

(a ) Shaft 

- sta bie-ode 
- stable 

3 - - - unstable 

I 
3: 2 
X 
ro 
E 

' ' ...... HB 

■ ------- HB - -------- -0- -

0.5 1 1.5 2 2.5 
Q[rpm] 

X 10
5 

(c) Point mass 

----------- -0- -

1 1.5 2 2.5 
Q [rpm] 

(b) Ring 

Figure 4. 3: Bifurcation cliagrams of a flexible Laval-J effcot t rotor on float ing ring bearings . 

Differences between the results of the previous model and this S BT-based model are the slower 
decrease of the equilibrium point branch, the decrease of the quasi-periodic solution branch of 
the shaft and the period doubling. The addition of a flexible shaft results in a slower decrease 
of the equilibrium point branch due to the in teraction between the flexible shaft and the point 
mass . The decrease of the quasi-periodic solution branch of the shaft is caused by the absorbtion 
of energy through the ring and point mass. The quasi-periodic branch of the ring increases, thus 
the ring is absorbing energy from the shaft. The point mass is also whirling around, which only 
occurs through input of energy that is absorbed from the shaft. 

The bifurcation diagram s show a strange profile of the quasi-periodic solution branch. The maxi
ma! orbits of the rotor are suddenly increasing at a rotation speed of approximately 150 krpm. To 
explain this dynamic behavior, the rotor orbits before and after this point are obtained (Figure 4-4 
and 4.5). The ring orbit at 200 krpm shows an extra whirl inside the big whirl , which is called a 
period doubling. The strange profile is a result of this period doubling, because it causes a larger 
x and y-position. Thus period doubling in the dynamic behavior could be dangerous, because it 
introduces more vibrations in the system. This period doubling has also much influence on the 
point mass orbit, where a too large point mass orbit could result in failure of the shaft. 
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Figure 4.5: Orbits of a fiexible Laval-Jeffcott rotor on fioating ring bearings at 200 krpm. 

4.3 Parameter study 

The influence of the model parameter variations on the dynamic behavior is investigated in a 
parameter study, which is performed by a variation of one model parameter at a time. The ap
plied variations are listed in table 4-2. The radius of the shaft and ring are coupled to each other, 
because the ring thickness is kept constant. Thus only the radius variations are applied simulta
neously. 

Para.meter min default max 
m (gr) 35 70 140 
m s (gr) 5 35 70 

ks (~) 5 · 104 5 · 106 5 · 108 

Rif (mm) 1.525 3.025 4.525 
Raf (mm) 4.0 5.5 7.0 
Lij (mm) 0.5 1.5 2.5 

Lof (mm) 4.0 7.0 10.0 
Glij (mm) 0.01 0.015 0.035 
Claj (mm) 0.015 0.035 0.05 

µ (~) 0.0012 0.006 0.012 
Table 4.2: Model parameter variations. 
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The investigation considers the total friction force and power loss of the rotor at 240 krpm (Table 
4.3). The friction, which is caused by the viscosity and velocity of the fluid, is an important factor 
of power loss in the rotor dynamics. Therefore it is important to regard the friction force in the 
parameter study. This force is determined by the equation below and the derivation can be found 
in appendix B [13]. The friction farces are much smaller in comparison to the reaction farces of 
the bearing, thus neglecting the friction farces in the SBT-based model is appropriate. The power 
loss is a follow-up of the friction force, which leads to the equation below. 

( 4.21) 

(4.22) 

The rotor dynamic behavior is presented by the maxima! position of the shaft, ring and point 
mass orbit at 240 krpm (Table 4-4). The obtained results are compared to the default setting as 
used in the previous section. The bifurcation diagrams of all these parameter variations can be 
found in appendix D. This parameter study is also done for the SBT-based model with a rigid 
shaft, wherein the shaft flexibility is set to k5 = 0 N /m. The analysis and obtained bifurcation 
diagrams can be found in appendix C. 

Parameter Ffric,s (N) W s (W) 
default 1.9 137 

m = 140 gr 1.9 138 
m =- 35 gr 1.9 138 

m 5 = 70 gr 2.0 142 
m 5 -= 5 gr 1.7 133 

ks = 5 · 108 f 2.0 143 

ks = 5 · 104 ~ 5.7 392 

Raf = 7.0 mm 4.1 444 

Raf = 4.0 mm 0.5 19 

Laf = 10.0 mm 2.0 155 

Laf = 4. 0 mm 1.8 126 
L ;j =- 2.5 llllll 2.5 190 

Lif =- 0.5 mm 1.0 89 
Gl 0 1 = 0.05 mm J.7 133 

Gloj = 0.015 mm :3.3 250 
Glij = 0.035 mm ] .1 99 
Glij = 0.01 mm 2.4 183 

µ -= 0.012 .0L 
m. s 

3.4 262 
- !iJf_ {l - 0.0012 n , o 0.8 50 

Table 4.3: Friction results of the parameter st udy of a flexible Laval-J effcott rotor on float ing 
ring bea.rings at 240 krpm. 
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The friction results point out that the power loss decreases when the viscosity, film lengths and 
radii are small and when the clearances are large, since it is dependent on the fri ction between the 
fluid and shaft surface. The shaft surface decreases when the shaft dimensions become smaller 
and a low viscosity m ea ns that the fluid is less viscous, therefore the friction between the fluid and 
shaft decreases . The increase of the clearances lead to a lower pressure di stribution in the fluid 
films. Thus th e Auid is less hard pushed against the shaft, which results in less friction. There
fore a smaller shaft eccentricity causes a lower fri ction force, thus the variations of the outer film 
have an influence on the power loss. The effect of th e shaft eccentricity has a minor influence on 
the power loss in comparison to the shaft dimensions and viscosity. 

Parameter ma.,-x(xiJ) (x 10- b rn) max(.Tiq) (x 10- 0 m ) max(x) ( x 10- b m) 

defaul t 1.058 2.208 3.56 
m = 140 gr 1.150 2.873 5.43 
m - 35 gr J .045 1. 553 2.27 

m s ~ 70 gr 1.140 2.477 4 .10 
m 8 = 5 gr 0.971 1.963 3. 14 

ks = 5 · 108 1;f;; 1.117 l.963 2.50 
/.;~ - 5. 104 !::!... 

m . 1.427 3.260 638 

Rof 7.0 mm 0.978 J .956 3.1 3 

Rof 4. 0 mm 1.200 2.526 4.24 
Lof - 10.0 mm 1 .087 0.680 l.95 
L 0 1 = 4.0 mm 1.044 3.029 4.43 
L i f = 2.5 mm 0.64] 2.030 2.75 
L i j = 0.5 lllm 1. 393 2.953 5.49 

GloJ 0.05 mm l.103 4.230 5.92 
Glof - 0.015 mm 1.35 ] 0.532 8.68 
GliJ - 0.035 mm 3.292 2.723 6.84 

Gli f 0.01 mm 0.579 2. 154 2.92 
/l = () 012 li:g 

• tn, S 0.905 1.329 2.36 

/J, - 0.0012 ~ 
'IIJ s 1. 382 3.035 4.40 

Table 4.4: Dynamic resul ts of the parameter st udy of a flexible Laval-Jdf'cott rntor on float ing 
ring hearings at 240 krpm . 

A rotor on journal bearings results in a large shaft orbit when the shaft is light and the rotation 
speed is high , which could cause a collision. When the ring orbit is small , the floating ring bear
ing seem s to be s imilar to a journal bearing for the shaft. Therefore it seems to be better for the 
dynamic behavior that the ring orbit is large in comparison to the shaft orbit. This large ring orbit 
is provoked by absorbed energy from th e shaft, which results in a decrease of the shaft orbit. 

The point mass orbit is also considered as a dynami c result. The point mass has nota clearance 
limit, but its orbit can not be too large, otherwise the shaft will fail due to fatigue or fracture. 
Therefore the low shaft stiffness is not appli ca ble, because the point mass orbit is too large. The 
increase of the inner film length and the decrease of the inner film cleara nce could result in fa
vorable dynamic behavior, because the shaft orbit is decreased while the ring orbit has not much 
changed. The parameter variations of the outer film seem to have less inAuen ce on the shaft orbit 
due to the Aexibility of the shaft and the low viscosity. 
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The Sommerfeld number is aften used as dimensionless number in the analysis of fluid film 
bearings, which is defined by the equation below [w]. This dimensionless number is important, 
because it contains all the parameters of a bearing that could be specified by a designer. The 
load is defined as F = mg, which is the mass load of the point mass. The ratio between the 

Sommerfeld number of the inner and outer film ( ~ ) is used to improve the model parameters 
of 

with respect to the dynamic behavior. 

S = µDR3L 
nFG2 . 

(4 .23) 

The ratio has a value of 0.78 and the Sommerfeld numbers are Sif = 10 and S0 1 = 13 for the 
default setting. The ratio and the Sommerfeld numbers can be found in table 4-5 for all the model 
parameter variations. This table points out that the Sommerfeld numbers should be low and the 
ratio should be above one to obtain a favorable dynamic behavior, as is obtained by the decrease 
of the inner film clearance and the increase of the inner film length and radii. Both res trictions 
need to be fulfilled to be favorable for the dynamic behavior. 

The period doubling seems to occur when both Sommerfeld numbers drop below a specific value, 
like as obtained by the default setting. The Sommerfeld number can not characterize the dynam
ics of a flexible shaft, therefore is the influence of the shaft flexibility not caught by this dimen
sionless number. The increase of the shaft flexibility leads to a large point mass orbit, but this is 
not visualize in the Sommerfeld numbers. 

