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Abstract: This works presents a study of the influence of a support structure with non-proportional damping on the
dynamic behaviour of a rotor-bearings system. Rotating machinery is usually composed of several stationary and
rotating components interacting with each other. Its main component is the rotor, which is supported by a group of
bearings. In large rotating machinery, these bearings are hydrodynamics, and they are supported by a complex
metallic structure. For small displacements, this structure has a linear behaviour in the majority of the cases; however,
its damping is usually non-proportional, which increases the complexity of its analysis. In order to study the damping
effect, a system of rotor-bearings-support structure was simulated, with a shaft modelled by the finite element method.
This shaft is supported by a couple of hydrodynamic bearings, which were represented by their stiffness and damping
coefficients, determined from the forces calculated through their finite volume models. The support structure was
modelled using a group of lumped masses linked with springs and dampers. The rotor was excited by an unbalanced
mass positioned in the middle of the shaft, and the vibration amplitude and phase were calculated using several
rotation speeds. Different damping coefficients were applied to the support structure, representing different levels of
non-proportional damping. The results show that the support structure damping affects mainly the shaft inside the
bearing, and the non-proportional damping increased the coupling between horizontal and vertical shaft movements.
Therefore, the correct damping modelling has been proved to be necessary in order to predict the rotating machine
behaviour.
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1. INTRODUCTION

The Brazilian electrical power generation is basedhydroelectric and thermoelectric plants. Thelsmtp are
usually composed by groups of rotating machinetyictvincludes turbines and generators. These elsnaga vital to
energy generation; for that reason, it is importantnderstand their behaviour to get a cleanersafel operation.

This particular type of rotating machinery is corspd by a large number of components, like shaftsplings,
bearings, flow seals and support structure. Ther roft a turbine is usually composed by a shaft gmuips of blades,
and it is supported by bearings, which are hydradyic for large machines.

The bearings are supported by a structure, alsokras foundation or pedestal. This structure isgdly made of
steel, and it is connected to large blocks or colsiwf concrete embedded in soil. These blocks lomaws act as mass
dampers, absorbing the rotor vibration transmittedtructure. This vibration excites the movementhe structure,
interacts with bearings that send it back to therrorhis dynamical interaction with the supporusture affects the
behaviour of the complete system (Rotor-Bearingsp®tt Structure), and because of that it is imptrta identify
correctly the support characteristics. Several odghvere employed to model the dynamic behaviodowfdations,
from simplified models considering mass-spring eys or beams, to complex finite element models elbeless, the
models that showed better results are the expetahenes, built from the modal analysis of the freacy response
function (FRF) measured in foundation structure.

Actual support structures are very complex, anubalyh they can show a linear behaviour for sméalations, only
very simple structures are proportionally dampedlifies, 1997). When damping is low and modal freqiesnare
reasonably far from each other, damping can beideresi proportional. However, support structuresraifiting
machinery and all the elements connected to itllyspeesent a high modal density with a high degoéelamping,
which increases the errors of considering a prageat damping. Therefore, it is important to incuithe effect of non-
proportional damping to simulate the complete sygpeoperly.
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1.1 Simulation of rotor-bearing-support structure system

Gasch (1976) proposed the inclusion of the foundagffects in a rotor-bearing system through iteadyical
stiffness matrices, obtained by inverting the sdrthe experimental receptance matrices of a fouodatructure, and
receptance matrices of the fluid film obtained frbra stiffness and damping coefficients of the ineg:

Bachschmid et al. (1982) took several experimetests in the foundation structure of a 660 MW tugenerator,
composed by concrete reinforced structure embeddsdnd by a series of long pillars. The experirakedéata of the
foundation were compared with the theoretical monte, composed by beam elements. They concludedthba
mathematical model did not approach the dynamicabielnr of the actual structure, and the closestltesvere
obtained after several adjustments of the paraseter

Cavalca (1993) used the Mixed Co-ordinates methaddiude foundation effects in a turbo-generatmrsisting of
three rotors and seven bearings. The Mixed Co-atdinmethod uses physical co-ordinates to the eotdrmodal
coordinates to the foundation structure. Cavalcalef(2005) performed an investigation of the supmdructure
applying the mixed co-ordinates method to determiine complete system response, and compared ihdo
experimental data. A good correlation was foundhia calculation of natural frequencies, althoudie, amplitudes
presented different results comparing experimeantal theoretical models, because of poor accuratyeirtalculation
of the damping coefficients of the structure, whigds improved later (Okabe, 2007).

