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Tilting Pad Journal Bearing
Misalignment Effect on Thermally
Induced Synchronous Instability
(Morton Effect)

This paper investigates the influence of misaligned journal bearing effects on the thermally
induced rotor instability (Morton effect “ME”) problem. The Morton effect is caused by
uneven viscous heating of the journal in a fluid film bearing, which causes thermal
bending, especially in rotors with an overhung disc or coupling weight. The thermally
induced bending in the shaft may cause a vibration instability, which results in an excessive
level of synchronous vibration. Previous research focused on parametric studies of the rotor
and bearing design parameters, including overhung mass, bearing radial clearance, and
lubricant viscosity. The present study investigates the influence of journal misalignment
on the Morton effect. A coupled fluid-thermal-structural, three-dimensional finite element
model (FEM) is developed to simulate fluid film pressures and temperatures, and shaft tem-
peratures and vibrations. Simulations were conducted with different ratios of journal mis-
alignment, and different pad-pivot types to determine their effect on the phenomenon. The
simulation results indicate that the amplitude of the misalignment angle affects the instabil-
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1 Introduction

Eccentric, synchronous vibrations in rotating machinery cause
asymmetric temperature distribution around the circumference of
the journal in a hydrodynamic bearing (HB).

This produces thermal bow in the shaft, and under some condi-
tions increasing vibration and inevitable shutdown of the machinery.
This “Morton effect” (ME) is becoming increasingly observed due to
the higher performance requirements of modern machinery and the
increasing use of a HB [1]. The ME is the nonlinear synchronous
vibration induced by differential viscous shearing of the HB’s
lubricant, which gives rise to hot and cold spots on the journal cir-
cumference. This increased bow, in particular with overhung
rotors, results in larger inertial force and more heating induced by
viscous shearing. The viscous shearing, the thermal bow, and the
inertial force may form a positive feedback loop, driving the rotor
system into a limit cycle vibration, or rubbing between the journal
and bearing bushing.

The ME instability phenomenon is highly sensitive to operating
and physical parameters [1]. Therefore, even minor changes in
parameters and conditions may suppress or induce the ME in the
machine. This explains why only a single machine may experience
the ME, while other “identical” machines operate free from the ME.
The axial film thickness asymmetry due to journal misalignment is
prevalent in turbomachinery systems due to inevitable installation/
manufacturing errors and deflections/distortions caused by applied
loads. Therefore, there is a need for the present investigation of
the effect of bearing misalignment on the ME, given its known sen-
sitivity to parameter variations.

de Jongh and Van Der Hoeven [2] reported an experimental ME
case of an overhung rotor showing high vibration levels due to a
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thermal instability caused by journal differential heating. The insta-
bility problem was mitigated by installing a heat barrier sleeve to
prevent the heat input into the shaft. Keogh and Morton [3]
modeled the journal differential heating with a short bearing
theory, iso-viscous, thermohydrodynamic (THD) model. Lee and
Palazzolo [4] developed a ME model based on a variable viscosity
Reynolds equation, a two-dimensional energy equation, and a heat
conduction equation. Long time constant, cyclically varying, large
amplitude vibration caused by asymmetric journal heating is
predicted, using a transient simulation method. Suh and Palazzolo
[5-8] developed the first high-fidelity ME prediction model
utilizing finite length, three-dimensional (3D) thermo-elasto-
hydrodynamic tilting pad journal bearing (TPJB) models and per-
formed parametric studies. Tong et al. [9] and Tong and Palazzolo
[9-11] further expanded the high-fidelity ME model to include dis-
tributed thermal bow and a double overhung type rotor configura-
tion. The same authors measured journal circumferential
temperature distributions and verified the accuracy of the high-
fidelity model, compared with simplified prediction models in
Ref. [12]. The same authors theoretically showed that the ME can
be induced in a gas bearing supported machinery in Ref. [13].

Misalignment effects on HB have been investigated in many
research studies. Bouyer and Fillon [14] presented experimental
results for a misaligned plain journal bearing. Their measurements
at the bearing mid-plane showed the bearing performance, i.e.,
maximum pressure, temperature distribution, oil flowrate, and
minimum film thickness was significantly affected by misalign-
ment. Sun and Gui [15] showed that shaft deformation-induced
bearing misalignment had a significant effect on bearing
performance.

El-Butch and Ashour [16] proposed an improved fidelity, TPJB,
THD model with journal misalignment and pad elastic/thermal dis-
tortion effects, which was solved with transient simulation. Sun
et al. [17] showed that thermal and surface roughness effects play
a vital role in the performance predictions for a misaligned
journal bearing, especially for large eccentricity ratios. Xu et al.
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[18] showed that misalignment significantly affects journal bearing
performance at large eccentricity ratios, utilizing a THD model. Suh
and Choi [19] presented a study on the combined effects of mis-
alignment and tilting pad journal bearing pivot type on static perfor-
mance. Their theoretical study showed that spherical pivots having
tilting, pad yaw, and rolling motions compensates misalignment
effects.

The present study reveals a marked dependence of the ME on
tilting pad journal bearing misalignment. This is established utiliz-
ing a high-fidelity model described with 3D THD models of the
fluid film, and 3D solid FEM bearing, and shaft structure models
discussed in Sec. 2. The journal misalignment model is included
in the high-fidelity bearing model, and the influence of its asymmet-
ric fluid film distribution on the ME occurrence is investigated. The
impact of pad-pivot type on the ME, with journal misalignment, is
also considered.