Parameter s i1 Sof 0:1-
S a r 

default 10 13 0.78 
m = 140 gr 5 7 0.78 
m = 35 gr 21 27 0.78 

m s = 70 gr 10 13 0.78 
ms = 5 gr 10 13 0.78 

ks = 5 · 108 Çf, 10 13 0.78 
/.: 3 = 5 · HY1 

']; JO 13 0.78 
Raf = 7.0 mm 35 27 1.26 
R 0 1 = 4.0 mm 1 5 0.26 
Laf = 10.0 mm 10 19 0. 54 
Laf = 4.0 mm 10 8 1.36 
L i j = 2.5 mm 17 13 1.29 

L if = 0.5 mm 3 13 0.26 
Gl 01 = 0.05 mm 10 7 1.58 
Gl0 1 = 0.01 5 mm 10 72 0.14 
Glif = 0.035 mm 2 13 0.14 
Gli j = 0.01 mm 23 13 1.75 

µ = 0.012 ~ 21 27 0.78 
µ = 0.0012 kg 2 

'nl, ~ 
3 0.78 

Tablc 4.5: The ratio and Sommerfelcl numbers of the parameter stucly of a ftexible La.val
J effcott rotor on ftoat ing ring bearings at 240 krpm. 
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This parameter study demonstrates that the outer film needs to be fl exible in comparison to the 
inner film, becau se the outer fi lm needs to absorb the motions of the ring. These motions a re 
obtained by a stiff inner film , which tran sfers the motions of the shaft to the ring. Both fluid 
film must be relative ly s tiff, because they need to transfer the motions of a hi gh rotation speed. 
The low viscosity leads to period doubling in th e dynamic behavior. This period doubling can be 
prevented by decreas ing the shaft flexibility. This decrease has also a positive effect on the point 
mass, because it needs to follow the motions of th e shaft. Otherwise the point mass could obtain 
a large orbit, which could result in failure of th e shaft. The viscosi ty and shaft surface must be 
small to obtain the bes t result with respec t to th e power loss. 

Floating ring bearings that a minimal shaft orbit provoke, will probably provoke a sm all orbit for 
a realistic shaft. Therefore it is useful to tune th e model pa ram eters in such way that a minimal 
shaft orbit is obtained. This minimal sh aft orbit should be gained by preference for th e complete 
rotation speed range, but it must be at leas t gained for higher rotation speeds . Three options are 
initiated to improve th e dynamic behavior of a hi gh speed rotor on floatin g ring bea rings . The 
used model paramete rs, obtained Sommerfeld numbers and power loss are li s ted in table 4.6. 

1 Defaul t I Üption 1 1 Option 2 1 Optiou 3 1 

lll (gr) 70 70 70 70 
'lll s (gr) 35 :i5 35 35 

ks (~ ) 5 · 106 5 · 106 5 · 106 5 · 108 

R0 f (mm) 5.5 5.5 5.5 5.5 

Rif (mm ) 3.025 3.025 3.025 3.025 

Lof (mm) 7 7 4 4 

L if (mm) 1.5 2.5 2.5 2.5 

C l 0 1 (mm) 0.035 0.035 0.02 0.02 

C lif (mm) 0.01 5 0.0 1 0.01 0.01 
(-~IL ) /l m .< 0.006 O.OOG 0.006 0.006 

s i1 10 ;39 39 39 

Sof 13 13 23 23 

Suf Sof 0.78 2. 9J J.66 1.66 

W.9 (W) 137 26!) 265 280 
Table 4.f-i: Modd pr1.ramctcrs , Sommerfc ld 1111mhers a nd power loss of the t hrec opt ions. 

The model pa ram eters of the first option are chosen as li sted in the ta ble, because the paramete r 
s tudy demonstra tes th at they could improve the dynamic behavior with respec t to the shaft orbit. 
The ratio is above one for the firs t option , but the Sommerfeld number of the outer film is re la
tively sma ll. Therefore the obtained bifurcation di agrams (Figure 4 .6) show that the shaft orbit is 
low over the comple te rotation speed range, but period doubling occurs due to the low viscosity. 
This period doubling has much influence on the ring and point mass orbit, since the maxima! 
positions of these orbits increase fast. The power loss of this option is large in comparison to the 
default setting due to the increased shaft surface, thus thi s first option is probably not an optima! 
choice of th e model paramete rs. The Sommerfeld number of the outer film is probably too low, 
therefore the model param eters of the second option are chosen in such way that thi s Sommer
fe ld number increases. 
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Figure 4.6: Bifurcation diagrams of a ftexible Laval-Jeffcott rotor on ftoa ting ring bearings for 
the first option. 

The Sommerfeld number of the outer film is increased and the ratio is decreased for the second 
option, but the ratio is stil l above one. The obtained bifurcation diagrams (Figure 4-7) show that 
the shaft orbit has been decreased for the complete rotation speed range, which is favorable for 
the dynamic behavior, but the period doubling is still present. The point mass and ring orbit 
are also decreased, but they are still influenced by the period doubling. The power loss is a bit 
improved for this second option, but the power loss is still large in comparison to the default 
setting. Thus this parameter setting results in a better dynamic behavior, but the period doubling 
is still present and the power loss is relatively high. Therefore a third option is introduced to 
prevent the period doubling, wherein the shaft flexibility is decreased. 
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Figure 4. 7: Bifurcation diagrams of a fiexible Laval-J effcot t rotor on floating ring bearings for 
the second option. 

Only the shaft flexibility is changed for the third option, therefore the Sommerfeld numbers are 
similar as in the previous option. Thus the dynamic behavior should be similar to the previous 
option, but the obtained bifurcation diagrams (Figure 4-8) show that the period doubling has 
been disappeared. Thus the flexibility of the shaft has a big influence on the dynamic behavior, 
which is not caught in the Sommerfeld numbers. The shaft orbit is larger in comparison to the 
previous options, but it is still smaller as for the default setting. The orbits of the point mass 
and ring are decreased due to the disappearance of the period doubling. The power loss is a bit 
larger in comparison to the power loss of the other options, because the shaft eccentricity is in
creased. This option could be a good parameter setting with respect to the dynamic behavior, but 
the power loss is increased. Thus a conflict occurs by obtaining a favorable dynamic behavior or 
a favorable power loss. 
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Figure 4.8: Bifurca tion d iagrams of a flexible Laval-Jeffcot t rotor on floa ting ring bearings for 
the t hird option. 

The parameter study points out that the Sommerfeld numbers need to be low and the ratio above 
one to obtain a favorabl e dynamic behavior, where the Sommerfeld number of the outer film 
needs to be S0 1 ~ 20 and of the inner film Sif ~ 35. These Sommerfeld numbers could be 
obtained by increasing the inner film length and decreasing th e inner film clearance, outer film 
length and clearance, but the increase of the inner film length results in a larger power loss. Thus 
a conflict exists by obtaining a favorable dynamic behavior or a favorable power loss. The viscosity 
needs to be as low as possible, since it results in a substantial decrease of the power loss. This 
low viscosity introduces period doubling in the dynamic behavior, which can be prevented by de
creasing the shaft flexibility. Therefore the shaft flexibility must be as low as possible to obtain a 
favorabl e dynamic behavior. 
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4.4 Mass imbalance 

The high speed rotor of MTT consists of two parts, which can be balanced with respect to th eir 
mass, but after the assemblage the rotor has still a mass imbalance. Thus balancing the high 
speed rotor is not useful, therefore an investigation is performed to obtain the influences of this 
mass imbalance on th e dynamic behavior. The mass imbalance could dominate the rotor orbits, 
which could lead to a collision or failure of the shaft. The mass imbalance is added to the point 
mass in the SBT-based model, because a generator is attached to the middle of the realistic shaft. 
Therefore the mass imbalance is mostly present in thi s midsection of the shaft. The mass imbal
ance results in a force for both cartesian directions, where the force is dependent on the rotation 
speed. 

F,1; ,i111 /, = rnimbn ; cos Dst , 
2 . 

F.v ,i111b = rnirn,bn s Slll Dst , 

( 4.24) 

( 4.25) 

Herein m irn.b is the mass imbalance, 0 8 is the rotation speed of the shaft and t is the time. 
These farces are added to the state-space equations 4 .13 and 4.14. The mass imbalance is set 
to rn ;111 1, = l • 10- 6 kg • m , which is a qui et large mass imbalance from experience. This mass 
imbalance represents a point mass of O. :n gr . at the shaft radius. The default model parameter 
setting is used for simulations with this mass imbalance. 

The obtained bifurcation diagrams are simil ar to the bifurcation diagrams of the SBT-based model 
without mass imbalance (Figure 4.9 and 4.rn) . Thus the maxima! positions of the rotor are not 
influenced by the mass imbalance, whi ch is favorable for th e dynamic behavior. The orbits wil! 
not increase due to the appearance of a mass imbalance, thus the impossibility to balance the 
rotor is probably not dangerous for the system . 
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Figure 4 .10: Bifurcation diagram of a flexible Laval-Jeffcott rotor on floating ring bearings 
with mass imbalance. 

The rotor orbits are not influenced, but the dynamic behavior of the model with mass imbalance 
is changed. This changed dynamic behavior is visualized by comparing the frequency plots of the 
shaft, ring and point mass orbit at the operation point for the model with/without mass imbalance 
(Figure 4.n and 4-12). The frequency plots of the model with mass imbalance show a peak at 4000 
H z for the shaft and point mass orbit. This frequency peak is a synchronous response, which 
is caused by the mass imbalance due to its dependency on the rotation speed. Thus the mass 
imbalance has an influence on the dynamic behavior, but it is small in comparison to response 
of the floating ring bearings. 
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The mass imbalance has a minor influence on the dynamic behavior of the S BT-based model 
with the default parameter setting, but this influence could increase when the model parame
ters are changed. Therefore the influence of the m ass imbalance on this model with the third 
option parameter setting is investigated. The obtained bifurcation diagrams are still similar to 
the bifurcation dia grams without mass imbalance (Figure 4.13). Thus the mass imbalance has 
not influenced the rotor orbits for this parameter setting, thus the rotor orbits are probably never 
influenced by the mass imbalance. 
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The frequency plots point out that the model with mass imbalance has a peak at 4000 H z (Figure 
4.14 and 4.15) , which is similar to the frequency plots for the default parameter setting. The fre
quency response of the ring orbit shows also a synchronous response peak, which is not present 
in the model with default param eter setting, because the stiff inner film transfers the mass im
balance response to the ring. The influence of the mass imbalance is still small in comparison to 
the frequency response of the floating ring bearings, thus the impossibility to balance the rotor is 
probably not dangerous for the system. 
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4.5 Conclusions 

The obtained bifurcation diagrams of a fl exible Laval-J effcott rotor show a decrease of the quasi
periodic solution branch . This decreas is a result of the energy absorbtion by the ring. The ring 
is whirling around, which occurs due to the input of energy from the shaft. Thus a floating ring 
adds damping to the bearings. Period doubling appears in the bifurcation diagrams due to the 
low viscosity, where it increases the point mass orbit for higher rotation speeds. Therefore period 
doubling is not favorable for the dynamic behavior of the system, because a too large point mass 
orbit could result in collision or failure of the shaft. 