—

1.2 Non-proportional damping

The non-proportional damping of structures has betedied for several years. The first approachese vealy
theoretical, and basically consisted in improvihg simulation of a theoretical structure posses#iigycharacteristic.
Lately, the research evolved to the identificatmnon-proportional damping during the modal anialysf actual
structures, and relates the experimental modelthearetical model based on finite elements.

Ozguven and Cowley (1981) developed a method ferctdculation of receptance matrices of continuoasid
non-proportional damped plates, the results wemapewed to classical finite elements method. Ozgui&987)
presented an improved method to calculate the tanep matrices of non-proportionally damped stmestwsing the
undamped modal data and damping matrix, and itdcdae applied to structures with frequency or terapge
dependent damping properties. Ibrahimbogovic aniddifi(1989) developed an algorithm to solve iterdyi coupled
modal equations of linear structural systems with-proportional damping. The algorithm eliminated heed for the
computation of complex frequencies and mode shipasse in dynamic modal analysis of structurateyswith non-
proportional damping.

Balmés (1997) proposed a method to identify normaties and the associated non-proportional dampatgxm
The method was experimentally tested in the parammédentification of a testbed composed by tridaigiuss beams.
Prells and Friswell (2000) studied the relationazetn proportional damping and general viscous dagp@ind created
a measure of non-proportionality based on an oghabmatrix, which represented the phase differdreteieen the
degrees of freedom of a system.

Kasai and Link (2002) developed an identificatioethod of symmetric non-proportional damping paramset
using undamped modal parameters. They highlightedirhportance of using a combination of real normades,
usually obtained by the application of Finite Elemenethod, and a non-proportional damping matrix tba
identification of structures. Naylor et al. (20Q#esented the Resonant Decay Method to identify:proportionally
damped systems using multiple sources of excitabagsed on extension of the force appropriatiorhotktThey tested
the method simulating a non-proportionally dampledepmodel and identifying its modal parameters.

2. THEORETICAL MODEL

The mathematical modelling of the complete rotaarbreys-foundation system considers two subsysteatsr-
bearings and foundation. Each one of them is aed|lyand the complete system response is obtaineitigoboth
subsystems dynamic equations.

The Mixed Co-ordinates method developed to simutatomplete system was based on a modificatiorhef t
mechanical impedance method, to avoid numericdllpras in the flexibility matrix inversion. This nietd represents
the displacement vector of the structure conneatiotes as independent variables using a modal agpr@avalca,
1993). This transformation is applied on a mixedoodinates vector, physical coordinates for therand modal
coordinates for the foundation, which describescimmplete system behaviour. This approach allowsstiection of
the most significant mode shapes in the rotor dmeraange.

According to Cavalca et al. (2005), to solve thdiomequation of the complete system, it is neagsgaestablish
the relation between physical and principal coaaths:

{x} =[®]tfa) (1)
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Where{xf} is the physical co-ordinates vector of the supptmcture,{ q} is the generalized (modal) coordinates

vector, anc{cb] is the modal matrix (real eigenvectors).