2 Modeling and Morton Effect Prediction Algorithms

2.1 Tilting Pad Journal Bearings. The Reynolds equation for
an incompressible Newtonian fluid with variable fluid viscosity and
negligible fluid inertia/shaft curvature is

V- (CiVP)+ VD, -U+0h/ot=0 (1)

where C, and C, are constants related to variable viscosity y

h rz h
Ci =I J (§/wdédz — Czj (&/mde,
0J0 0

h ez h
G =J J (1/M)d§dz/j (/wydé
0 0

0

where z is the axial coordinate of the fluid film bearing. This form
assumes laminar flow, uniform pressure distribution in the direction
of film thickness, constant fluid density, and temperature-dependent
variable viscosity. The viscosity—temperature relation is

p=pge™ I (@)

where a is the coefficient of viscosity, and p and T are the refer-
ence viscosity and temperature, respectively. The fluid film temper-
ature 7 is solved for with the energy equation which is coupled with
the Reynolds equation through the viscosity and velocity terms. The
pressure distribution obtained from the Reynolds equation is uti-
lized to obtain the fluid velocity from the relation

f’ga/md:) v
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The Vp term is calculated in both the circumferential and axial
directions for a full 3D thermo-hydrodynamic analysis. The Rey-
nolds cavitation model, which imposes a zero-pressure gradient at
the cavitation boundary is utilized in the Morton effect simulations.
This approach is widely utilized in the literature about journal mis-
alignment [19-22]. Moreover, significant thermal expansion of the
shaft and bearing pad accompanies the Morton effect. This
decreases the film thickness significantly, which tends to suppress
cavitation, as evidenced in the simulation results. Of course, more
sophisticated, and more computationally intensive, cavitation
models can be applied. This will be done in future work.

The two types of pad-pivots studied are cylindrical and spherical.
The cylindrical pivot has angular pad tilting (pitch), and transla-
tional pivot motion (deformation), and the spherical pivot has
rolling and yawing motions in addition to those of the cylindrical
pivot. The model for journal and pad dynamics is illustrated in
Fig. 1(a).

The film thickness formula for the spherical- type pivot TPJB is

(@, z) = Cp — &, cos () — &, sin (0) — (Cp — Cp,) cos (0 — Op)

. “4)
= 8 R sin (0 — Op) — hgpasi 7E(0, 2) = hpaa.rE(h, 2)

where

&y = ey — Y py COS 6, — 2,y COS 0, — zﬂyaw cos (6, + 7/2),

€y =€y — Ypu sin gp — 2%oll sin gp - Zﬂyaw sin (911 + 7[/2)

and

— Cp and C, represent pad and bearing radial clearances.

— Ypves Otites Qrotts Pyaw are the pad-pivot deformation, and tilting,
rolling and yawing pad angular displacements, respectively.

— z and R are the axial position and the journal radius,
respectively.

— 0 and 6, are the circumferential coordinate of the bearing and
pivot circumferential positions, respectively, as shown in
Fig. 1(a).

Equation (4) considers the journal/bearing pad’s asymmetric
thermal expansion, the variation of axial and circumferential
motions of pads, and deformation due to pivot compliance. The
terms hgpqp. 7 and hpqq 7p in Eq. (4) are the thermal expansions of
the shaft and pads as illustrated in Fig. 1(b). For the cylindrical
pivot-type model, the terms related to roll a,,; and yaw S,
motions are removed from the equation. '

Journal misalignment is an imposed shift in angular position of
the bearing or shaft. The misalignment term is incorporated into
Eq. (4) by adding the terms a, and @, which represent the journal
angular displacements in the x — zand y — z planes, respectively,
as illustrated for ay in Fig. 2.

Pad thermal expansion | |

Py 7e(652) Shaft thermal expansion
! : Paaze(h.2)

/

Pad

Fig. 1 (a) Model for journal dynamics and (b) thermal expansion of pad/shaft
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Fig. 2 Permanent misalignment angle o,

The misalignment ratio, misalignment angle, and misalignment
phase are defined as

A A
YT Cpt TG
2 2
ay =Ayi , O =AXZ (5)
Tq= tan™! i
Qx

where A, is the journal/bearing relative, end displacement due to a,
and Cp and L are the bearing radial clearance and length. The mis-
alignment ratio and angle a, in the x — z plane have similar defini-
tions. For characteristically small misalignment angles, sin a, = a,
applies. Then the updated equations for &, and e, with the misalign-
ment terms become

&y = €x = Y pu €08 Oy — 2 pirch COS O — 24, €OS (O + 7/2) + zatx

&y = e, — Y py Sin6), — 20 pisep, SIn O, — zﬂyaw sin (60, + n/2) + za,
(6)

Two configurations of misalignment, i.e., r, =90 deg and
270 deg are illustrated in Fig. 3 to explain the misalignment
phase. Note that the right side of the shaft in the figure is the
non-drive end (NDE) side, while the other side is the drive end
(DE). For both configurations, the misalignment ratio in the x direc-
tion is zero (r,=0). If the r, value is nonzero and positive, the mis-
alignment angle will be 90 deg from Eq. (5), and it corresponds to
the case in Fig. 3(a).

The 270 deg misalignment angle case in Fig. 3(b) has the same
magnitude of misalignment ratio as the 90 deg case but with oppo-
site sign, and this makes the misalignment phase of this case equal
to —90 deg (=270 deg) based on Eq. (5).

The equations for the tilting pad journal bearing with spherical
pivot-type pads in Fig. 4 with small motions are [19]

Mpad_ij}pvt = _KPypvt + Fpad_i
Litr_i61itr = MOyiys_i
Lrot_itron = MOy _i

IYaw,iByaw = Moyuw,i @)

where i represent the number of pads, M paq_i, Lir_i» Tron_i» and Iygy,_i
are the mass and the tilting/rolling /yawing inertias of each pad,
respectively, and Fpeq_i, MOyiy_i, MO pirch_i, and MO, ; represent
the fluid film force and the tilting/rolling/yawing moments
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(a) i’

DE side

NDE side

a,=0
Z ot
|
_A/‘_“y
N
Load direction
(b)
DE side NDE side
------------- 1 -
z g | ay
a,=0

d

Load direction

Fig. 3 Configuration of journal misalignment phase directions:
(a) r, =90 deg and (b) r, = 270 deg

applied to a pad, respectively. The equations can be applied to a
cylindrical pivot-type tilting pad journal bearing by removing the
rolling and yawing motions from Eq. (7).