The parameter study shows that the increase of the inner film length and the decrease of the in
ner film clearance could be better for the dynamic behavior with respect to the shaft orbit. Period 
doubling is still presented in the dynamic behavior, but it is prevented by decreasing the shaft 
flexibility. Therefore the shaft flexibility needs to be as low as possible to obtain a favorable dy
namic behavior. 

The power loss is also considered in the parameter study, which points out that the decrease of 
the viscosity and shaft surface reduces the power loss. The power loss decreases when the eccen
tricity of the shaft is small , but this is a minor effect in comparison to the decrease of the viscosity. 
Thus the viscosity needs to be as low as possible to ga in a favorab le power loss. This study points 
out that a conflict exists between obtaining a favorab le dynamic behavior or a favorable power 
loss. Since the shaft surface needs to increase fora better dynamic result. 

The investigation between the relation of the Sommerfeld numbers and the dynamic behavior 
demonstrates that the Sommerfeld number of the inner and outer film should be low and the 
ratio should be above one for a favorabl e dynamic behavior. These Sommerfeld numbers are 
obtained by increasing the shaft surface, which ha s a nega tive effect on the power loss. This 
dimensionless number can not represent the dynamics of the fl exible shaft, therefore it is nota 
binding guide line for gaining a better dynamic behavior. 

The high speed rotor of MTT can not be balanced with respect to its mass, there fore a mass im
balance exists on th e shaft. This mass imbalance cou ld influence the dynami c behavior, thus an 
investigation is performecl to research this influence. The rotor orbits are not influencecl by the 
mass imbalance, thus the mass imbalance will probably not inAuence th e dynami c behavior of an 
actua l rotor. The dynamic behavior is changed, whi ch is vi sualized by the frequency plots of the 
rotor orbits. These frequency plots show that the mass imbalance causes a syn chronous response 
for all rotation speeds, but this response is small in comparison to the response of the floating 
ring bea rin gs. Therefore the impossibility to balance th e rotor is probably not dangerous for a 
high speed rotor. 
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Chapter 5 

CFD-based hearing model 

A SBT-based model of a flexible Laval-Jeffcott rotor on floating ring bearings is obtained in the pre
vious chapter, but this model will only be useful when it is validated. Therefore a computational 
fluid dynamics (CFD) simulation of the flow in a floating ring bearing is set up and coupled to the 
dynamics of the flexible shaft. This CFD-based bearing model consists of a flexible Laval-Jeffcott 
rotor coupled to a complex representation of a floating ring bearing. The SBT-based model will 
be compared to this CFD-based bearing model, of which a conclusion is obtained with respect to 
the validity of the short bearing theory. 

The validation between the short hearing theory and the CFD-based bearing model is quite accu
rate, because the match is made by little adjustments in the short bearing theory. The comparison 
points out that the short bearing theory is underestimating the pressure distribution in a floating 
ring bearing, therefore the film lengths are adjusted to obtain the match between the models . 
This validation points out that the fluid supply at the top of a floating ring bearing can not be ne
glected, because the pressure force of the fluid supply has an influence on the dynamic behavior 
of th e rotor. An effect of this supply force is locking the period doubling, otherwise the period 
doubling would also whirl around through the bearing. 

The adjusted S BT-based model is qui te accurate to rep re sent a floating ring bearing in a high 
speed rotor. Thus the SBT-based model is useful, because its calculation time is small in com
parison to the CFD-based bearing model. Therefore this dynamic model can be used for design 
studies ofa high speed rotor to obtain qualitative information about the dynamic behavior. 

LJ rotor flexible LJ rotor FEM-bascd rotor 
journal hearings frb's frb 's 

Mathematica!: Auto Auto Newmark 
SBT ODE ODE 

Numerical: X ODE Newmark 
CFD 

Experirneut X X ✓ 

Table 5.1: Dia.gram with the models and solvers used in this research. 
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5.1 Model description 

The validation of the SBT wil! be performed against a numerical model with a CFD simulation 
of the flow in a floating ring bearing (Fi gure 5.1). This CFD simulation replaces the SBT in the 
SBT-based model, wherein the CFD m esh is reduced to a half floating ring bearing due to its 
symmetry. This m esh contains the supply in let groove at the top of the bearing and the coupling 
through the holes in ring. The supply inlet is modeled as a constant supply pressure for an area 
at the top of the m esh, which is visible in the picture as the yellow band. 

The coupling between the fluid films is represented by a constant pressure in the holes of the 
ring, because the volume of these holes is much larger than the volume of the fluid films. Thus 
the pressure of the fluid in these holes can be assumed as constant. Therefore fluid in these ring 
holes are not modeled in the CFD mesh, but the pressure at the holes entrance are coupled to 
each other. These assumptions of a constant pressure does not influence the results, because the 
pressure build-up in the fluid film is much larger in comparison to the pressure in the holes . 

The CFD simulation is a more complex representation of a floating ring bearing and determines 
the flow by integrating the Reynolds equation. The cavitation in the Reynolds equation is consid
ered by a simple cavitation model, namely th e pressure is set to zero when it becomes negative. 
This is not completely correct to the reality, but the SBT uses the same cavitation model. 

Figure 5 .J: CFD sirnulat ioll of a floating r ing bea.ring . 

The CFD simulation is performed by a developed FEM code of MTT and coupled to an ode-solver 
in Matlab. This ode-solver determines the dynamics of a Aexible Laval-Jeffcott rotor as introduced 
in the previous chapter, but a CFD simulation is activated when the reaction forces of a Aoating 
ring bearing are needed. Thus the ode-solver determines the eccentriciti es of the shaft and ring, 
which are used in the CFD simulation to determine the corresponding reaction forces. These 
reaction forces are used to obtain the new eccentricities and procedure starts over again. 
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5.2 Validation short hearing theory 

The following model parameters are used as default setting for the SBT-based and CFD-based 
hearing model. The shaft flexibility and ring rotation speed are chosen low to obtain more dy
namic response in the rotor orbits, which are used to gain a useful comparison. 

Lof= 7.0 · 10-3 m 

Raf = 5.5 · 10-3 m 

C0 f = 0.035 · 10-3 m 

m = 70 · 10-3 kg 

mrg = 4 · 10-3 kg 

µ = 0.006 kg/m · s 

Lif = 1.5 · 10-3 m 

Rif = 3.025 · 10-3 m 

Gif = 0.015 · 10-3 m 

m 8 = 35 · 10-3 kg 

k8 = 5 · 104 N/m 

0 8 = 0.135Or rpm 

The SBT-based and the CFD-based hearing model are compared to each other by frequency plots 
(Figure 5.2 and 5.3) and orbit plots (Figures 5.4 and 5.5). A frequency plot shows the frequencies 
and amplitude of the rotor orbits, which are different for both models at 160 krpm. The fre
quencies of the important peaks were different, hut they are matched by changing the inner film 
length to Lif = 2.0 · 10-3 mand the outer film length to Lof = 7.6 · 10-3 min the SBT-based 
model. 

The division of the inner film in two parallel films is not corresponding to an actual floating ring 
hearing with respect to the chosen dimensions, because the inner film is too flexible. The outer 
film length needs to be increased, because the SBT is underestimating the pressure distribution. 
Tuis underestimation is caused by exceeding the length to diameter ratio § < 0.25, hut it is 
compensated by increasing the outer film length. The amplitudes of the important peaks are 
different, which are also visualized in the orbit plots. 
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Figure 5.2: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 160 
krpm by the SBT-based model. 
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Figure 5.3: Frequency plots of a flexible Laval-Jeffcot t rotor on floating ring hearing at 160 
krpm by the CFD-based hearing model. 
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Figure 5.5: Orbit plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 160 krpm 
by the CFD-based hearing model. 

The main differences between the models are the coupling of the inner and outer film by the 
holes in the ring and the fluid supply at the top of the hearing. The coupling of the inner and 
outer film in the SBT-based model is only performed by distracting the reaction force of the inner 
film from the reaction force of the outer film to obtain a total reaction force on the ring. The 
pressure distribution of the outer film has also an influence on the inner film and the pressure 
distribution of the inner film has an influence on the outer film. Tuis coupling is presented by 
adding a percentage of the inner film force to the outer film force and a percentage of the outer 
film force to the inner film force. Tuis percentage is obtained by dividing the surface of the holes 
(Ach = 1.0 • 10-5 m 2 ) over the surface of the inner film (AiJ = 1.0 • 10- 4 m 2) or the outer film 
(A01 = 2.4 • 10- 4 m 2). The fluid supply is modeled by adding an extra force on the ring in vertical 
direction, which is gained by multiplying the supply pressure (Pin = 3 • 105 Pa) to the inlet 
area (Ain = 17.3 • 10- 6 m 2 ). These additions result in an adjustrnent of the last four state-space 
equations of the SBT-based model. 
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The addition of the coupling and the supply force result in frequency plots (Figure 5.6) and orbit 
plots (Figure 5.7), which are quite similar to the plots of the CFD-based hearing model. The minor 
difference in the amplitude of the frequency peaks is caused by the numerical integration of the 
ode-solver and the CFD simulation or the assumptions of the SBT. The supply force is important 
in comparison to the coupling, because the area percentages are relatively small. These small area 
percentages lead to a minor in/decrease of the reaction forces in comparison to the in/decrease 
provoked by the supply force. 
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Figure 5.6: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 160 
krpm by the adjusted SBT-based model. 
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Figure 5.7: Orbit plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 160 krpm 
by the adjusted SBT-based model. 
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The match between the SBT-based and CFD-based hearing model is made by some adjustments 
in the SBT-based model. To investigate if this match holds for different model parameter settings, 
the shaft flexibility is changed to k 8 = 5 • 106 ffï, . The simulation of both models at 160 krpm 
results in the frequency plots (Figure 5.8 and 5.9), wherein the match still holds. The minor 
differences in the amplitude of the frequency peaks are still presented. They will always occur, 
because the numerical integration or the assumptions of both models will never lead to exactly 
the same results. 

