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the steam and therefore require many seals between the static

This article presents an analytical study of the dynam- and rotating elements to minimize parasitic leakage and maxi-
ics and stability of rotors subjected to rubbing due to con- Mize thermal performance. Obviously, minimizing the rotor/seal
tact with seals, taking account of associated thermal effects. clearances enhances thermal performance; the drawback to this
The seal interaction force acting on the shaft gives rise to a @pproachis the increased risk of rotor/seal rubs and the resulting
friction force, which is a source of heating and can induce rotor vibration. This vibration may be self-correcting (stable),
so-called spiral vibrations. A mathematical model that has Or Self-propagating (unstable). In the worst case, the vibration
been developed couples the heat-conduction equation with€an prohibit operation of the machine. _
the equations for motion of the rotor. Numerical simulations ~ The rubbing phenomenon in rotating machinery has been
have been conducted that show the thermomechanical be-Widely written about during the past 3 decades. It has been well
havior of the rotor at various Operating conditions. A proce- reCOgnized that under certain conditions rotating maChinery ex-
dure for analyzing the stability of multibearing rotors based hibits vibrations that have chaotic content, that is, they present
on the system eigenva|ue analysis and the State_space apunpredictable behavior. Such behavior is driven bythe existence
proach has been proposed_ Fina”y, the experimenta| data of nonlinearities in the System, which could have many rOOtS;
related to full annular rub have been presented. one of them is the interaction of the rotating and stationary com-
ponents (Bently, 1974; Ehrich, 1992; Goldman and Muszynska,
Keywords ::hontactI tf:)orce, rotor rubbing, spiral vibration, Stabi”ty':lgg:g(,:hl(?ygi;gg;?kzrurer:earl(l).ij Slzgi;ez%iazvyenzlr(r?rgli)?gg;bﬁjioa\:s;

ermal bow : .
diagrams or Poincarmaps to report on the chaotic nature of

. " . rub interactions; for example, see Bently (1974), Goldman and

Steam turbine rotors are generally large, precision-machinggls;ynska (1993), and Sawicki (1999). Some authors have ex-
steel forg|_ngs with _mult|ple turbine wheels machined d'reCtlfzSIained the occurrence of such phenomena in terms of induced
out of a single forging for the attaphment of buckets (blade%onlinearities, for example, Sawicki (1999).
S_UCh rotors can gxceed' 20 feet in length and can havel bo YA relatively small number of papers have addressed the ther-
diameters exceeding 30 inches. As such, most steam turbine 0y offect associated with the rubbing of a rotor against its sta-
tors are relatively flexible as compared to gas turbine rotors ﬂf%tnary components, which tends to heat the rotor at the angular
employ a bolted construction. Because of this, most steam taion of the rub and is responsible for the rotor thermal bal-
bine rotors_operate at speeds exgeedlng the flll‘.St critical sp%%ge change, known as the Newkirk effect. Based on Taylor's
and sometimes operate near their second critical speed. Q05 (1924), Newkirk (1926) pointed out that when a rubbing
consequence of the integral rotor design and the relative flgxs, i running below its first balance resonance speed, the rub-
ibility of the rotors is that steam turbine rotors can be sensjjy,ceq lateral vibrations increase in time. Since then, many
tive to rub-induced vibrations. This is unfortunate, since stegfisearchers have studied this effect. The most significant anal-
turbines employ multiple turbine stages to extract energy fro;'?@es have been provided by Dimarogonas (1973, 1983) and by

Kellenberger (1980). Childs (1997) extended the Kellenberger

" Received 20 March 2001 accepted 18 October 2001, model to include the effects_of aradial clearan_ce at_the rub Ioc_a-

Address correspondencé to Jerzy T. Sawicki, Department tion. All these authors confirmed that these vibrations grow in
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44115-2425, USA. E-mail: j.sawicki@csuohio.edu ple is contacts between the rotor and seals, such as oil-lubricated

41



42 J. T. SAWICKI ET AL.

generator shaft seals (Kellenberger, 1980) or brush sei 0,
(Sawicki, 2000), which can generate an asymmetrical perip
eral temperature distribution and consequent rotor bow. If th
is coupled with rotor vibration, a spiraling phenomenon may b
observed. Another example is asymmetrical heating of the joL
nal in fluid-film bearings; for example, see Kirk and Balbahadu
(2000). The thermally induced vibrations can lead to problem
such as difficulties in performing proper balancing or, in seriou
cases, asituationinwhichitisimpossible to operate the machir

This article presents an analytical study of the dynamics ¢
rotors subjected to rubbing due to contact with seals and al
considers thermal effects. The induced thermal bow is model
on Kellenberger’s approach (1980). A mathematical model th
has been developed couples the heat conduction equation v
the equations of motion for the rotor. Numerical simulation:
that have been conducted show the thermomechanical behay
of the rotor at various operating conditions. The procedure f
stability analysis of the multibearing rotor systems based ¢
the eigenvalue analysis and state-space approach is propol..
Finally, the experimental data related to the full annular rub FIGURE 2

have been presented. The rotor/stator interaction model.