2.2 Thermal Model—Three-Dimensional Energy Equation.
The energy equation

2 2
PA ™o )T\ e a2 Taz ) TH \ Gy By
(8)

is solved utilizing eight-node isoparametric finite elements to obtain
the 3D temperature distribution 7 across the fluid film. The quanti-
ties in (8) are the film temperature 7, density p, specific heat capac-
ity ¢, thermal conductivity k, circumferential velocity u, and axial
velocity v. The convection term in the film thickness direction is
not considered due to the assumed thin film (bearing radial

ﬁyan Iyaw

Fig. 4 Spherical pad-pivot-type tilting pad dynamic model
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clearance 68 ym, bearing radius 40 mm) while the conduction term
is considered in all x, y, and z directions. This approach is com-
monly used in the literature [23-25]. The fluid film temperature T
is obtained during each journal orbit by solving Eq. (8) using the
variable viscosity u relation in Eq. (2), as discussed in Sec. 3.
The pad inlet boundary temperature is obtained from the mixing
theory in Ref. [5]. An up-winding scheme [26] is used in the
finite element solution of Eq. (8) to avoid spatial oscillations due
to the convective term. The film temperature is modeled as a
quasi-steady-state problem.

Shaft and pad temperatures are predicted with the Laplace equa-
tion

T 0T  &T pcol

t etk ar ©

assuming constant thermal conductivity. Utilizing 3D eight-node
isoparametric FEM, the discrete form of (9), i.e.,

[CIIT]+ [KI[T] =0 (10)

The transient solution of Eq. (10) is obtained via numerical inte-
gration. The solid finite element, thermal model extends seven times
the journal length, either side of the journal, in the present model.
This is based on simulations that showed little change in tempera-
tures incurred by larger extensions. Of course, the extension
lengths could be varied in actual applications. Convection to
ambient atmosphere is assumed to occur outside of the journal.

2.3 Thermal Deformation of the Shaft and Bearing. The
hybrid finite element model (HFEM) shown in Fig. 5 is used to
determine deformations resulting from the asymmetric temperatures
in the journal and adjacent rotor segments while exploiting the com-
putational efficiency of beam finite elements.

The solid finite element model extends seven times the journal
length in the present model based on simulations that showed
little change incurred by larger extensions. Of course, the extension
lengths could be varied in actual applications. Thermal deforma-
tions of the shaft and bearing are obtained from discrete FE equation
of the form

[Kar]l[Dar] = [Far] (1D

where D7 is the nodal displacement vector in x, y, and z directions
induced by the thermal load vector Fa7 which is obtained from the
temperature fields determined from Eq. (10). Details of the thermal
bow calculation utilizing the HFEM are provided in Ref. [9]. The
thermal bow is calculated in the rotating reference frame and
becomes a dynamic force in the stationary frame equations of
motion.

2.4 Thermal Boundary Conditions on the Shaft and Pads.
Thermal boundary conditions are applied at interfaces between

Nodes
at bearing location

® Nodes without thermal load

@ Nodes with thermal load ‘_'

Rotor end Rotor end

-~
! Thermal rotor
length

Fig. 5 Diagram illustrating the HFEM rotor structural model
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the fluid (lubricant) and structures (bearing pad and journal), and
between the shaft and atmosphere as shown in Fig. 6.

Heat flux and temperature boundary conditions are imposed at
the interface between the lubricant and pad

oT, oT,
ks L = kg “'B
Or |,—pen Or |,epen
Tili—retr = TBlr=ren (12)

The heat flux and temperature boundary conditions at the lubri-
cant—journal interface are

G o
Oor {o—o,=r OF |g—— i r=k
TL |H=(),r=R = TJ |H=—(ut,r=R (13)

These conditions must be applied in the rotating frame for the
journal mesh which is continuously re-oriented during the time tran-
sient simulation. Thermal boundary conditions are applied at the
following surfaces in Fig. 6; two bearing pad side surfaces, one
bearing pad surface, two shaft side surfaces, and two journal
surfaces.

2.5 Rotor Dynamic Model. Lateral dynamics utilizes Euler
beam elements, and modal reduction is used for computational effi-
ciency. The system equations of motion are

[U] = [D][U] + [F] (14)

V4 -M-'C,, -M:'K,,
[U] = [Z], ro ro }’

h
whnere 1 0
M 'F,,

0

[D]=[

. U, M,,, C,, and K,, are the state vector and

[F]=[

mass, damping and stiffness matrices of the rotor, F,, is the force
vector including the nonlinear fluidic forces from the bearings,
imbalance forces, forces induced by thermal bow and gravity, etc.

Equation (14) is diagonalized utilizing biorthogonality with the
right eigenvector y, and left eigenvector y, of the matrix [D].
Equation (14) becomes

[¥]=[AILY] + [y I[F] (15)
where [Y]=[yzI[U], [A] = [y, [Dllyg,] = {é’ Z¢
ith eigenvalue of the system. Modes five times larger than spin
speed are ignored to reduce the computational complexity. Equa-
tions (7) and (15) are solved simultaneously with numerical
integration.