S X 10-6 

- 3 .s -. 
-"- 2 

1000 2000 3000 4000 5000 °o 
frequency [Hz) 

1 

1000 2000 3000 4000 5000 
frequency [Hz[ 

1000 2000 3000 4000 5000 
frequency [Hz] 

(a) Shaft (b) Ring (c) Mass 
Figure 5.8: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 160 
krpm with ks = 5 • 106 ffï, by the adjusted SBT-based model. 
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Figure 5.9: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 160 
krpm with k8 = 5 · 106 ffï, by the CFD-based hearing model. 

To investigate if the comparison is accurate for different rotation speeds, simulations are per
formed with k8 = 5 · 106 ffï, at 240 krpm (Figure 5.10-5.13). The frequency plots show the match, 
only the higher frequencies differ a bit. These higher frequencies are caused by the period dou
bling, but the amplitudes of these higher frequencies are accessory to the amplitudes of the lower 
frequencies. Therefore the differences in the higher frequency range are ofless importance. The 
match is made by changing the percentage of the ring rotation speed to W r = 0.225 · w8 • The 
SBT-based model shows rotor orbits without period doubling when the ring rotation speed is not 
adjusted, thus increasing the ring rotation speed results in period doubling. Tuis adjustment 
causes a decrease of the reaction forces, thus the floating ring hearing becomes more flexible to 
allow the occurrence of period doubling. Thus the SBT is too stiff to represent a period doubling 
for the chosen model parameter setting and rotation speed, which occurs for higher eccentricities 
of the rotor [6]. 

Another interesting effect is the locking of the period doubling, because it is whirling around 
when the fluid supply is neglected (Figure 5.14) . Tuis locking is made at a different angle, which 
is probably caused by the distribution of the supply pressure in the CFD simulation. The fluid 
supply has probably an effect in the horizontal direction, which is not included in the adjusted 
SBT-based model. Besides these differences the match between both models is quite accurate. 
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Figure 5. 10: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 240 
krpm with ks = 5 • 106 ffi by the a SBT-based model. 
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Figure 5.11: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 240 
krpm with k 8 = 5 · 106 ffi by the CFD-based hearing model. 
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Figure 5. 12: Orbit plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 240 krpm 
with k 8 = 5 · 106 ffi by the adjusted SBT-based model. 
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Figure 5.14: Orbit plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 240 krpm 
with k8 = 5 · 106 ~ and without supply force by the adjusted SBT-based model. 

The ring rotation speed needs to be adjusted in the previous comparison, of which the question 
arises if the adjusted SBT-based model is appropriate for different ring rotation speeds. Since the 
exact rotation speed of the ring is unknown, the SBT should be appropriate to represent the dy
namic behavior for different ring speeds. Therefore this speed is changed to Wr = 0.2 -w8 for both 
models, of which the obtained frequency plots (Figure 5-15 and 5-16) show a lot of differences. The 
amplitude of the largest frequency peaks are qui te similar, hut the frequencies of these peaks are 
a bit different. The most prominent difference is the extra frequencies in the frequency plots 
of the adjusted SBT-based model, which is caused by a second period doubling (Figure 5-17 and 
5-18). Tuis second period doubling is also presented in the rotor orbits of the CFD-based hearing 
model, but the extra frequencies are not presented in the frequency plots. 

Thus the adjusted SBT-based model is not appropriate when a second period doubling occurs, 
even when the ring rotation speed is further increased in the SBT-based model. Tuis difference 
could be caused by the SBT, which assumes that the pressure distribution is only dependent on 
the axial coordinate, where the CFD-simulation uses the complete Reynolds equation for deter
mining the hearing pressure. The orbit plots of the adjusted SBT-based model show more fuzzy 
period doubling whirls, where these plots of the CFD-based hearing model show two fixed period 
doubling whirls. Thus the CFD-based hearing model locks the whirls, which could be caused by 
a distributed supply pressure. Further investigation needs to be performed to gain an accurate 
comparison for different ring rotation speeds. All the other comparisons between both models 
can be found in appendix E. 
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Figure 5.15: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 240 
krpm with k 8 = 5 · 106 f/;, and Wr = 0.2 • w 8 by the adjusted SBT-based model. 
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Figure 5.16: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 240 
krpm with k8 = 5 · 106 f/;, and Wr = 0.2 · W 8 by the CFD-based hearing model. 
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Figure 5.17: Orbit plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 240 krpm 
with k 8 = 5 · 106 f/;, and Wr = 0.2 · W 8 by the adjusted SBT-based model. 
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Figure 5.18: Orbit plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 240 krpm 
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5.3 Conclusions 

The SBT-based model is appropriate with some adjustments, namely increasing the film lengths, 
adding a coupling between the inner and outer film and adding a supply force to match the 
CFD-based hearing model. These adjustments are a completion of the SBT, because earlier as
sumptions were not valid for these dimensions of a floating ring hearing. The increase of the 
film lengths, which are important parameters to match the frequencies, mean that the SBT is 
underestimating the hearing pressure. Tuis underestimation of the pressure distribution in the 
outer film is caused by crossing the length to diameter ratio criterion. The underestimation in 
the inner film means that the assumption of splitting the inner film in two parts is not corre
sponding to an actual floating ring hearing for the chosen dimensions. The coupling between 
the inner and outer film has not much influences on the dynamic behavior. The supply force has 
more influence on the dynamic behavior and is an important parameter to match the amplitude 
of the frequencies. 

The ring rotation speed needs to be increased to match bath models when period doubling occurs 
in the dynamic behavior, which means that the SBT is too stiff. The SBT is overestimating the 
pressure distribution for higher eccentricities, which causes the too stiff fluid films. The supply 
force is also important for locking the period doubling, since the period doubling is whirling 
around when the supply force is neglected. The SBT-based model is not applicable for different 
ring rotation speeds, because the obtained frequency and orbit plots differ a lot from each other. 
Tuis difference could be caused by the assumption of the SBT that the pressure distribution is 
only dependent on the axial coordinate or by a distributed supply force. Further investigation 
needs to be performed to obtain an accurate comparison between bath models for different ring 
rotation speeds. 

The SBT-based model needs some adjustments to match the CFD-based hearing model, but with 
these adjustments the match is quite accurate. So the adjusted SBT-based model could replace 
the numerical CFD-based hearing model, because it reduces the calculation time significant. A 
recommendation to improve the comparison is to implement the long hearing theory for the 
outer film, since the length to diameter criterion is exceeded. 
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Chapter 6 

Experiment 

The SBT-based model of a flexible Laval-Jeffcott rotor supported by floating ring bearings is val
idated with satisfying results against a CFD-based bearing model, but both models are approxi
mations of the reality. Therefore experiments are performed at the test facility of MTT, of which 
a short explanation will be given . The experiments are performed with a realistic overhung con
figuration of a hi gh speed rotor on Aoating ring bearings. The SBT-based model is compared to 
these experiments, of which a conclusion is obtained with respect to the usefulness of the dy
namic model. This comparison is done for the complete rotation speed range, to investigate if 
the SBT-based model could represent the dynamic behavior of a realistic high speed rotor. 

The comparison shows reasonable results, since the ½w-whirl and the w-whirl evolution are rep
resent by the S BT-based model. These whirl evolutions are mostly provoked by the farces of the 
floating ring bearings and the mass imbalance, thus these farces are relatively good presented 
by the SBT-based model. The 2w-whirl is hardly represented by the SBT-based model, which is 
mostly provoked by the ellipsoidal rotor orbits. Thus a stronger non-linear force occurs in the ex
periments, which is not included in the SBT-based model. Thus the comparison is not completely 
accurate, which means that future investigation should be performed to gain a better comparison. 

The measurements of the experiments are difficult to compare with the simulation results, be
cause they measure the frequency of the complete micro turbine since the analyzers are mounted 
on the cartridges. The simulation results are obtained for the shaft and ring, thus a mismatch be
tween the S BT-based model and the experiments will always exists. Therefore a tes t rig designed 
for rotor dynamic analysis or an investigation to the dynamics of the complete micro turbine 
could res ult in a better comparison . Thus a future research is needed to obtain a better compari
son between the SBT-based model and the experiments. 

LJ rotor fiexible LJ rotor FEM-based rotor 
journal bearings fr b's frb' s 

Mathematica!: Anto Auto Newmark 
SBT ODE ODE 

N urnerical: X ODE Newrnark 
CFD 

Experiment X X ✓ 

Table 6.1: Diagram with the models and sol vers used m th1s research. 
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6.1 Test facility 

The test facility consists of a separate chamber, wherein the test rig is placed for experiments. 
The test rig includes the complete CHP solution system, such as a recuperator, micro turbine 
and combustion chamber. Only the micro turbine is needed for the rotor dynamic experiments 
(Figure 6 .ra). This micro turbine consists of a shaft supported by four floating ring bearings, 
on which two impellers (compressor and turbine) and a generator are fixed. The impellers are 
attached at bath ends of the rotor and the generator is attached to the middle. 

The floating ring bearings are evenly spread between the generator and the two impellers, which 
leads to an overhung configuration of the rotor. The floating ring bearings are housed in car
tridges, which provides the delivery and export of th e bearing fluid. Several seals and axial bear
ings are also situated in these cartridges. The generator consists of a housing, which is the sta tor, 
around a magnetic part of the shaft. The impellers are housed by scrolls, wherein the air is com
pressed at th e compressor and the exhaust gasses are driving the rotor at the turbine. This system 
of cartridges, scrolls and generator is fixed with a fixation black toa table, which is supported by 
very fl exible rubber supports (Fi gure 6.rb). 

Support 

Floating ring 
bearings 

Cartridge ·~---~ Serail 

Generator 

Black 

Table 

Support 
(a) TesL rig (b) Sk,, t,r li L<'st rig 

Figure 6. 1: The test rig of MTT a 11d a. sketch of t lw tPs t rig. 

The experiment is performed as a cold run experiment, which means that th e rotor is driven by 
the generator instead of the usual fuel combustion. Thus the impelle rs are removed from the 
shaft, because they are not used during this experiment. The frequencies of th e rotor vibrations 
are measured by frequency analyzers at bath cartridges, where they are placed in horizontal di
rection. The m easurem ents are converted toa wate rfall diagram, wherein some frequency plots 
of the rotation speed range are plotted in one figure. 
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6.2 Analysis experiment 

Three experiments are performed, namely a quasi-stationary run-up, quasi-stationary run-down 
and a linear run-up/run-down experiment. The quasi-stationary run-up experiment means that 
the rotation speed is increased with a certain value and the rotor is rotating for several seconds 
at this rotation speed. The vibration frequencies are measured during this time, whereupon the 
rotation speed is increased again with a certain value. Thus the rotor has some time to initialize 
before the measurements are performed. This procedure is clone for several rotation speed levels, 
where the frequency plots of these levels are plotted in a waterfall diagram (Figure 6.2). 
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Figure 6.2: Waterfall diagrams of a quasi-st ationary run-up cold run experiment. 