Using Eqg. (1), the foundation mechanical impedamzdrix in modal coordinates can be obtained withtwet
inversion of the flexibility matrix.
Neglecting the oil film inertia, the equation oétlotor-bearings subsystem becomes:

[Me] [ [{%3],[TR IR [Ral | [{%3 ], [IKe]* (K] (K] [[{xH R}, ) }}

N TR B ) @
Where{x},{x},{x} are the acceleration, velocity and displacemeatore of the rotor{x },{x},{x,} are
the acceleration, velocity and displacement veatbtse bearings[M R], [RR], [KR] are the mass, damping, stiffness

matrices of the rotor;[R ],[R,] [Rx].[Rm] are the linear damping coefficient matrices of thié film;
[Ki ] [Kim]: [Kar ] [K] @re the linear stiffness coefficient matrices e oil film; {F} is the force due to rotor

unbalance ar{d:f} is the force transmitted to the foundation.

A third equation is necessary to solve the lingatesn of equations, because the number of unknawiables
({x} {x.} and{Ff}) is larger than the number of equations. The ®tcansmitted through the oil film on the rotor-

foundation interfac? |:f} are determined through the modal approach of th€3.
Using the foundation motion equation in modal cauates:

[m, 1de} +[r, ]} +[k, Jda} =~[@] {F/} 3)

Where[mf] is the modal mass matriErf] is the modal damping matri%kf] is the modal stiffness matrix and

[qa]T is the transposed modal matrix.
The foundation forces, transmitted by the oil fiifithe bearings, can also be written as:

[Ru {33 #[ Rl U #[ Ko 1%} +[ Kl { %0} ={ i} (4)

Replacing Eqg. (5) in Eq. (4):

[y (e +[r, e +[k ab =[] Ry J{%} +[Runl{} +[Kuw ]33 +[ Kl {%:}) (5)

If the modal shapes are independent, then the eratrivhich contain the modal parameters deternimedigh the
modal analysis methods, are diagonal (Ewins, 199%)ressing the foundation dynamic behaviour thhoitig bearing

connecting nodes, then the bearing noblgﬁ} become the connection foundation no@e@} .

After the determination of the foundation forcd® tquation of the complete system is obtainechcem these
forces obtained by Eq. (5) in Eq. (2), using thedal@pproach of Eq. (1):

18 e o )

]+
{[KR]+[KN] [Kin][®] H{ }} {{ }}
[o] [Kn] [*]*[@] [Kn][®] [{a}] ({9}

The supporting structure can be represented onligsbyost significant modes, in the analyzed fremyerange,
independently of the degrees of freedom of the eotion points (bearings).

This procedure is valid for orthogonal mode shaes enable the diagonalisation of the mass andstiffaess
matrices of the foundation by the modal matrix. Trensmitted forces, written through the impedantarix in
principal co-ordinates, are substituted into Eg; {us the equation of motion for the completetesysis determined in

Eq. (6).
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In a complex supporting structure, only the modes significantly contribute to the system responaa be
considered in the approach. As the only externaitation force considered in the model is the uabed force, the
modes that influence the rotor response shoulagide its operational frequency range. Therefesmguthis approach,
the number of identified modes does not need tedwal to the number of degrees of freedom assdciaith the
bearings. Consequently, the modal co-ordinatescaged to the contributing modes will take placeéha whole matrix
of the system, substituting the bearings degreé®eflom connected to the structure.

3. TEST CASE

The test rig of LAMAR-Unicamp (Cavalca and Okab@0@2) was chosen to be modelled and simulated. aft s
of the rotor was modelled by finite element methosing beam elements with circular cross sectidieson and
McVaugh, 1976), discretized into 32 elements comgi 33 nodes, and supported by two hydrodynamimacal
bearings, located at nodes 2 and 32 of the shafthmvere connected to the foundation by nodesr@g43s (Fig. 1).
The rotor shaft had a length of 600 mm and 12 mrdiameter. The bearing journal had a diameter ofri3d and
length of 20 mm. A disk (mass) of 2.3 kg was atéatchn the shaft mid span, where it is possibledglect gyroscopic
effects.

X .2 17 32
E{)l&g%

34 35

Figure 1: Finite element model of the rotor.

Damping and stiffness coefficients of hydrodynam&arings were calculated using the finite volumethg
(Maliska, 2000), considering a finite bearing modéh axial and circumferential flows. The synchoos response of
the rotor was calculated using the mixed co-or@imanethod to include the foundation effect. Theuttion was
performed in a rotation speed range from 0 to 7@438 rad/s).