n o, .
. A;is the
n

3 Morton Effect Computation Algorithm

The diagram describing the ME transient simulation algorithm is
presented in Fig. 7. The initial conditions of the rotor-bearing state
variables, lubricant/shaft/bearing pad temperature distribution, and
thermal expansion and bow states are specified at the start of the
simulation. To perform (1) the transient rotor and TPJB dynamics
are solved by numerical integration, until the rotor orbits converge
to steady state, utilizing the rotor-bearing dynamic equations in Eq.
(7) and (15) with the film thickness and journal misalignment for-
mulae in Eqgs. (4),(5), and (6), the Reynolds equation in Eq. (1)
and the energy equation in Eq. (8). The fluid velocities from Eq.
(3) are obtained from the Reynolds equation and are used in the
energy equation solution. Each journal orbit is both temporally
and spatially divided into N steps as illustrated in Fig. 7. The
energy equation is solved at the end of each of the N steps, in
order to (1) obtain the orbit-averaged lubricant temperature and
the flux boundary conditions of fluid—structure interfaces (lubri-
cant/bearing and lubricant/journal) and to (2) update the variable
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=88~ B.C between pad and lubricant
—4——¢— B.C between journal and lubricant

Bearing length

-

B.C : Pad side surface 1 «— ‘ ) Pad

i —

B.C : Shaft surface 1

Lubricant
ddod g

» B.C : Pad side surface 2

B.C : Shaft surface 2

B

]
1 1
. . o, 1 1
(Convection with 30°C) < = H o i (Convection with 30°C)
— : : -
e 1 1 —
B.C : Shaft side surface 2 ] ' g
(Prescribed temperature 30°C) = : e : g o Shlksls suraeml
P i . i (Prescribed temperature 30°C)
: < i
TP A CAR RO~
i Lubricant N g
: |
: \
: Pad
v Thermal rotor length 4

B.C : Pad surface

Fig. 6 Thermal boundary conditions on rotor and bearing surfaces

Morton effect prediction algorithm

Initial condition settings
* Set rotor and bearing’s initial position and velocity
* Set rotor, bearing and fluid film’s initial temperature

|

Journal orbit

1) Transient rotor and TPJB dynamics

* Solve TPJB & Rotor dynamic equations in Eq. (4),(5), (7) and (15)
* Solve Reynolds equation in Eq. (1)

* Solve Energy equation in Eq. (8)

NO (Update variables)
STy ’ Convergence of orbit l

JYES

"

Transient center
of journal

2) Transient thermal state prediction
»  Apply thermal boundary conditions in Eq. (12) and (13)
» Solve temperature distribution in rotor and bearing in Eq. (9)

Staggered integration scheme

l

3) Thermal deformation and bow calculation
*  Solve thermal expansion and thermal bow in Eq. (11)

l

Morton effect occurrence
or simulation time reaches specified time

| YES

End of simulation

Fig. 7 Algorithm for Morton

viscosity in Eq. (2). Then the Reynolds equation, combined with the
dynamic equations, is also solved at every orbit segment with the
updated variable viscosity from the previous step. Once the orbit
of journal converges to its steady state, the (2) transient thermal
state predictions for the shaft and bearing pads are completed
based on the lubricant temperature distribution and flux boundary
conditions obtained in the previous step (1). The prescribed convec-
tive thermal boundary conditions on the shaft and bearing pad outer
surfaces, and the lubricant’s thermal states obtained at the journal/
lubricant and lubricant/bearing pad interfaces in Eqgs. (12) and
(13) provide the thermal boundary conditions for solving the
shaft/bearing pad conduction problems Eq. (9).

The thermal expansions of shaft/bearing pads and the thermal
bow amplitudes of the shaft are calculated based on Eq. (11) in
step 3. All steps in (1)—(3) will be repeated until the ME instability
criteria discussed in Sec. 4 are met, or until the limit time is reached.
Updated variables are utilized in this process, including the fluid
and structural temperature distributions, the new film thickness

Journal of Tribology

NO (Update variables)

Tspan3,4,...

=

l Txpanl_l/ Trpanij I Trpanz_l/ l TrplmZ_T

\
1, staggering cycle

2,4 staggering cycle

effect transient simulation

reflecting the calculated thermal expansion of the shaft and pads,
the thermal bow of the shaft, the lubricant viscosity, and the
thermal boundary conditions on shaft/pads.

The rotordynamic structural states change with extremely short
time constants compared with the thermal variable time constants.
Thus integrating both problems with the same numerical integration
time-step is computationally impractical and unnecessary, and the
staggered—time-integration technique in Fig. 7 is applied. In the
1, stagger cycle, the rotordynamic equations including the rotor
and bearing structures are numerically integrated with the time-step
of Typan1_v, with invariant rotor and bearing temperatures/deforma-
tions/bow during the one orbit period. Next, the temperature distri-
butions of the structures are calculated with the larger time constant
of Typana_v, while the rotor/bearing motion states are held invariant.
The use of different time-steps in T,4,1_v and T,qq0_vy is justified
due to the much slower heat transfer process compared with the
rotordynamic motions. A quicker simulation is achieved without
overly sacrificing accuracy. Heat flux and temperature continuity

MARCH 2021, Vol. 143 / 031802-5
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: TPJB configuration
Rotor configuration s
Pad No4 Pad No3
02} DE side Mass imbalance NDE side_
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0 L I T T T 1 I T 1N i
S & E 0 @n i
. )
-0.21 Linear BRG Nolinear BRG 1 50 Load direction
Pad No5 Pad No2
0 0.5 1 15
Z axis (m) 100 Pad No1
100 -50 0 50 100

pm

Fig. 8 Example rotor-bearing configuration

at the film—solid interfaces are explicitly enforced at all simulation
times in our model. In particular, this is performed in the staggered
time approach, where the shaft orbit is constant during the thermal
solution update.

For the steady-state transient simulation, the transient simulation
explained above starts from the lowest speed of interest and simu-
lates the rotor-bearing system response until either steady-state or
an unacceptable vibration level (caused by the ME) occurs. Then,
the process stops and repeats the simulation at the next higher
speed. Steady-state occurs if the errors between the temperature
and dynamics states of the entire rotor-bearing system at the previ-
ous time-step, and at the current time-step, are less than the specified
error criteria. The final temperature/dynamic states of the previous
speed are transferred to the initial conditions for the next speed to
improve the computational efficiency of the process. When the
unstable rotor response is detected, the initial states of the next
speed is determined by the average of the final state of the previous
step, and the initial states of the highest operating speed just below
the instability onset speed (I0S).