The waterfall diagram shows the important frequencies and the amplitude of these frequencies 
for the complete rotation speed range. Therefore the whirl evolution of the rotor due to an in
creasing rotation speed is clearly visualized. This evolution appears in this experiment along the 
black lines, which are the ½w-whirl, the w-whirl and the 2w-whirl evolution. 

The ½w-whirl is mainly caused by the floating ring bearings, because the orbit frequency of a ro
tor in fluid film bearings is mostly half of the rotation frequency when the equilibrium point of a 
rotor becomes unstable [10]. This ½w-whirl is dominated by the w-whirl for the lower frequencies 
until approximately 160 krpm. The w-whirl is mainly caused by the mass imbalance, because its 
excitation is dependent on the rotation speed. The 2w-whirl is mainly caused by the ellipsoidal 
shape of a rotor orbit, which could mean that the flexibility is not similar for both cartesian di
rections. This dissimilarity could be caused by the fluid supply, the gravity, the non-linearity of a 
floating ring bearing or the non-linearity of the suspending. 

A second experiment is performed as a quasi-stationary run-down experiment, wherein the ro
tation speed is decreasing from the operation point of 240 krpm. The waterfall diagrams and 
analysis can be found in Appendix F. The difference between this experiment and the run-up ex
periment are small. The third experiment is a linear run-up/run-down experiment, which means 
that the rotation speed is linear increased until 240 krpm and from this operation point the ro
tation speed is linear decreased. The obtained frequency-time plots and analysis can be found in 
Appendix F. The obtained frequency-time plots show more sub/super harmonie frequencies in 
comparison to the previous experiments. 
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A low frequency response is visible below the ½w-whirl evolution for all experiments, which could 
be the eigenfrequency of the generator mass since it is hardly dependent on the rotation speed. 
The ½w-whirl is presented from approximately 160 krpm, thus the Aoating ring bearings are 
probably not heavily loaded until this rotation speed. The w-whirl is mostly shown for lower fre
quencies, thus the mass imbalance hasmore inAuence on the dynamic behavior for lower rotation 
speeds. The 2w-whirl is hardly presented for the compressor cartridge, which m eans that the ro
tor at compressor side is whirling in a circular motion while the rotor at turbine side is whirling 
in an ellipsoidal motion. Thus shear farces are present in the shaft. 

6.3 Validation SBT-based model 

The comparison is performed be tween the adjusted S BT-based model of the previous chapter 
and the quasi-stationary run-up cold run experiment. Thus the Auid supply and the coupling 
between th e Auid films are included and the mass imbalance is n eglected for the comparison, 
which results in the default parameter setting be low. The waterfall diagra ms of the SBT-based 
model are made by an ode-so lver in Matlab (Figure 6.3). These diagram s are usually made of 
the shaft and ring orbits, where the dia grams of the experiment are m ade of the response at 
the turbine and the compressor cartridge. Thus th e comparison is not a pplicable, therefore the 
waterfall diag ram of the housin g of a Aoating ring bearing is obtained for the SBT-based model. 
This diagram is ga ined by adding the reaction farces on the shaft and ring together, of which a 
frequency response is made. Since these reaction farces need to be equali zed by a contrary force, 
the addition can be assumed as the reaction farces on th e housing. 

L af = 7.6 · 10- 3 m 

Raf = 5.5 · 10- 3 
ni 

Gaf = 0.035 · 10- 3 
'/Il 

·111. = 70 · 10- 3 ky 

·m,.,.(J = 4 · 10- 1 kg 

/l = 0.006 kg / rn • s 

Lif = 2.0 · 10- 3 ,n 

R,;, f = 3.025 · 10 -:3 
Til 

Gif = 0.015 · 10- :3 m 

Tll s = 35 · 10- :l J.:g 

l.:8 = 5 · 106 N /rn 
Os = 0.U5 · n" rp'III. 

A ch = 1.0 · 10- 5 m 2 

A if = l.0 · 10- 4 m.2 

Aaf = 2.4 · 10 -•I m'2 

Pin = :i · 105 Pa 

A in = 17.:I · 10- G n/ 
TT1i mb = Ü J.:y · ·111. 

The w-whirl is not presented in the waterfall diagra m , because the m ass imbalance is not con
sidered in the SBT-based mode l. The 2w-whirl is a lso absent, which m eans tha t the whirl has a 
circular shape in contradiction to the response of the experiment. The ½w-whirl is slightly shown, 
but it is always dominated by the response of the point m ass . Thus the point mass is dominating 
the dynamic behavior for the complete rotation speed range , which is caused by the shaft Aexibil
ity. The Aexible shaft provokes a relative ly large point m ass orbit as is obtained in the param ete r 
study. These large orbits result in a la rge frequency response in the waterfall diagram. Therefo re 
is th e shaft Aexibility set to ks = 5 -108 f¾ and the m ass imbalance m imb = l · 10- G J.:g ·mis imple
mented for th e next comparison. This mass imbalan ce is relatively large from experience at MTT. 
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Figure 6.3: Waterfall diagram of the housing by the SBT-based model. 

The waterfall diagram of this adjusted parameter setting shows the w-whirl due to the implemen
tation of the mass imbalance (Figure 6-4). The mass imbalance is dominated by the ½w-whirl for 
the complete rotation speed range, which is in contradiction to the experiment. The mass imbal
ance of the experiment could be situated on different places at the shaft, which could amplify the 
effects of a mass imbalance frequency response. An other reason could be the simplification of a 
Laval-Jeffcott rotor, wherein the shaft flexibility and geometrie are simplified and the gyroscopic 
effects are not included. Therefore this simplification could maybe not represent the actual rotor 
accurate. 
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Figure 6.4: Waterfall diagrams of the housing with k:8 = 5 · 108 -%, and munb = 1 • 10- 6 k:g · m 
by the SBT-based model. 
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The frequency of the point mass response is suppressed due to the decreased shaft flexibility, 
because the point mass orbit is relatively small with respect to the previous comparison. The 2w
whirl is still not shown, but minor peaks above the w-whirl line are apparent. These small peaks 
show that the rotor orbits are not entirely circu lar any more, thus the decreased shaft flexibility or 
the mass imbalance has triggered the non-linearity of the system. 

The change of other model parameters leads to small differences in the frequency peaks, but the 
main results are similar. Therefore it is hard to obtain a better comparison between the S BT
based model and the experiment. The comparison wil! never be similar, because the frequency 
response of the cartridges are m easured by the experiment and the frequency response of the 
housing is determined by the S BT-based model. Thus a dissimilarity will always exist, but the 
main trends need to be similar. 

lt could be useful to set up a FEM-based model by splitting the shaft in beam elements with gyro
scopic effects, wh ereby the four floating ring bearings should be implemented. This FEM-based 
model has the advantage that different dimensions and properties can be assigned to different 
sections of the shaft, which improve the representation of the shaft flexibility. The seals and axial 
bea rings are not considered in the SBT-based model, but they could have an influence on th e 
dynamic behavior. Therefore the influence of th e seals and axia l bea rings should be investigated. 

The mismatch is also caused by the measurements of the experiment, because the frequency 
analyzers are placed on the cartridges. Therefore the frequency analyzers do not only measure 
the frequency response of the rotor, but they also measure the response of th e cartridges, gen
era tor and suspending. These responses are a disturbance in th e m easurements of the dynamic 
behavior of a rotor. Thus a tes t rig designed for rotor dynamic ana lysis could improve the mea
surements, wherein the frequency response or the orbits of the rotor should be measured. 

6.4 Conclusions 

Experiments are performed to compare the S BT-based model, whereby the measured frequenci es 
are visualized in a waterfall diagram. The obtained ½w-whirl is caused by the Aoating ring bear
ings, because the frequency of a rotor is half of the rotation frequency when the equilibrium point 
of a rotor becomes unstable. The w-whirl is provoked by th e mass imba lance, which is dependent 
on the rotation s peed. The 2w-whirl is caused by the inequa lity of the system Aexibility, which 
provokes the rotor in an ellipsoida l orbit. An other whirl evolution is shown below the ½w-wh irl , 
which is probably the eigenfrequency of the generator since this evolution is hardly dependent 
on the rotation speed. The turbine cartridge provokes more response in comparison to the com
pressor cartridge, thus the rotor is probably not symmetrie as assumed in th e SBT-based model. 

The differences between the quasi-stationary run-up and run-down experiment are small and only 
occur in the sma ller frequency peaks. A difference between the quasi-stationary and the linear ex
periment is that more sub/super harmonie frequencies are shown in the linear run-up/run-down 
expe riment. Thus these sub/superharmonic frequencies di e out when the rotor has the time to 
settle. 



The w-whirl appears in the waterfall diagrams of the SBT-based model when the mass imbalance 
is implemented, but it is dominated by the ½w-whirl. This is in contradiction to the experiments, 
which is probably caused by the simple shaft flexibility and geometrie of a Laval-Jeffcott rotor. 
The point mass response is suppressed when the shaft flexibility is decreased, because the point 
mass is following the shaft motions closely. The 2w-whirl does not occur in the dynamic behavior, 
only little peaks above the w-whirl show that the rotor orbits are not circular. Thus the SBT-based 
model is not similar to the quasi-stationary run-up cold run experiment. 

This mismatch is partly caused by the measured frequencies of the cartridges, where the fre
quencies of the housing are determined for the SBT-based model. Thus the frequency analyzers 
measure the frequency response of the complete system. Therefore a test rig designed for rotor 
dynamic analysis, which only measures the frequencies or orbits of the rotor, should improve the 
comparison. The simplicity of a Laval-Jeffcott rotor is also a reason for this mismatch, because it 
does not consider gyroscopic effects and different shaft properties. Therefore a FEM-based model 
could be useful, because this model can include the gyroscopic effects , the different shaft prop
erties and the four floating ring bearings can be implemented. The comparison is not bad since 
some trends are represented by the SBT-based model, but these improvements could result in a 
better comparison. 