The theoretical model of the support structure tigperl was composed by three masses interconnedtiec et
of springs and viscous dampers, which can be seétigo 2. The main body (@ghrepresents the bearing case, and it has
cross-coupling stiffness and damping coefficiengswieen other bodies ¢mand m). The excitation forces were
transmitted from the rotor to the main body throtigg hydrodynamic bearings.
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Fig. 2: Theoretical foundation structure (Okabe @aglalca, 2008).

The equation system (Eq. (7)) was used to modettifeture represented on Fig. 2, and the followialgies were
adoptedm, = 5 kg, m; = 50 kg,m, = 200 kg,ke = 5x10° KN/m, ky = ky, = 1.5¢10° kN/m, ky, = 1.5¢10° kN/m, k; =
1.5x10° kN/m andk, = 1.5¢<10° kN/m, the proportional damping coefficients wexe = 50 Ns/m,cy, = ¢ = 0.15
Ns/m,c,, = 15 Ns/mc; = 15 Ns/m ana, = 15 Ns/m. The non-damped natural frequencietheflexible support
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structure using the mass and stiffness aforemesdiovere 4.3 Hz (Mode 1), 8.3 Hz (Mode 2), 27.9 Nibde 3) and
52.8 Hz (Mode 4).

m 0 0 0](%) [« C —Cu =y |[% Ke Ky ke Ky [[%] [F
0 m 0 O0}]¥ + Cx Gy  Cx <y |V + Ko Ky Ky Ky | Yo - FL o
0 0 m Of|%| |[C. —C G+C, Cy [|%| |“ke -k, k+k, Kk, [|Ix 0
0 0 0 mi|ly, —C, —C, Cp C,+Cy |V —kyx —kyy kyx k, + kyy Y, 0

or [Me]{%} +[Re]{ic} +[Ke]{x} ={F}

Using Eq. (7), the support structure can be reptedeby a modal approach, multiplying each of trerives by
the modal matrix and its transposed:

[m ] =[@]Me][e] [k J=[@][Ke][@] s [r ]=[®][R][®] +[Ree] ()
The matricesiy], [r] and ki were applied in Eq. (6) to provide the completstem response.

The matrix [Rp] establishes the non-proportional damping of thppsrt structure, and relates the coupling
between modes, for instance, modes 1 and 2:

0 ¢, 00
_|C 0 00 (9)

RNPoooo

0 0 00O

In order to make clear the influence of this kirfddamping, it was determined that general dampirdrisn [r(]
would have only two off-diagonal elements differéoim zero, allowing the coupling of two modes eéofe. Then all
combinations between the four modes (1-2; 1-3; 2-&; 2-4; 3-4) were tested, using the symmetrimlmioation (g =
Gi). The following values of damping were tested5010, 20, 25 and 3Mskg™.

The analysis of the combination of the first twousture mode shapes was extended, and the offulidgo
coefficients were also set in four combinations:and ¢; equal to zero (proportional damping), equal to ¢ and
different of zero (symmetric), the upper coeffidien (30 Nskg?) higher than g (5 Nskg™?) and, the lower coefficient
C21 (30Nskg™) higher than & (5 Nskg™).

4. RESULTS

The first simulation (fig. 3a and 3b) consideredgid support structure; therefore, there were rspldcements of
the bearing case. Figure 3a shows the vibrationliamdp of the disk located on the middle of thefshand it clearly
demonstrates the first rotor resonance frequenoyrar 24 Hz. A small difference between disk vettarad horizontal
displacements reveals that it is most influencethleyshaft rigidity.