The linear method [10] provides an alternative approach and esti-
mates stiffness and damping coefficients of the bearings and com-
bines them into the rotor matrix to formulate the system matrix.
The rotor-bearing dynamic response is calculated at different oper-
ating speeds instead of calculating the bearing hydrodynamic forces
at each time-step as in the nonlinear transient method. The linear
method calculates the lubricant temperature and variable viscosity
at each orbit segment. However, this method is inherently inaccu-
rate compared with the nonlinear transient method because (1) the
responses determined utilizing the dynamic coefficients calculated
at the journal equilibrium position become inaccurate when the
orbit size becomes large and (2) the linear method neglects the

inertial forces resulting from the thermal bow caused by the
viscous heating.

4 Simulation Results

Figure 8 shows a single overhung, example rotor with a linear
bearing (node 4) at the drive end DE side and a nonlinear bearing
(node 13) at the NDE side. A mass imbalance is located at node
16 along with the NDE overhung mass of 40 kg. The TPJB at the
NDE side has five tilting pads with a load-on-pad configuration
as shown in Fig. 8. The parameters of the example rotor-bearing
configuration are listed in Table 1. The thermal boundary conditions
illustrated in Fig. 6 are applied on the rotor and the bearing pad sur-
faces with a convection coefficient of 50 W/m?K and the ambient
temperature of 30°C. These parameter values are utilized for all
simulations except for the Rotor 2 case in Sec. 4, which has an
increased bearing radial clearance, compared with that of the orig-
inal rotor. A case was run with the rotor convection coefficient equal
to 250 W/m?K outside the bearing, and the results showed no influ-
ence on the predicted response with the Morton effect. Therefore,
all cases utilized 50 W/m*K. The Rotor 1 case is defined with
the original parameter values as shown in Table 1. The mesh
sizes of the FEM are 40 x 7 x 17 (circumferential, radial, and axial
directions) for both the thermal and temperature predictions, 15 x
7 x7 for the lubricant film and 15x8x 8 for the energy equation
solvers, and the numerical tolerances of the MATLAB ordinary differ-
ential equations (ODE) solver are selected as le™ for absolute and
le™ for relative, respectively. A convergence test was performed
with three times the current mesh size, and with tolerances of

Table 1 Parameter values for the example system

Lubricant parameters Bearing parameters
Viscosity at 50 (Ns/m?) 0.0203 Pad type Load on pad
Viscosity coefficients (1/°C) 0.031 No. of pads 5
Supply temperature (°C) 50 Radius of shaft (m) 0.04
Inlet pressure (Pa) 1.32x10° Bearing clearance (Cj) (m) 6.8x107°
Reference temperature (°C) 50 Preload 0.25
Rotor parameters Bearing length (m) 0.06
Heat capacity (J/kg°C) 453.6 Thermal expansion coefficient (1/°C) 1.1x107°
Heat conductivity (W/mK) 50 Reference temperature (°C) 30
Thermal expansion coefficient (1/°C) 1.22x107° Pad-pivot stiffness (N/m) 4e8
Reference temperature (°C) 25 Pivot offset 0.5
Rotor length (m) 1.214 Linear bearing
Rotor inner diameter (m) 0.0254 Kxx, Kyy (N/m) 1.7x 108
Rotor outer diameter (m) 0.08 Cxx, Cyy (Ns/m) 1.0x10°
Mass of wheel 1 (kg) 6.43 Thermal boundary conditions
Mass of wheel 2 (kg) 90 Temperature on shaft surface (°C) 30
Mass of overhung wheel (kg) 40 Temperature on bearing surface (°C) 30
Initial(mechanical) imbalance (kg m) 6.5e—5 Convection coefficient (W/m?K) 50

Thermal rotor length (m) 0.18

031802-6 / Vol. 143, MARCH 2021
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Fig. 9 Rotor 1: (a) Imbalance response amplitude and phase lag and (b) mode shape of the third

critical speed at 6343 rpm

le™” and 16_6, and the results showed quite similar results with the
presented predictions.

The ME is a fully nonlinear phenomenon producing a synchro-
nous 1x instability, as compared with typical linear instability
resulting from positive real part eigenvalues. A ME instability is
defined here as when the rotor vibration and journal AT increases
abruptly, and the minimum film thickness drops below 10% of C,
at constant operating speed, while the corresponding system
without ME has acceptable vibration and minimum film thickness
levels. A linear analysis is conducted to identify the critical
speeds, mode shapes, damped unbalance response, and damping
ratio of the system as shown in Fig. 9. The linear analysis result
is included solely for comparison with the ME response and is
obtained from conventional rotodynamic analysis. The linearized
bearing coefficients are obtained from a THD model which
includes solutions for temperature and viscosity distributions by
solving the energy equations in the film and bearings. The ME
thermal bow effect is not included. This utilizes the Rotor 1 bear-
ing’s linearized damping and stiffness coefficients as explained in
Sec. 3, neglects bearing misalignment, and utilizes a constant
imbalance for all speeds. Figure 9(a) shows a large vibration
level near the rotor’s third critical speed of 6343 rpm, with corre-
sponding damping ratio 0.05 detected at both the NDE bearing
and rotor end locations. Figure 9(b) shows that overhung disc
modal displacement are significantly larger than the corresponding
bearing components, in the bending (critical speed) mode at
6343 rpm.