65 



66 



Chapter 7 

FEM-based rotor 

The SBT-based model of a flexible Laval-Jeffcott rotor on floating ring bearings is compared 
against experiments, but this comparison can be improved. Therefore a finite element method 
(FEM)-based rotor is set up, wherein the shaft will be split in small beam elements. This FEM
based model has the advantage that different shaft properties and dimension can be assigned to 
different shaft sections and four floating ring bearings can be implemented. The floating ring 
bearings in this FEM-based model are represented by the short bearing theory and by the CFD
based bearing model. These models are analyzed and compared to the experiment of the previous 
chapter, of which a conclusion with respect to the usefulness is obtained. 

The comparison shows a reasonable result, because the ½w-whirl and the w-whirl are visualized 
in the obtained waterfa ll diagrams. The 2w-whirl is still not represented by bath FEM-based mod
els, therefore it could be caused by the suspending of the micro turbine. This suspending of a 
fixation table on rubber supports has probably different flexibilities for the horizon tal and vertical 
direction, which provokes the ellipsoidal orbits of the rotor. The w-whirl is provoked by the mass 
imbalance, but amplitude of these frequency response differs a bit since the exact mass imbal
ance is unknown. 

A remarkable difference between the SBT and CFD-based bearing model is a little shift of the 
frequency peaks around the ½w-whirl. This difference is caused by the implementation of the 
floating ring bearings, but the reason for this shift is unknown. Therefore an inves tigation could 
be performed to research the cause of thi s shift. 

LJ rotor flcxible LJ rotor FEM-based rotor 
journa.l bca.rings frb's frb's 

Mathematica}: Auto Auto Newmark 
SBT ODE ODE 

Numerical: X ODE Newma.rk 
CFD 

Experiment X X ✓ 

Table 7.]: Diagram with the models and sol vers used lil th1s research. 
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7.1 Model description 

The comparison between the SBT-based model and the experiment shows some difference, which 
could be improved by designin g a FEM-based model. This FEM-based model is obtained by split
tin g the shaft in short beam elements (Figure 7.1). The beam elem ents use the Timoshenko beam 
theory to determine the deflection and bending of an element. Thi s Timoshenko beam theory in
cludes the shear deform ation and rotational ine rtia effects, which m akes it suitable for describing 
the behavior of a short beam element. The cross section of a beam elem ent is constant and the 
shape function is linea r, which means that the bending moment is constant, because the beam 
elements are chosen very short. An advantages of splitting the shaft is the possibility to assign 
different properties and dimensions to different shaft sections. Therefore the m agnetic shaft sec
tion in the generator and the axial hea rings are made thicker in comparison to the rest of the 
shaft. Thus the dynamic behavior of the axial bearin g is not implemented, but only the inertia 
and mass properties are added to th e FEM-based model. 

F igm c 7. J : FEM-basccl rotor model. 

This FEM-based model will be compared to the quasi-stationary run-up cold run experiment. 
Therefore the impellers are not added to the FEM-based model, but they ca n be added when it 
is necessary. The fo ur floa ting ring bearings are implem ented by th e short bea ring theory and 
C FD-based hea ring model. These two models are compared to each other and compared to the 
experiment. 

The implem entation of these FE M-based mode Is lead to an equation of motion wi th 300 degrees 
of freedom. Therefore a Newma rk method is used, which is a num erical integrati on method to 
so lve differential equati ons [1]. This Newmark solver does not use a state-space implementation 
as used by an ode-solver, which is beneficia! in this case otherwi se the degrees of freedom were 
doubled. The Newma rk method is an implicit integration method, which mea ns that a larger 
ti me step can be used while the numerical stabili ty is still appropriate. The sys tem matrices of 
the FE M-based mode Is are derived in Ansys, of whi ch they are di stracted. These di stracted sys
tem m atrices are implemented in the Newm ark solver, wherein th e Aoa ting ring bea rings will be 
added, and the s imulations are performed in Matlab. 
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7.2 Validation FEM-based model 

The FEM-based model is used to assign different properties to different shaft sections, which 
is clone for the generator section of the shaft. This section is build up by three different parts, 
namely a care, a magnetic part and a sleave (Figure 7.2). The care and sleave are modeled as a 
steel part, which is also used for the rest of the shaft and the axial bearings. This steel has the 
material properties E = 200 GPa, v = 0.3 and p = 8.0 · 103 

~ - The magnetic part is made of 

VacoMax, which has the material properties E = 110 GPa, v = 0.3 and p = 8.4 · 103 
~ - The 

poisson ratio of this VacoMax is estimated, because thi s property is not specified in the material 
specifications. 

Magnetic 

i Gore ' 1 

1 

Sleave 
F igure 7.2: Cross sec t ion of the generator part . 

The model parameters of the SBT and the CFD-based bearing model are similar for bath meth
odes, which is the default parameter setting below. The mass imbalances are added to both ends 
of the generator, where they are opposite to each other. These mass imbalance values are based 
on measurements of some actual rotors on the balancing bench of MTT. Previous simulations 
point out that the mass imbalance has influence on the frequency response. The differences in 
the frequency response of the experiment and the FEM-based models could be caused by the 
mass imbalance, since the exact mass imbalance is unknown. 

L 01 = 7.6 · 10- 3 m 

R 0 1 = 5. 5 · 10- 3 m 

C0 1 = 0.035 · 10- 3 rn 

m = 70 · 10- 3 kg 

m,.9 = 4 · 10- 3 kg 

µ = 0.006 kg/m · s 

Lif = 2.0 · 10- 3 m 

Ri f = 3.025 · 10- 3 m 

C;J = 0.015 · 10- 3 m 

m s = ~{5 · 10- 3 kg 

ks = 5 · 106 N /m 
0 8 = 0.135 · Or rpm 

A ch = l.0 · 10- 5 m 2 

A if = l.0 · 10- 4 m 2 

A 0 1 = 2.4 · 10- 4 m 2 

P in = 3 · 105 Pa 

A in = 17.3 · 10- 5 m 2 

m i mb l = 0.033 · 10- 6 kg · m 

m ;mb'2 = 0.1 · 10- 6 kg • m 

rf>i,nl,i = 0 o 

CPim//2 = 180 ° 

The two FEM-based models are compared to each other to identify the differences between these 
models. This comparison will be performed by obtained frequency plots at 2 40 krpm with the 
default parameter setting (Figure 7.3 and 7.4). These frequency plots show that the comparison 
is quite accurate, only the frequency peak at 2000 Hz is shifted a bit. This frequency response 
is mostly caused by the floating ring hearings, thus the shift is caused by the implem entation 
of the floating ring bearing. This shift is not obtained in chapter 5, thus the combination of the 
FEM-hased rotor and the implem entation of the S BT or the CFD-based hearing model leads to 
this shift. The reason of this shift is unknown, therefore an investigation needs to performed 
to search the cause of this shift. The amplitudes of the frequency peaks differ a bit due to the 
numerical integration of the S BT and CFD simulation. 

69 



~ 

50 

40 

~ 30 
0 

LL 

20 

10 

::1 
40 

~ 
~ 30 · 
0 

LL 

20 · 

10 · 

0 l A -~ · " _ ._ A 

1000 2000 3000 4000 5000 0 1 000 2000 3000 4000 5000 
Frequency [Hz] Frequency [Hz] 

(a) T11rbi11(' (b) Compresso r 

Figure 7.3: F\·cq11c11 cy plots of the FEM-bascd model with the SBT at 240 krprn. 
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Figure 7.4: Frcq11cm:y plots of t he FEl\1-bascd lllodcl with the CFD-basrd bcaring model at 
240 krpm. 

The two FEM-basecl moclels are comparecl to each other for a rotation speed of 120 krpm, to 
see if the same diffe rences exist for lower rotation speeds (Figure 7.5 and 7.6). Th ese frequency 
plots show the same diffe rences of the shifted frequency peaks at rooo Hz and the amplitude of 
these peaks diffe r a bit. The frequency plots of th e CFD-bearing model show more small peaks 
over the rotation speed range, which could be caused by the numerical integration of the CFD 
simulation. The amplitude of these frequency pea ks are very small in comparison to the main 
frequency peaks, the refore these frequency peaks are of less importance. Thus the comparison 
of the FEM-based model with the SBT to the CFD-based bearing model is appropriate, because 
the differences in the frequency response are sma ll. Only the sh ift is an unknown difference, but 
the main result is app licable. 
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Figure 7. 5: Frequency plots of a FEM-based rotor with the SBT at 120 krpm. 
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Frcquency plots of a FEM-based rotor with the CFD-based bearing model at 120 

The mass imbalance is an important parameter, because it has influence on the frequency re
sponse of the system (Figures 7.7, 7.8 and 7.9). These frequency plots are obtained at a rotational 
speed of 200 krpm by the FEM-based rotor with CFD-based bearin g model, therefore a frequency 
peak at 3333 Hz could be expected in the frequency plots. The frequency plots of the FEM-based 
model without mass imbalance do not show this frequency peak, since the mass imbalance is not 
implemented. This frequency peak is represented by the FEM-based model with the default mass 
imbalance implementation, but also the amplitude of the other frequency peaks are changed. The 
FEM-based model with large mass imbalance shows also this frequency peak, but it is dominat
ing the complete frequency response range. The amplitude of this frequency peak is very large, 
which suppresses the other frequenci es . Thus the mass imbalance has much influence on the 
dynamic behavior, since the mass imbalance is unknown differences between the frequency re
sponse of the experiment and the FEM-based models could be caused by the mass imbalance. 
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Figure 7.7: Frequency plots of a FEM-basecl rotor with t he CFD-based bearing model and 
without ma.ss imba.la.nce a t 200 krpm. 
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Both FEM-based models are compared to the quasi-stationary run-up cold run experiment as 
obtained in the previous chapter (Figures 7.10, 7.II and 7.12). The waterfall diagrams of the FEM
based models have fewer frequency plots in the rotation speed range as the waterfall diagrams 
of the experiment, because a simulation of the FEM-based model has a long calculation time. 
This long calculation time is caused by the Newmark solver, which takes small time steps when 
the eccentricity of the shaft or ring becomes large. The rotor dynamics becomes very non-linear 
when the eccentri city is large, therefore the system is very sen sitive at high eccentricities. Thus 
an investigation should be performed to research if a differential equation solver exists that can 
deal with this sensitive problem. 