v

Lz 0

ROTOR/STATOR CONTACT MODEL
The model of arotor/stator systemis shownin Figure 1, wheggd the stator takes place if the following condition is satisfied:
the rotor is a Jeffcott (Laval) rotor—that is, uniform, massless,
and having an elastic shaft carrying a rotor (disk) at its midspan.
The bearings in this model are considered to be rigid and fric-
tionless. The rotor has magsg, stiffness,kg, and damping,
cr. The stator has mass)s, and is mounted on a foundationwhere§* is the relative radial displacement of the rotor and
via spring,ks, and dampergs. The concentric radial clearancestator, and is the penetration depth.
between the rotor and statorGs In addition, it is assumed that as a result of contact, the
The kinematics of the rotor/stator contact model are illugotor/stator (contact) stiffness increases, and induced contact
trated in Figure 2. It is postulated that contact between the roferce, Fr, is the result of nonlinear contact radial load and non-
linear tangential friction load, which are related by the Coulomb
friction coefficientu. A portion of heat generated by friction
load Q; diffuses into the rotor, and the portidp, diffuses out
of the rotor. Also, it is assumed that if the contact condition in
— Equation (1) is satisfied, the induced contact force modeled by
a simple model takes the form

6:6*—C=|r_R—r_5|—C>0 [1]

Fr=kes"e” [2]
—— e S = ——  where the contact stiffne&s is a function of the material prop-
; S erties and geometry of the contacting components, and the coef-

ficient of restitution isn = 1.5 for the Hertzian type of contact.
Following the notation in Figure 2, the nonlinear equations
of motion for the rotor/stator system in complex vector notation

L1 r=x+iyare

_*C
d? _ . L _ ) —
[mRW(’R+ed”’t)+cRrR+kR(rR —rre") = -1 +iwFr

FIGURE 1 Msfs + Csf s + ksTs = (1 + i 1) Fr
Schematic of rotor/stator model. [3]
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THERMAL BOW OF THE ROTOR 0

Theradial contact forcé;g, acting on the shaft (see Figure 2)
gives rise to a friction force, which is a source of heating 4 __
Kellenberger (1980) used a heat-balance equation to arrive =
the following definition for excess temperature \\
ET(t) [4] .
ks

) = E—;uwRFR(t) -

where

R is the rotor radius at which contact occurs;
Fr is the seal interactive force; !
nwRRR(t) is the power dissipated due to rubbing contact; |
kq is the proportionality factor defining the proportion of gener -5t -------
ated power that enters the shatft; :
ko is the proportionality factor that defines the amount of he:
lost from the shaft; and 0 1
ks is the factor that is proportional to the specific heat, densit Re(p,)
and geometry of the shaft in the vicinity of the rubbing
location. FIGURE 3
Rotor response, in rotating coordinates, to rub, without thermal
ects.) =0.95,p=0,g=1x 103, & = 0.05 Mg =1 x
05 Cs=0.7,Ks=200,u =0.2,Kc =1x 102 C =2.

i

T
I
I
I
i
|
i
)
)
)
T
)i
A
|
)
[ ] e T

wlh----
N M.
o b-----
]

Following Kellenberger’s (1980) development, we assumed t
the shaft's thermal deflection (bow) was proportional to the exp
cess temperaturg, that is,

pT:k4T [5] Kczﬁ MszE C5=E Ks:ﬁ andé:g
wherepr is the rotating shaft with thermal deflection, akg k M CR K ¢
is the proportionality factor containing the thermal expansiqpshould be noted that using the transformaiién) = p(t)e!

coefficient, the material constants of the shaft, and the rOtOEﬁuations (3) and (6) can also be presented in a rotating
geometry, such as diameter, length, and bearings positions. .44 qinates frame.

Now, taking into account the relationship in Equation (5), the rjg,re 3 shows, in rotating coordinates, the rotor’s response
temperature, Equation (4), can be rewritten in terms of thermgl | annular rub without considering the thermal effect, that
deflection in stationary coordinates as is, for p = 0, and for the rotor’s running speed just below the

P () — i (b) + “MwRF_ t) + 67 (t) = O 6 f:ntlcallspeed,.that is, fap = 0.95wg. Also, the cpntact force
T® T+ RO +arr(®) [6] is nonlinear with the exponent= 1.5 (see Equation (2)). The
where parameteandg characterize heatinput and heat outpu€omputed response clearly indicates transient behavior.

respectively, for the shaft and are defined as Figure 4 presents the rotor response for the same operating
kika K conditions as Figure 3, except that now the parameter represent-
p= Il<— 4= k_2 [7] ing the heat input to the rotor does have nonzero value, that is,

3 3

p = 1.51. It can be seen that after initial transient behavior, the
Note that the rotor/stator’s motion, Equation (3), and thermgftor starts to exhibit unstable spiral vibrations with a growing
bow, Equation (6), are coupled by the normal and tangent%{?“p“t_“de and phase angle (Whl_ch can be seen o_nly in a rotating
components of the contact force and by the thermal bow vectpCrdinates frame). The spiral is traced out against the shaft's