Case histories of the ME [2,3] showed ME instability near the
bending critical speeds of the rotor. The journal AT (temperature
differential across a journal diameter) is the root cause of the
thermal bow and is induced by synchronous rotor vibration,
which typically peaks at a critical speed. Prior ME studies [11]
revealed that larger imbalance force induces larger orbit size, and
journal AT. Machines operating near the bending critical speed
typically amplify synchronous vibration of the rotor, which could

Journal of Tribology

lead to increased journal AT, and resultant thermal bow. Then,
the thermal deflection will more dramatically increase with an over-
hung bending mode shape, compared with other mode shapes, even
with identical values of journal AT [11].

Figure 10 shows the effect of bearing misalignment on linear
unbalance response amplitude. The applied misalignment ratios
are r,=0 and r, = 0.3, respectively, which correspond to a misalign-
ment phase of 90 deg from Eq. (5). Based on Eq. (5), and the

bearing parameters in Table 1, the r,, = /r? +r? = 0.3 misalign-

ment ratio results in a misalignment angle of a,,=0.00086 rad and
resultant misalignment displacement A,=0.0258 mm. Figure 10
shows the vibration amplitudes at the NDE bearing location and
the rotor end increase slightly with bearing misalignment. The
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~mmip =033, r“=90° NDE RotorEnd
T i o
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Fig. 10 Rotor 1’s damped unbalance responses for aligned and
misaligned cases
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critical speeds are almost identical with 6343 rpm for the aligned
journal and 6346 rpm for the misaligned journal. The increments
of vibration level between the aligned and misaligned cases at
6343 rpm are 0.000146 mm at the NDE bearing, and 0.0183 mm
at the rotor end, respectively. The damping ratios of the aligned
and misaligned cases are quite similar with 0.05 and 0.0466, respec-
tively. With the slightly smaller damping ratio for with-
misalignment, the misaligned rotor’s vibration amplitude shows a
slightly increased vibration amplitude.

Both bearing clearance and misalignment were varied to investi-
gate their influences on the ME utilizing the nonlinear transient
model. The rotor with parameters in Table 1 is referred to as
Rotor 1, and an identical rotor with increased bearing radial clear-
ance is referred to as Rotor 2.

Steady-state simulations, using the nonlinear transient model
explained in Sec. 3, were conducted with aligned and misaligned
journals at various speeds. The operating speed is varied from
6000 rpm to 6700 rpm with a speed increment of 10 rpm.

Steady-state transient simulation results for the Rotor 1 case
(original parameters) are presented in Figs. 11 and 12.
Figure 11(a) shows the NDE bearing location pk-pk vibration
amplitude. For the misaligned journal case, the misalignment
ratios are =0 and r,=0.3, corresponding to 90 deg of misalign-
ment phase as shown in Fig. 3. ME instability speed ranges (ISRs)
for the aligned and misaligned cases are shown. The simulation ter-
minates if the journal motion reduces the minimum film thickness
below 10% of the bearing clearance, since this clearly establishes
the occurrence of a severe Morton effect event, with vibration
levels far exceeding API recommended shutdown levels. This
high vibration is indicative of a near rub condition, however the
simulation is terminated before rub actually occurs. The IOS is iden-
tified as the operating speed where vibration level abruptly
increases. The misaligned journal exhibits the IOS at 6150 rpm
which is 90 rpm lower than the aligned case (6240 rpm).

The pk-pk vibration of the misaligned journal shows an accept-
able level above 6580 rpm. The ISR of the misaligned case is
430 rpm (6150 rpm—6580 rpm) over the operating speed range
(6000 rpm—6700 rpm) while the ISR of the aligned journal is
310 rpm (from 6240 rpm to 6530 rpm). This shows that the
machine with the misaligned journal may experience ME instability
at lower speeds and that the unstable vibration is sustained over a
wider speed range compared with the aligned case. The misaligned
case also shows a speed range where ME instability occurs but not
converge or lead to an unacceptable vibration level, as illustrated
between 6100 and 6150 rpm in Fig. 11. Comparison of Figs. 10
and 11 show that although misalignment has a significant influence
on the ME IOS, it has little influence on the critical speed. This
stands in contrast to changing other parameters such as lubricant

031802-8 / Vol. 143, MARCH 2021
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viscosity/temperature, bearing clearance, and overhung mass,
which shift the IOS and significantly change the critical speed [11].

Figure 11(b) shows the minimum film thickness ratio for the
aligned and misaligned cases. The ISR which corresponds to
where the minimum film thickness ratio is 10% of C,, is seen to be
identical to the range of large pk-pk vibration in Fig. 11(a). It is
notable that the minimum film thickness ratios of the misaligned
case are less than those of the aligned case in all speed ranges. The
decreased minimum film thickness ratio is attributed to the displace-
ments of the journal in the journal misalignment direction. In the
linear analysis in Fig. 10, the damped unbalance response and
damping ratio of the aligned and misaligned cases showed quite
similar results, indicating no significant vibration level change in
the presence of the misalignment. Unlike the linear analysis of
Fig. 10, the nonlinear transient simulation revealed significant ME
related vibration is only present in the misaligned journal case at spe-
cific speed ranges. This is explained by the induced hot/cold spots
and thermal bow effect caused by the decreased minimum film thick-
ness, which can be only captured in the nonlinear transient
simulation.

Figure 12(a) shows the peak journal AT across the journal dia-
meter versus the rotor axial position and the rpm. Only rotor axial
positions ranging from 0.6488 m to 1.068 m are presented, since
only seven times the bearing length (0.06 m) is designated for the
thermal shaft, in order to improve computational efficiency, as men-
tioned in Sec. 3.

Compared with the aligned case, the journal high AT region is
wider with respect to rpm for the misaligned case. The highest
journal AT of the misaligned case reaches 9.88 °C. The high
journal AT region occurs mainly in the rotor axial length from
0.8288 m to 0.8888 m which corresponds to the location of the
fluid film bearing. Outside of this region shows relatively small
journal AT values from O deg to 4 deg which justifies the thermal
shaft length assumption.