The simulation could also become faster when the degrees of freedom are reduced, but this re
duction could influence the accuracy of the solution. Therefore research could be perform ed 
to di scover the influences of this reduction for the FEM-based models. The simulation of the 
FEM-based model with the SBT is faster than the FEM-based model with the CFD-based hearing 
model, thus the S BT leads to a shorter calculation time. 

The comparison between the FEM-based models and the experiment is not exact, because the fre
quency analyzers m easure the frequency response of the complete test ri g while the FEM-based 
models determine the frequency response of the rotor. The difference between those frequency 
responses is the dynamics of the fixation table and supports . These dynamics are unknown, thus 
the comparison will not be exact. Therefore research needs to be clone to obtain the dynam
ics of the fixation table and supports. This diss imilarity does not prevent the m atch that can be 
m ade between the FEM-based models and the experiment. The frequency spectra should be quite 
similar, since the fixation table is heavy and the supports are very flexible what results in a low 
frequency response. Therefore only the amplitude of the frequencies should be influenced by 
this dissimilarity. 

The comparison between the FEM-based models and the experiment is reasonable, because the 
waterfall diagram s show quite similar resutls for the ½w-whirl and the w-whirl. The remarkable 
difference of a little shift in the frequency peaks around the ½w-whirl evolution is still shown. The 
frequency peaks by the experiment and the CFD-based bearing model are exactly the ½w-whirl , 
while the frequency peaks by the FEM-based model with the SBT are a bit larger than the ½w
whirl. The cause of this difference is unknown, because simulations with different param eter 
se ttings for the SBT show the sam e shift. Thus this shift can not be compensated by a change in 
the model param e ters, therefore investigation could be clone to find the cause of this shift. 

The w-whirl is influenced by the mass imbalance, which has much influence on the frequency 
response as is demonstrated previously. Since this mass imbalance is not exactly known the com
parison could be improved by adjusting the mass imbalance. The 2w-whirl is not presented in 
the waterfall diagrams of the FEM-based models, which m eans that the rotor rotates in a circular 
orbit. Th e wate rfall diagrams of the experiment show this 2w-whirl evolution, which m eans that 
the shaft rotates in an ellipsoidal orbit. This ellipsoidal orbit could be caused by the suspension 
of the micro turbine, because this suspension of a fixation table on rubber supports has probably 
different flexibiliti es for horizontal and vertical direction. Therefore the ellipsoidal orbit is proba
bly introduced in the experiment and not in the FEM-based models . 
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7.3 Conclusions 

A FEM-based model is set up, wherein the floating ring bearings are implem ented by the SBT 
and the CFD-based bearing model. These models are compared to each other, which results in a 
little shift of the ½w-whirl and the amplitudes of the frequency peaks differ a bit. The difference 
in the amplitudes is probably caused by the numerical integration of the SBT and CFD-based 
bearing model. The cause of the shift is unknown, even changes in th e model parameter setting 
does not improve the comparison. Therefore research needs to be clone to find the cause of this 
shift. 

The mass imbalance is an important parameter, because it has much influence on the frequency 
response of the system. Frequency plots are obtained by the FEM-based model with the CFD
based bearing model with a default and large mass imbalance. The frequency response of th e 
large mass imbalance dominates th e complete frequency spectrum. Since this mass imbalance 
is unknown, differences in the frequency response of the experiment and the FEM-based mode Is 
could be caused by the m ass imbalance. 

The FEM-based models are compared to the quasi-stationary run-up cold run experiment. This 
comparison is not exact, because the frequency analyzers measure the frequency response of the 
complete tes t rig while the FEM-based models determine the frequency response of the rotor. 
The difference betwee n these frequency responses is the dynamics of the fixation table and sup
ports, which are unknown. Therefore research needs to be clone to obtain these dynamics. The 
fixation table is heavy and the supports are very flexible what results in a low frequency response, 
th erefore the dissimilarity only exists for the amplitude of the frequency pea ks . 

The comparison between the FEM-based models and the experiment is reasonable, because the 
waterfall diagrams show quite similar ½w-whirl and w-whirl evolution. The remarkable differ
ence of a little shift in the frequency peaks around the ½w-whirl evolution is still presented. The 
2w-whirl is not shown in the waterfa ll diagrams of the FEM-based models, where the waterfall 
diagrams of th e experiment show this whirl. This 2w-whirl evolution could be caused by the sus
pension of the micro turbine, because this suspension of a fixation tab Ie on rubber supports has 
probably a different fl ex ibility in horizontal and vertical direction. 
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Chapter 8 

Conclusions and recommendations 

All the conclusions of this report are summarized in this chapter and the objectives of this re
search are reviewed. Some recommendations for future researches and investigations are also 
given in this chapter. 

8.1 Conclusions 

The objectives of this research are to obtain an useful dynamic model and understanding of the 
rotor dynamics of a high speed rotor. These objectives are obtained by creating a simplified SBT
based model of a rotor on floating ring bearings, but the feasibility of this model needs to be 
investigated by comparison to an experiment. This SBT-based model will be used to reduce the 
calculation time of a simulation, because a numerical simulation with complex computational 
fluid dynamics (CFD) or finite element method (FEM) models uses a langer calculation time. 

The high speed rotor is simplified to a flexible Laval-Jeffcott rotor, which is supported by floating 
ring bearings. These floating ring bearings are assumed as a seri es placement of the short bear
ing theory (SBT) with a cavitation method. Thi s SBT-based model is improved by adding a fluid 
supply, because the compari son to a CFD-based bearing model shows th at the fluid supply has 
much influence on the dynamic behavior. A mass imbalance is implemented in the SBT-based 
model, because the validation to an experiment shows th at the mass imbalance has an influence 
on the dynamic behavior. 

The SBT-based model ca n be used to represent a high speed rotor, because it is compared to a 
CFD-based bearing model and an experiment. The comparison to the CFD-based bearing model 
is accurate when the fluid film lengths and the ring rotation speed are increased. These ad
justments mean that the SBT is too flexible to represent a floatin g ring bearing for the chosen 
dimensions, but with these adjustments is the compari son appropriate. The comparison to an 
experiment is reasonable, because the ½w-whirl and the w-whirl are obtained. The 2w-whirl is not 
presented by the SBT-based model, which is probably caused by the simplicity of a Laval-Jeffcott 
rotor. Therefore a FEM-based model is set up. 

The comparison between the FEM-based model and an experiment indicates still a dissimilarity 
for the 2w-whirl, which could be caused by the suspension of the micro turbine. The dynamics 
of this suspension are unknown. This dissimilarity could also be caused by some disturbances 
in the measurements , because the frequency analyzers measure the frequencies of the complete 
tes t rig. The mass imbalance has an influence on the dynamic behavior of the FEM-based model, 
but the exact mass imbalance is unknown. Thus differences in the comparison could be caused 
by the mass imbalance. 
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The calculation time of the FEM-based model is much langer in comparison to the SBT-based 
model, but the FEM-based model and the SBT-based model have much shorter calculation time 
than the currently used models. Thus the SBT-based model is useful with respect to th e calcula
tion time of a simulation. I mproved understanding of th e rotor dynamics of a high speed rotor 
is obtained by a parameter study. The parameter study shows that some parameters variation 
could lead toa smaller shaft orbit, because th e ring orbit increases . Thi s increase is caused by the 
absorbtion of energy through the ring. 

The parameter study considers also the power loss , where the decrease of the Auid viscosity and 
ring length reduces the power loss. The power loss decreases also when the eccentricities are 
small, but this seems to have a minor influence. The parameter study shows that a trade-off ex
ists between a favorab le dynamic behavior and a favorable power loss. The relation between the 
Sommerfeld numbers of the inner and outer film and th e dynamic behavior is investi ga ted. This 
investigation shows that th e Sommerfeld number of th e inner and outer film should be low and 
the ratio should be above one for favorable dynamic behavior. 

Thus the obtained SBT-based model is an applicable model of a high speed rotor, which has a 
shorter calculation time than the currently used models. Improved understanding of the rotor 
dynamics of a hi gh speed rotor is obtained by the parameter study. The benefits and di sadvan
tages of the used models are listed below. 

SBT-based model: 

• short calculation time. 

• accurate prediction of the dynamic behavior of a Aoating ring bea ring. 

• nice prediction of a hi gh speed rotor. 

• simple model, whi ch is useful for des ign studies. 

• useful for obtaining an improved unders tandin g of the rotor dynami cs. 

• comparison to an experiment ca n be improved by future resea rches . 

CF D-based bearin g model: 

• accurate prediction of the dynamic behavio r of a floatin g ring bea ring. 

• nice prediction of a high speed rotor. 

• detailed model of a Aoating rin g bearing. 

• complex model, thus obtaining an improved understanding of the rotor dynamics is diffi
cult. 

• long calculation time. 

• comparison to an experiment can be improved by future researches. 
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FEM-based bearing model: 

• accurate prediction of a high speed rotor. 

• detailed model of a high speed rotor. 

• complex model, thus obtaining an improved understanding of the rotor dynamics is diffi
cult. 

• long calculation time. 

• comparison to an experiment can be improved by future researches. 

8.2 Recommendations 

This research delivered some suggestions for future researches to obtain more understanding of 
the rotor dynamics or to improve the SBT-based model. The SBT-based model could be extended 
by the long bearing theory for the pressure distribution in the outer film , since the length to di
ameter criterion is crossed for the outer film. The axia l bearings and seals a re not include in the 
S BT-based model , therefore an investigation with respect to the influence of these components 
on the dynamic behavior could be clone. The imbalance is unknown, thus a research should be 
clone to get an accurate value of the mass imbalance since it has an influence on the dynamic 
behavior. 