Figure 3b illustrates the journal vibration ampliéy as the rotor is symmetric the response is equaboth
bearings; for that reason, just one of them wasesgmted in all journal vibration graphs. An amyulg difference
between directions of the journal vibration candiserved as a result of the bearing hydrodynaméfficeents,
demonstrating the difference of stiffness and dagpimong directions.
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Fig. 3: Vibration amplitude of the rotor on a rigmlndation (a — disk; b — journal).
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Fig. 4: Disk vibration amplitude (a — direction I direction Z) with coupling of modes 1 and 2.

Figure 4a shows the disk vibration amplitude onhbezontal direction (Y) using different dampingetficients,
coupling the first two modes. It can be observeat #n increase of the non-proportional coeffici@nt) makes the
second mode, which is vertical, appears on thezbotal response (¢= 10). With this coefficient rising, the peaks of
resonance grow {g= 20), transform into one peak.,{(& 25), and finally, the amplitude of this peak weses (¢ =
30). On Fig. 4b, the same behaviour can be obsgbtédt is the first mode that appears on theivaktresponse, and
there is not an increase of vibration amplitudeeiation to the case of proportional damping ¢0).
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Fig. 5: Journal vibration amplitude (a — directidnb — direction Z) with modes 1 and 2 coupling.



20th International Congress of Mechanical Engineering

Proceedings of COBEM 2009
November 15-20, 2009, Gramado, RS, Brazil

Copyright © 2009 by ABCM

Figure 5a shows the vertical vibration amplitudethaf journal, and there is the same coupling behaseen on
Fig. 4a. A peak can be observed around 18 Hz,@ustdr resonance, and there is another peak ar@umtz, which is
related to the third mode of the support structiigure 5b shows the effect of coupling betweenfitisé two modes of
support structure in the range below 10 Hz. Therraésonance can be seen around 22 Hz and thé foade of the
support structure around 55 Hz. The inclusion efflexible support structure changed the rotor masce frequency
from 24 Hz to 18 Hz on the horizontal direction &&iHz on the vertical direction.
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Fig. 6: Bearing case vibration amplitude (a — dimtY; b — direction Z) with modes 1 and 2 couglin

Figure 6a presents the horizontal vibration amgétof the bearing cases, and it is very closedadBult presented
on Fig. 5a, which indicates that the hydrodynamaarings employed are much stiffer than the supgtoutcture, and
they transmitted almost all the vibration of thébalanced rotor to the structure. Figure 6b showsvtrtical response
of the bearing cases, and there is a small difeerem the resonance peak at 18 Hz between Fign&Ibla, due to
bearing stiffness.
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Fig. 7: Disk vibration amplitude (a — direction I direction Z) with modes 2 and 3 coupling.

Figure 7a shows the horizontal vibration amplitede¢he disk positioned in the middle of the shafith the non-
proportional coefficient damping {§ set between the second and third mode of theastigfructure. The damping
effect is quite distinct from the one showed on. Hg, where the coupling between the first two nsodles clearly
noticeable. The result of coupling of the second tird modes is the rising of two peaks, the fangsiund 8 Hz due to
the second mode of the support structure, andgbensl one around 23 Hz due to the structure thvdemFigure 7b
illustrates the vertical response of the disk, trede is a rising of a peak around 18 Hz causeithdyhird mode of the
support structure.

Figure 8a shows effect of the coupling betweerstwmnd and third mode on the horizontal vibratibthe journal,
and it can be observed that the second mode aititheture appears with the non-proportional dampicgease, while
on Fig. 8b the rising of the structure third mode be seen around 18 Hz.



Proceedings of COBEM 2009

20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM

November 15-20, 2009, Gramado, RS, Brazil

10 10°
10> f / 10>
—_— /b \/ —_ |
g g i P
i o g//
2 ) N
© ©
2 2
S10°. S10°. i
S 10 7cnp=0 € 10 7cnp=0
< —c,=5 < —C,75
-1 7cnp=10 -1 7cnp=10
10 ¢ Cp=20 10 ¢ Cop=20
R c"p=25 JR— c"p=25
2 Crp=0 B ¢,,=30
10 : ‘ ‘ ’ : : 10 : ' ' ’ ‘ ‘
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
(a) Frequency [Hz] (b] Frequency [Hz]

Fig. 8: Journal vibration amplitude (a — directidnb — direction Z) with modes 2 and 3 coupling.