The high journal AT induces increased thermal bow, decreased
minimum film thickness ratio, and large vibrations as shown in
Fig. 12(b). Large vibration levels are found at the rotor center
(from 0.1 mm to 0.2 mm peak to peak), and the overhung end
side (from 0.4 mm to 0.6 mm peak to peak). This distribution of
the pk-pk vibration along the rotor axial direction is consistent
with the mode shape in Fig. 9 which confirms the resonance of
this bending mode.

Figures 13 and 14 show simulation results for the Rotor 2 case. A
comparison of Figs. 11 and 13 show that the ME instability for the
Rotor 1 aligned case is eliminated by increasing the bearing clear-
ance from 68 ym for Rotor 1 to 84 um for Rotor 2.

The amount of the bearing radial clearance change is realistic
considering the manufacturing tolerances of the bearing and shaft.
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Assuming the IT7 standard [27] for the shaft and bearing pad thick-
ness, the manufacturing tolerances of the pad thickness and shaft
diameter is +0.018 mm and =+0.035 mm for pad thickness of
12 mm and the shaft diameter of 80 mm, respectively. Then, the
maximum error in the bearing clearance can be up to
+0.0178 mm. The Rotor 2 linear model revealed that the third
(bending) critical speed occurs at 6290 rpm which is about
50 rpm lower than that of the Rotor 1 case.
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Figure 13(a) shows the no ME condition for the Rotor 2 aligned
case becomes a severe ME condition for the misaligned bearing
case. The ME synchronous instability leading to an unacceptable
vibration level is observed from 6200 rpm to 6360 rpm. The
160 rpm ISR for the misaligned Rotor 2 case is less than the
430 rpm ISR for the misaligned Rotor 1 case. The increase in ISR
between the aligned and misaligned states is nearly the same for
Rotor 1 (140 rpm) and Rotor 2 (160 rpm).
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Fig. 13 Comparison of (a) pk-pk vibration at NDE bearing position and (b) minimum film thickness ratio for

Rotor 2 case
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Figure 14 shows a comparison of the pk-pk vibration and journal
AT versus rpm and axial position, for the aligned and misaligned
journal cases. The highest journal A7, 8.5 °C, and the highest vibra-
tion, up to twice Cp, are seen to occur near the third bending critical
speeds of 6290 rpm. Similar to the Rotor 1 case, the vibration dis-
tribution level is most significant at the overhung end side, indicat-
ing the increased thermal bow at the overhung side, and the
resultant ME instability.

Rotor 1 transient simulations were performed at 6120 rpm and
6570 rpm, as shown in Figs. 15 and 16. All parameter inputs of
the rotor-bearing system are identical to the aforementioned
steady-state simulation results. The misalignment ratio of 0.3 and
the phase of 90 deg are again utilized for the misaligned journal
case.

Figure 15(a) shows the 1x filtered polar plot at the NDE bearing
location at 6120 rpm. The texts on the plot indicate the time (in
minutes) when the vibration amplitude and the phase are measured.
The misaligned journal produces a relatively large thermal spiral
with time-varying pk-pk vibration amplitude. The phase angle
with respect to the initial imbalance of the aligned case converges
quickly, while that of the misaligned journal keeps varying from
0 deg to 360 deg during the entire simulation time. This result
agrees with the steady-state results in Fig. 11 where the vibration
of the misaligned does not converge with time, and the aligned
case shows less vibration level.

Figure 15(b) shows that the misalignment effect increases the
vibration level since the pk-pk vibration amplitudes of the mis-
aligned case oscillate between 28.13 ym and 13.28 ym, while the
response of the aligned journal decays to its steady-state vibration
level of 8 ym. The misalignment gives rise to more asymmetric

031802-10 / Vol. 143, MARCH 2021

viscous heating in the journal caused by its decreased minimum
film thickness.

Figure 15(c) shows that the misaligned journal has reduced the
minimum film thickness ratio compared with the aligned case,
although the area average (decreased) film thickness ratio of both
cases is almost identical. The decreased mean film thickness was
calculated by subtracting the thermal expansion of the shaft and
pads from the nominal film thickness.

The minimum film thickness ratio of the misaligned journal fluc-
tuates from 0.2 to 0.25, while the ratio of the aligned one is observed
between 0.42 and 0.5. The impact of the pad-pivot stiffness and
bearing radial clearance on the ME was investigated in Ref. [11],
which showed that a softer pivot and increased bearing clearance
tended to suppress ME. These parameter changes increased the
minimum film thickness ratio, causing less viscous heating. Simi-
larly, the decreased minimum film thickness due to the misaligned
journal will produce more viscous heating in the journal surface
area, especially where the journal is tilted. This may result in an
increased shaft/bearing thermal expansion ratio and increased
journal AT, exacerbating the ME.

The shape of the pk-pk journal surface temperature AT at the
axial center of the bearing, as shown in Fig. 15(d) is similar to
the vibration level in Fig. 15(a), which demonstrates the coupling
between journal temperature and journal motions. The ME unstable
vibration in the rotor system is governed by the journal AT and its
resultant thermal bow amplitude, which is a unique feature of the
ME.

Figure 16 shows the transient simulation results at the higher
speed 6570 rpm. Figure 16(a) shows a diverging spiral shaped 1x
polar plot for the misaligned case leading to the unacceptable
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and (d) journal AT of Rotor 1 case at 6120 rpm

vibration level at 6 min 11 s, while the spiral of the aligned journal
converges to its steady-state value. Figure 16(b) shows that the cor-
responding vibration amplitude, with an increasing trend up to
49 um. The unacceptable vibration level occurs at that time and
the journal AT of the misaligned case reaches 11 °C, which could
cause a significant thermal bow. The aligned case results show
acceptable levels of vibration, journal A7, and minimum film thick-
ness ratio. The fast Fourier transform (FFT) of NDE bearing pk-pk
vibration at 6570 rpm is shown in Figs. 16(e) and 16(f), which con-
firms that the ME vibration is synchronous.