The comparison between the SBT-based model and an experiment could be improved by a re
search to obtain the dynamics of the suspension. An inves tigation can also be clone to find out 
which frequencies are caused by the cartridges, generator and other components of the test rig. 
Further a test rig designed for rotor dynamic analysis, which only measures the frequencies or 
orbits of the rotor, could improve the comparison to an experiment. The simulation time of a 
CFD-based or FEM-based model are relative ly long, therefo re an inves tigation should be clone to 
improve the performance of the differential equation sol ver or to inves tiga te the influence on the 
dynamic behavior by reducing the number of beam elements. 
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Appendix A 

Derivation short hearing theory 

The derivation of the short bearing theory will be explained in this appendix. The short bearing 
theory is derived from the Reynolds equation, which describes the motion of a flow. The Reynolds 
equation is written in cartesian coordinates (A.1) and is based on the assumptions that viscous 
effects are dominant, the fluid is incompressible, no slip at the walls, the viscosity is constant and 
no pressure variation across the thickness of the film (film is very thin). The bearing geometry is 
cylindrical, therefore it is useful to obtain the Reynolds equation in cylindrical coordinates. The 
following mathematical steps are done to obtain the cylindrical Reynolds equation (A.8). 

8 3 8p 8 3 8p 8 8 H 
-
8 

(H -
8

. ) + -
8 

(H -
8

) = 6µ(-
8 

((Uo + U1 )H) + 2-
8 

). 
X :c y y X t 

(A. l ) 

S b . - a Ra u stltutmg 80 = a,;: 

Substituting H = C( l + E cos 0): 

l éJ 3 8p éJ 3 8p l 8 . . . 
R2 80(I--f 80) + 8y(H ü-) = 6µ(RéJ0((Uo + U1)C(l + é cos0)) + 2(Cé cos0 - C é0sm0)) . 

(A.3) 

Substituting (U0 + U1) = Rn: 

~ 2 :
0 

(H 1 
~:) + :y (H 3 ~~) = 611( ~ :

0 
(RnC(l + E cos 0)) + 2(Ci cos 0 - CE/9 sin 0)). (A.4) 

Integrating /j0 : 

Rewriting: 

éJ 3 8p 2 é) 3 8p 2 . . . 

80 
(H 

80
) + R éJy (H 

8
y) = - 6µ,R C( (D + 20)é sm 0 - 2E cos 0). (A.6) 

Substituting 0 = - w f and H = C( l + é cos 0): 

8 3 üp 2 D 3 8p 
8
/(C(l + Ecos 0)) 

80
) + R 

8
Y ((C( l + Ecos 0)) 

8
y) = - 61lR2C((D - 2w1)Esin0 - 2i cos 0). 

(A .7) 
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Rewriting: 

The Reynolds equation does not provide any useful solutions in closed form . A successful ap
proach to obtain u seful solu tions is a simplifica tion of the Reynolds equation. One of the simpli
fications is ca lled the short bearing theory (S BT) or Ocvirk bearing th eory. Thi s theory assumes 
that the first term ca n be neglected with respect to the other terms, because the pressure gradi
ent in angular direction is small in comparison to the pressure gradient in axial direction . This 
assumption is logica! when the length to di am eter ratio is sufficient sm all ( i5 < 0.25). The 
followin g mathem atica! steps are done to obtain the short bearing theory (A.1 5). 

0 Op 6/l 
-;:;- ((1 + u os 0)3

--;:;-) = - C'.2 ((n - 2w f )E sin 0 - 2i cos 0). 
uy uy 

lntegrating -Jk : 

Rewritin g: 

Integrating ö : 8 y 

op 
f)y 

Substitutin g p(0, ½) = Pa : 

Substitutingp(0, - ½) = Pa and C2 : 

Substituting C , and C2: 

3/l L2 
2 

p(0 , y) = 
2

( )
3
(- - y )((n - 2wJ) Esin 0 - 2i cos 0) + Pa. 

C 1 + ê COS 0 4 
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Appendix B 

Derivation friction force 

The derivation of the friction force will be explained in this appendix. The friction force is stated 
by the integral equation B.r, where the first part regards the friction due to shear and the second 
part regards the friction due to the pressure [13]. The following steps lead to the derivation of the 
friction force. 

/
·½ 1·8 µU 1·½ 1·8 H op 

F f i ic = 2 Häxäz + 2 2 äx ÖJ;Öz . 
.o O .o . o 

(B.l ) 

Substituting x = R0: 

r ½ r µu R r ½ r ap 
F J,- ic = 2 Jo Jo Ii808z + Jo Jo H 80ä08z . (B.2) 

Differentiating p = c 2 ( 1+
3
j~os 0)3 ( ~

2 
- z2 )((D - 2ip )c sin 0 - 2Ë cos 0): 
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Substituting H = C( l + c cos 0): 
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I ntegrating: 
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I ntegrating: 

(B.6) 

Substituting U = DR: 

F 1r~tDR2L µ L3 (8i l - t:2 (1 + 2é 2) - 1rt:2 (- l + t: 2 )(D - 2ip)) 
fri c = c✓1 - t:2 + 8C( l - t:2)~ 

(B.7) 
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Appendix C 

Parameter study results of the 
SBT-based model with rigid shaft 

This parameter study is performed to investigate the influence of the model parameter variations 
on the dynam ic behavior of th e S BT-based model with rigid shaft. This rigid shaft is obtained by 
implem enting the shaft flexibility as k 8 = 0 N /m. The results of this investigation are obtained 
by bifurcation diagrams of the shaft and ring orbit. The obtained bifurcation diagrams and anal
ysis of all parameter variations are placed in this appendix. 

This parameter study shows that the decrease of th e outer film length and viscosity and the in
crease of the outer film clearance and mass could be better for the dynamic behavior. The decrease 
of the outer film length and the increase of the outer film clearance result in a larger ring orbit, 
which means that the ring is absorbing energy from the shaft. A floating ring bearing looks like 
a journal bearing for the shaft when the ring orbit is small , thus the ring needs to whirl to add a 
damping effect. Therefore it seems that the outer film is not flexible enough and suppresses the 
ring motions for the default parameter setting. 

The parameter study also considers the power loss, where the decrease of the viscosity and shaft 
surface reduce th e power loss. The decrease of the viscosity results in a period doubling in the 
dynamic behavior, which could be unwanted due to more and larger vibrations of the rotor. This 
period doubling can be suppressed by increasing the shaft surface, thus a trade-off exists between 
a favorab le power loss and a favorab le dynamic behavior. 
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C.2 Mass 
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C.3 Radius 
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C.4 Outer film length 
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C.5 Inner film length 
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C.6 Outer film clearance 
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C .7 Inner film clearance 
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C.8 Viscosity 
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Appendix D 

Parameter results of the SBT-based 
model 

This parameter study is performed to investigate the i nfluence of a model parameter variation on 
the dynamic behavior of the SBT-based model. The results of this investigation are obtained by 
bifurcation diagrams of the shaft, ring and mass orbit. These obtained bifurcation diagrams are 
placed in this appendix. 
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D.2 Mass of point mass 
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D.3 Shaft mass 
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D.4 Shaft flexibility 
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D.5 Radius 
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variations. 
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D.6 Outer film length 
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D.7 Inner film length 
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D.8 Outer film clearance 
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D.9 Inner film clearance 
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Figure D.23: Bifurcation diagrams of the shaft orbit by the SBT-based model with inner film 
clearance variations . 
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D.10 V iscosity 
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Appendix E 

Validation results of the SBT-based 
model 

The SBT-based model of a flexible Laval-Jeffcott rotor supported by floating ring hearings is com
pared to a CFD-based hearing model. The comparison is clone by using frequency and orbit 
plots as result. Tuis result is placed in this appendix for three different settings, namely default 
model parameter setting, a setting with k 8 = 5 • 106 %, and a setting with k 8 = 5 • 106 %, and 
Wr = 0.2 • w8 • The simulations are performed at rotation speeds of 20, 40, 80,120,160,200 and 
240 krpm for every setting to compare bath models at different rotation speeds. 
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by the SBT-based model. 

0.5 

-0.5 

- 1 

X 10-5 

- 1.5 -1 -0.5 0 0.5 1.5 
\ lm] x 10-5 

- 2 

I - 4 

>,'i!' - 6 

- 8 

-10 

- 12 

- 14 '-'----~--~-"'----d.=-------' 
-5 10 

0 

- 1 

! -2 
- 3 

- 4 

X 10-5 

:: _,Ji~ 
'-------~-'-~-~-__._J 

-4 -2 0 
x(m] 

{a) Shaft (b) Ring (c) Point mass 
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krpm by the CFD-based hearing model. 
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Figure E.29: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 40 
krpm by the SBT-based model. 
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Figure E.30: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 40 
krpm by the CFD-based hearing model. 
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Figure E.31: Orbit plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 40 krpm 
by the SBT-based model. 
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krpm by the SBT-based model. 
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Figure E .38: Frequency plots of a flexible Laval-Jeffcott rotor on float ing ring hearings at 120 
krpm by the CFD-based hearing model. 
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Figure E.39: Orbit plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 120 krpm 
by the SBT-based model. 
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Figure E.41: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 160 
krpm by the SBT-based model. 
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Figure E.42: Frequency plots of a flexible Laval-Jeffcott rotor on floating ring hearings at 160 
krpm by the CFD-based hearing model. 
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Appendix F 

Experiment results 

Experiments are performed to compare the SBT-based model, whereby a quasi-stationary run
down cold run experiment is done. The obtained waterfall diagrams of the turbine and compres
sor cartridge are shown in this appendix (Figure F.r). This experiment has a decreasing rotation 
speed course starting form 240 krpm, which is the opposite course of a run-up experiment. 

The waterfall diagrams show little differences with respect to the run-up experiment. The main 
frequency peaks of the ½w-whirl, the w-whirl and the 2w-whirl are similar, only the minor fre
quency peaks differ a bit. These little differences could be caused by the initi a! conditions of the 
rotor, since it is known that for non-linear dynamics the initia! conditions could influence the 
final stationary result. The SBT-based model does not show these little differences in the wa
terfall diagram, which is probably caused by the simplicity of the fl exibility and geometrie of a 
Laval-Jeffcott rotor. 
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An other experiment is the linear run-up/run-down experiment, wherein the rotation speed is 
linear inereased to 240 krpm and than linear deereased to o krpm. The measurements of this 
experiment are plotted in a frequeney-time plot, wherein a whirl evolution is visualized by the 
brighter lines (Figure F.2). These obtained plots show more sub/super-harmonie frequeneies in 
comparison to the other experiments. Thus the sub/super-harmonie frequeneies are suppressed 
when the rotor has some time to settle. A linear inereasing rotation speed of the rotor eauses 
more vibrations to the system, therefore this phenomena needs to be eonsidered during the de
sign of a high speed rotor. 
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