F+. Equations (3) and (6) are written in inertial coordinates. '0/2tion-

NUMERICAL RESULTS STATE-SPACE REPRESENTATION OF THE MULTIMASS

The equations of motion, Equations (3) and (6), can be writt&PTOR/SEAL D_YNAMICS ) o
in a nondimensional format by introducing the dimensionless FOr the multimass rotor-bearing model limited to lateral
timez = wgt, and the following definitions (Kellenberger, 1980YiPrations, the matrix equation of motion (in stationary

Liebich, 1998): coordinates) can be written as follows:

ke ) 4 cn ® MX + Dx + Kx = f(t) [9]
WR = > p= pRK?ﬂ q:—ﬂ SRZ , = — i ) )

mr WR 2Mror @R wherex is (n x 1) the vibration vectorM, D, andK, are @ x

[8] n)mass, damping, and stiffness matrices, respectivelyf@nd
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and the translatory coordinates at the rubbing site (the hot spot);
andxrhsis (2 x 1) the vector of thermally induced translatory
displacements at the location of the hot spot (rubbing).

In stationary coordinates, the thermal equation can be written
in the following form (Kellenberger, 1980):

[ XThs + PXhs + QX7ps =0 [11]

wherel andO are (2x 2) unity and zero matrices, respectively,
andxys is the (2x 1) vector of translatory displacements of
the shaft at the location of the rubbing. The matriBeand Q
are (2x2) and represent added heat and dissipated heat,
respectively.

Equations (10) and (11) are coupled and can be combined as

is the excitation force vector. The properties of bearings alg
included in matrice® andK.

The equation of motion for the multimass rotor-bearing sys-
tem with thermal bow takes the following form (Schmied, 19872(:3

follows:

Re(pg) :
M O X D 07[ x
FIGURE 4 |:0 01| {XThs} - [0 | ]{XThs}
Rotor response, in rotating coordinates, to rub, with thermal K _KRT X f(t)
effects.y = 0.95,p = 1.51, = 1 x 103, &g = 0.05, + [_ “ } = { } [12]
Ms=1x 105 Cs=0.7, Ks=200,u = 0.2, P Q XThs 0

Ke=1x102C=15.

whereP is (2 x n) a matrix having coefficients of matriR at
he columns corresponding to the translatory coordinatesf
the hot spot.

Introducing state variables, defined &g = X, x; = X,
= XThs @nd writing the equations

MX 4 DX 4+ Kx — K RTxqps = f(t) [10]
whereKR is (n x n) the stiffness matrix of the rotor without X=X .
pedestals and bearing;is the (i x 2) matrix describing the Mxz = —Kxq — Dxz + K"Tx3 +f [13]
linear relation between the thermal deflections of all coordinates X3 = —Pxg — QX3
5.52" _| 5.48" 5.48" J 5.52"
1.2%-2.4" 1&
¢ B 1
T
0.394"
% i £ Seal ] E %:
Rotor Mass 1 Rotor Mass 2
Inboard Bearing Outboard Bearing
Sensors
FIGURE 5

Diagram of rotor/seal test rig with two disks.



allows the state equation to be written as follows:

X=AX+Bu=

1X Amplitude in X-Direction (mil pp)

1X Phase Lag in X-Direction {deg)

BEHAVIOR OF ROTOR WITH RUBBING
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FIGURE 6
Responses () of the two-disk rotor during start-up and shutdown, testing both with and without rubbing.

0 | 0
~M)K —-M-ID M~KRT |.x
—P 0 -Q
0
ML |f [14]
0

EXPERIMENTAL STUDY RESULTS

Fullannular rub in a rotor/seal system was investigated exper-
imentally. A shaft with a diameter of 0.394 inches and a length
of 22 inches was supported by two brass bearings and driven by
a 0.1-hp motor. Two disks were attached as is shown in Figure 5.
A seal was located at the midspan. The bronze seal used in the
experiment was fitted with an O-ring in the seal support and had
6 mils of diametral clearance. The rotor was originally centered
in the seal and well balanced. A known mass unbalancex4.4
10~*Ibm) was then added to each disk. Without contact with the

where the state vector is definedas (x1, X2, X3)" . The stability seal, the rotor’s initial, balanced resonance speed was approx-
of the system (Equation (12)) can be conveniently determingdately 1850 rpm. The data acquisition and processing system
by analysis of the real part of the eigenvalues of state mAtrix consisted of four XY displacement proximity probes (Figure 5),
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one speed probe, one Keyphasor probe to measure speedrand Rotor vibration vector in inertial coordinates frame

phase, and ADRE software. OR Rotor vibration vector in rotating coordinates frame
The 1x Bode plots of the X-direction responses of the two¥ Excess temperature

disk rotor during the startup and shutdown testing, with ang; Heat entering the rotor per unit time

without rubbing, are presented in Figure 6. In the test with th@, Heat loss per unit time

rubbing, the peak amplitude of vibration was limited by the

clearance between the rotor and the seal. In addition, the 'n}EE'FERENCES
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