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Abstract. Gas machine seals with bearing support systemsoaee of the most important components of com
rotating turbomachines. Despite many works icentered on understanding and predicting their rdymamic
characteristics, uncertainties remain in predictiai machinery behavior meaning risks of instahilitgdustrial
turbomachines rwmrs can reach speeds beyond000 RPM, whereby active magnektiearings (AMB) become ¢
interesting and achievable solution for supportiradial and thrust rotor forces in these machines. Thipgp
presents a sensitivity analysis and discussion abwai rotordynamics of a rotor with two radiAMB and internal
seal, using aleffcott model with 4 DC, and a simplified equivalent model faMB and annular gas seal. For tl
sensibility analysis has be@nplemented an algorithrrased on the Monte Carlo Methods.

Keywords: Rotordynamics, Annular s¢, Sensitivity analysis.
1. INTRODUCTION

Most of annular seals can have a significant eftecthe dynamic behavior of hi-pressure systems like stei
turbines and centrifugal compress (Childs & Vance, 1997).Internal seals might causinstability in the
rotordynamical system, vidh can be operating beyond the first critical sl& Instability occurs when a real part
any statespace system eigenvalues is positive. The model wié two flexible bearings supporting a rigid &har
axissymmetrical cylinder located in the center of thafsthat represents the internal annular

The stability behavior of a rotordynamical systeithve fixed value of pressure deferential and déife values o
rotordynamical model spinning s of therotor is discussed in the present work. Experimentalctlisd cros-
stiffness and direct damping coefficients obtainadorevious worl(Childs & Ramsey, 199 are used for simulations.
Several seal models and pardters estimatics can also be observed in detai(@glera, 201% and (Brol, 2011).

The internal seal parameters are considered unteatad are modeled by a rcom vector, with the independe
components. The Monte Carlo method is used to appate the statistics of the response. The stoichastbility
analysis performed in the present work is inspirethe work of Ritto et. ¢ (Ritto et al., 201< and Cavalini Jr et. al.
(Cavalini Jr et al., 2015A stochastic model usinfuzzy and fuzzy-random parameters #oflexible rotor model was
made by (Lara-Molina et al., 2015).

This paper is organized asllbws. Section 2 presents the 4 DOF rotordynanmaadlel considered for the analys
and, Section 3 presents the stochastic rotordyramigstem. The results are discussed in Secti@nd finally, the
concluding remarks are madh the last section the paper.

2. ROTOR MODELING

In order to establisthe rotor modela rigid shaft with a rigid disks taken into accour rotating with a spinning
speedw, in the center and its center of gra' G located just at the center of the shaft, as sha Figure 1. It is
assumed that the masktbe shaft is negligib (i.e. the mass of seal disk is quite higtiean the mass of the st).
Active Magnetic Bearings that support the shaft distk can berepresented as a fible bearing withnon-rotational
stiffness and damping;, K, C;, C, (Chiba et al., 200! The disk represents thetational annular seal, and | radius
R, lengthL and massn. The distance between bearings are defineL,, a andb are the distances between the ce
of gravity and the left and right bearing respeadin
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Figure 1. Rotor model with isotropic flexible beays (Vance, 1988)

The rotordynamic of the model behavior in four DQfan be described with displacements in the dwesti
(X1, 11, X,,Y,), according to Fig. 1Another way to represent it is considering the dtations and rotations about the

gravity center of mass(g, Y;, 0x¢, Oyc)-
2.1 Rotordynamic equations

The polar and transversal moment of inertia ofdis& can be expressed respectively as:

Jp =" (1)
Jr=5 (R +31) (2)
For the tilting angle approach, magnitude of rotagi are assumed as being small,sie(8) =~ 8 andL, = a + b.