Figure 9a and 9b shows the vibration amplitudehefsupport structure on horizontal and verticaation, and the

response on both directions is similar to the jaumibration, reinforcing that the hydrodynamic begs are much
stiffer than the support structure.

The other combinations of coupling between str@tuode shapes were tested (Modes 1-3; 1-4; 2-4; l34inone
of them showed a noticeable change in the rotqomese compared to the proportional damping case.
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Fig. 9: Bearing case vibration amplitude (a — dimtY; b — direction Z) with modes 2 and 3 couglin
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Fig. 10: Disk vibration amplitude (a — direction Iy direction Z) with modes 1 and 2 coupling.



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

Figure 10a shows the influence of different confidions of non-proportional damping on the diskration
amplitude. The symmetric non-proportional dampihgves an increase of the first resonance peak cadpar the
proportional damping (zero), caused by the couptihghe first two modes of the support structurehigher upper
coefficient (upper = 30iskg™ and lower = NNskg™) generates an increase of the influence of seowdk on the disk
response, while an increase of lower coefficiepp@r = 5Nskg™ and lower = 3(Nskg™) results on a small raise of
second mode on the horizontal response. Figurellli@brates the influence of different damping dgofations on the
vertical response, and it can be seen that the gleasonance caused by the second structure niwdgsadecreases in
comparison to the proportional damping (non-prapagl coefficients equal to zero). The configuratigith the lower
coefficient increased generates a more evidentrastinance on 4 Hz.
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Fig. 11: Journal vibration amplitude (a — directiéynb — direction Z) with coupling of modes 1 and 2

Figure 11a shows the horizontal vibration amplitwafethe journal inside the bearing, under the iafice of
different configurations of damping. The upper €ioéfnt increases the coupling between the twad firedes, and also
increases the amplitude of the peaks. The appiicaif the lower coefficient has the same kind dfuence on the
journal, however, the amplitude is lower. Resongmeak related to the rotor flexibility (18 Hz) atiek third structure
mode (37 Hz) remained unchanged. Figure 11b shewncal vibration, and it is not clear the couplibgtween the
two first structure modes as it was seen on thebotal response, but it has the same tendencyrwdben Fig. 10D,
where the proportional damping had the highestatibn amplitude.
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Fig. 12: Bearing case vibration amplitude (a —aion Y; b — direction Z) with modes 1 and 2 congli

Figures 12a and 12b show almost the same behasemm on Fig. 11a and 11b, what can be explainethdy
difference of stiffness between support structure laydrodynamic bearings, which have stiffness ingrjrom 8x10'
to 3x10(° N/m, and because of that almost all the vibratibthe rotor is transmitted through the bearinghe® support
structure.



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

5. CONCLUSIONS

A simulation of a rotor-bearing-support structugestem has been made in order to test the influeficeon-
proportional damping of the support structure ushgmixed co-ordinates (modal and physical) metide results of
this simulation showed that this kind of damping edfect the rotor response, coupling the structooele shapes.

The non-proportional damping is usually more difficto model requiring more experimental data abitngt
structure. Processing this data demands time aaciadprocedures, so the first approach to inclsugport structure
effect on rotor response should consider a propmatidamping. In the cases where difference betwepariment and
simulation persists, a more careful analysis shbaldthade considering the coupling between closeembdpes, which
have demonstrated a stronger effect on the rosporese. The next step to refine the response vimrutd consider the
asymmetry of damping coefficients, and an optiniizaalgorithm can be used to adjust these coeffisie

An important phenomenon observed with the appbeatif non-proportional damping was the coupliny@iftical
and horizontal modes, which makes more difficulttidguishing the effect of each component (rot@arings and
support structure) on the machine vibration. Thiéization of structural modifications on the actuadachine is
recommended to highlight the effect of each compgnehen this procedure can be applied.
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