The displacements irkand Y axis, and rotations about the center of mass canexpressed respectively as
(Young et al., 2013):

Xg = - (bx; +axy) (3)
Yo = - (bys +ay2) (4)
Oxc ~ 1 (2 = 1) (5)
by ~ 1 (xz = x1) (6)

The equations of motion for the rotation and tratish are established using Newton’s law of motresulting in:

mXg + eXg + aXg — yOyg = Fx @)
mY; + eV + a¥; — yOxg = Fy (8)
Jrbxe + wJpby +yXg + 86xs = 0 9)
Jrbye — @]pbxg +yYg + 86yg = 0 (10)

wherea = K; + K, y = —K,a + K,b, § = K;a® + K,b? ande = C; + C,. Fy andF, are the annular seal forces

acting in the disk frame.
For small motions about an equilibrium positiore tleaction force model for an annular gas seabeadgienoted by

(Childs & Ramsey, 1990):
Fy = —KsqX¢ — Ksc Y6 — CstG (11)
Fy = Ksc X — Ksa¥e — CdeG (12)

Direct and cross-stiffness coefficierif,f andK;, respectively, and the direct damping coefficiefif; depend on
the spinning rotatiomw, the inlet pressurB and the diference between inlet and outlet press®r In this case, a linear
function is used to model the seal behavior wittsthcoefficients (using the canonical forrs px + s and keepind®
andAP constant), resulting in:
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Ksa = wKsa1 + Ksaz (13)
Kse = wKse1 + Ko (14)
Csq = wCsq1 + Csaz (15)

This means that two points (often experimental) barused to give a simplified approximation for #®uating
forces in the system.

Again remembering that seal coefficients depenthefspinning speed, letq = [X; Y; 0xc 0Oy¢]7, thus Egs.
7, 8 9 andl10can be expressed in matrix form as:

MG+ wCq+Kq=—-Ksq—Csq (16)
where:
m 0 0 O
0 m 0 O
M=[y Jr 0 a7
0 0 0 Jr
[« 0 0 O
1o € 0 0
€= 0000 (18)
0 0 0 O
[« 0 0 -y
|0 a =y O
K= y 0 8 0 (19)
0 v O 1)
[wCsq1 + Csaz 0 00
— 0 (‘)Csdl + CSdZ 0 0
Cs 0 0 0 0 (20)
0 0 0 0
[ ("stl + stz wKscl + Kscz 0 0
_ |~ wKser = Kseo WKsq1 +Ksqz 0 0
Ks 0 0 0 0 (21)
0 0 0 0
Equation 16 can be rewritten as:
G =-M"H(C + Cs + wG)q + (K + K,)q} (22)

In order to obtain the deterministic stability detrodordynamic model proposed, Eq. 22 is expreased linear
state-space system with the fotm= AU, where:

_ 044 I4xs
A= [—M—l(K +K) —M(C+Cs + wG) (23)

o=} 2

Finally, the real part of matrid eigenvalues determines the stability of the systeositive values indicate that
system is unstable, and they vary with the spinspegdo.

3. STOCHASTIC MODEL

In the present analysis only uncertainties in thapte stiffness of the seél,. are considered. To obtain the linear
relation between the stiffness and damping coeffits, two experimental points of reference (ChidRamsey, 1990)
are taken at two constant pressure and pressudegedifial. Then a linear interpolation is performddhe cross and
direct-stiffness, and direct damping coefficientisthe seal model are show in Tab. 1.
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Table 1. Deterministic parameters used in thalization of direct and cross stiffness and dideshping of seal

model forP = 1830 kPa andAP = 915 kPa

Par ameter Unit Value
K1 N/(m RPM) 260.4354
Kego N/m -8.6364e4
Kcq N/(m RPM) 56.4277
Koo N/m 3.0455e4
Coa1 N s/(m RPM) 0.0174
Csa N s/m 270.9091

These parameters are modeled as random variabldéferent variables at two different frequenciefs shaft
rotation, and then a linear interpolation betwegpeeimental data (Childs & Ramsey, 1990) is useder&fore, a
random vector with four independent variables Bdusince we do not have any information about tihefrendency.

Given the following information: (1) all randomniables are positive, (2) all random variables hfinge mean,
and (3) when all random variables approach zem ptiobability measure tends to zero; then the maxinentropy
principle (Jaynes, 1957) yields the Gamma probghdiensity function.

For the stochastic analysis, the matrix given by Ejis random, and so are its eigenvalues. Thistgta of the
response are obtained by means of the Monte Calbad.

4. NUMERICAL RESULTS

For the simulation of the implemented model theapaaters presented in Tab.2 are used.

Table 2. Parameters used in the simulation of dyttmic system

Parameter Unit Value
Spinning speed«) RPM 0 to 25000
Disk mass#) kg 100
Distance between left bearing and digk ( m 0.5
Distance between right bearing and disk ( m 0.5
Disk radius R) m 0.1
Disk length (.) m 0.2
Left bearing equivalent stiffness coefficieit § N/m 3e6
Right bearing equivalent stiffness coefficiek ) N/m 3e6
Left bearing equivalent damping coefficiei{ Ns/m 150
Right bearing equivalent damping coefficie@ X N s/m 150

x 10*

freq naturais [CPM]

ol L L

L
15 2
velocidade de rotagéo [RPM]

2.5
x 10*

Figure 2. Campbell Diagram of analyzed system
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Obtained Campbell diagram is shown in Fig. 2. ih && observed that in the range from 0 to 25000 RRé/
system has two critical speeds; the first critgated is about 3000RPM. Analysis of the Campbaeatirdim for flexible
rotor-shaft model is detailed by Ritto et. al. {Riét al., 2010).

Figure 3 shows the real part of eingevalues asetifin of spinning speed. It can be noted thatrdatastic system
model is stable in speeds from 0 to about 21500 RB#ond this value, the system becomes unstable.

1

0 —

valor real sigma
w
T
|
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velocidade de rotac&o [RPM] x 10"
Figure 3. Real part of matrix A eingevalues

The random eigenvalues of the system mafriare computed for three levels of uncertaintiesasuesd by the
standard deviation over the mean of the randomabbas, which are related to the annular seal cstffsess. For
flexible rotors stochastic model can be observe@&oroishi et al., 2012).

Figure 4 shows the probability of instability (aiopability of failurep,,;;) of the system as function of the rotation
speed, for uncertainties of 5%, 10% and 15%. If phebability of instability should not exceed 20%me should
operate below 20000 RPM. Furthermore, the higheerainty, the lower this limit is. All the threimés cross 21500
RPM at about 50% of probability of instability. Bhivalue rotation speed corresponds to the operditiat) if no
uncertainties are taken into account.
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Figure 4. Probability of instability (fail) for dérent spinning speeds and different levels of taaaty.
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Finally. Fig. 5 details two histograms for a lev#l 5% of uncertainty. Figure 5a shows the histogminthe
maximum real part of the eingevalues of the systatrix at 2000 RPM and Fig.5b shows the same higtogit 40000
RPM. When the system is stable, the max real gagigenvalues is zero. This is why there is a igtbability of zero,
when the probability of instability is small. Ind-i5a, the probability of instability is about 40%herefore, the
probability of a maximal real part of eigenvaluesdreater than zero is about 40%, and the probabilia maximal
real part of eigenvalues be zero is about 60%hénRig.5b, the probability of instability is 100%herefore, all the
maximal real part of the eingevalues are greasar #ero.
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Figure 5. Histogram of max real part of eingevalioega) 20000 RPM and (b) 40000 RPM, considerifigd
uncertainty.

5. CONCLUSIONS

A 4-DOF rotordynamical system is analyzed in thépgr. The system includes two equivalent active negg
bearings and an annular seal. The stability of dh&tem is assessed by computing the maximal realgbathe
eingevalues of the system matrix. A positive reat pields instability.

Uncertainties in the cross-stiffness coefficiergn, important parameter for the system stabilitg &ken into
account. Four independent random variables withngamistribution are considered, and the uncertriti the output
are computed by means of the Monte Carlo method.

The probability of instability is computed as andtion of the rotation speed of the machine. THeels of
uncertainties are analyzed. Also, the histograth®imaximal real part of the eingevalues of systeimvestigated.

A way to improve the safety factor is increasing tlirect stiffness coefficient. That means that AMBY require
more current to control the auto induced excitatbaritical and unstable spinning speeds.

For further works, the previous model with more em&inty values will be simulated, and a prototypi# be
developed in order to validate the model proposzd.h
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