Figure 17(a) illustrates how the high spot leads the hot spot for
the misaligned journal case at 6570 rpm, and time equal to 6 min.
The hot and high spots are seen to gradually move around the
journal circumference as time increases.

Figure 17(b) shows that the phase lag of the hot spot behind the
high spot is approximately 20 deg during most of the simulation
time except the times where the phase lag drops then returns.
These times correspond to the troughs in vibration amplitude in
Fig. 16(f). In these instances, the synchronous vibration amplitude
gets small so that the temperature asymmetry decreases.
Figure 17(c) shows the corresponding journal surface temperature
distribution at three different simulation times, including 1 min
1s, 1 min 51s, and 4 min 57 s. A major indicator of the ME is
the spiral movement of the 1x phasor in the polar plot domain as
shown in Fig. 16(a). Figure 17(b) shows that the hot spot lags the
high spot, but the rotordynamics causes the high spot to follow
the heavy spot (imbalance) that is caused by the thermal bow in
the plane of the hot spot. Thus the high spot follows the hot spot

Journal of Tribology

which is always lagging the high spot. This feedback mechanism
causes the spiral motion of the high spot 1x phasor in the polar plot.

The temperature distribution at the bearing mid-plane, the
induced thermal bow, and the shaft thermal expansion ratio are
shown in Fig. 18, for 6570 rpm, and aligned (left) and misaligned
(right) cases. These results are measured at the end of each simula-
tion time (15 min for the aligned, 6 min 17 s for the misaligned
case). Figure 18(a) shows a maximum journal AT of 13°C in the
misaligned case, while the isotherms of the aligned journal show
a relatively concentric distribution. For the misaligned case, the
hot spot is located at 22.7 deg, which lags about 10 deg behind
the high spot location (32.8 deg).

The corresponding thermal bow due to the journal AT is shown
in Fig. 18(b). The phase of the thermal bow at the rotor end is
247.7 deg for the aligned case, which is 185 deg away from the
corresponding hot spot location (62.5 deg) while that of the mis-
aligned journal is seen at 206.3 deg, and it is 183.6 deg away
from its hot spot location. The amplitude of the thermal bow at
the overhung end is 0.0344 mm with misalignment, which is
about six times larger than that of the aligned case (0.0054 mm).
This increases the synchronous excitation in the system. The
thermal expansion of the shaft due to the viscous shearing is
presented in Fig. 18(c). A relatively high expansion ratio
(=0.22) is observed for the misaligned case at circumferential
positions ranging from O deg to 90 deg, which corresponds to
the high-temperature region and hot spot location in Fig. 18(a).
Figure 18 shows the thermal expansion only in the rotor axial
length matching the bearing location (from 0.8288m to
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0.8888 m). The steady-state approach (Fig. 11) was validated by
its good agreement with the transient approach for the Rotor 1
case at 6120 rpm and 6570 rpm, with and without the misalign-
ment effect.

Figure 19 shows the film thickness ratio for the five pads at the
end of the simulation time. The misaligned case shows an asymmet-
ric distribution along the bearing axial direction while the aligned
journal exhibits near symmetry. Figure 19(b) corresponds to the
misaligned case with the 90 deg misalignment phase shown in
Fig. 3(a), and the pad arrangement in Fig. 8. A large region has
decreased film thickness at the NDE side in pads 1, 2, and 5,

031802-12 / Vol. 143, MARCH 2021

while the opposite trend is seen in the same pads at the DE side
(a large region with increased film thickness). The damped unbal-
ance response and damping ratio from the linear analysis showed
only marginal impact due to misalignment. Therefore, the cause
of the film thickness asymmetry along with the decreased
minimum film thickness is attributed to the ME induced by the mis-
aligned journal.

4.1 Effect of Misalignment Ratio. The effect of the misalign-
ment ratio (r,=A,/Cg in Fig. 2) on the ISR is investigated for both
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Rotor 1 and Rotor 2 cases, and the steady-state transient simulation
results are presented in Fig. 20. The ratio of the misalignment ratio
varied from 0 to 0.3 with an increment of 0.1, and the misalignment
phase (r, =tan™! ay/ay in Fig. 2) stays constant at 90 deg for all
cases. All other parameter settings are identical with the aforemen-
tioned simulation results. The ISR due to the ME increases for both
rotor cases as the misalignment ratio increases. The detailed ISR
results are listed for different misalignment ratios in Table 2. In
both rotor cases, the misalignment showed no significant effect
when the misalignment ratio=0.1, as the increase of the ISR is
only 10 rpm for Rotor 1, and no ME is induced in Rotor 2. The mis-
alignment effect on the ME becomes more evident when the mis-
alignment ratio increases above 0.2. Table 2 shows an increase in
ISR by 100 rpm and 140 rpm compared with that of the aligned
journal for Rotor 1, when r,,=0.2 and 0.3. For Rotor 2, the ME
is first seen to occur with r,,=0.2, and its ISR is small at 80 rpm.
The maximum ISR of the Rotor 2 is 160 rpm when the misaligned
ratio is further increased to r,, = 0.3. Increases of the ISR for Rotor 2
case are 80 rpm for r,,,=0.2 and 160 rpm for r,, = 0.1, respectively.
The increased ISR with r,, = 0.2and 0.3 for both Rotor 1 (100 rpm
and 140 rpm) and Rotor 2 (80 rpm and 160 rpm) cases are similar,
indicating the bearing radial clearance does not have a significant
impact on the misalignment-induced ME. These results demonstrate
that the misaligned journal induces more severe ME when its mis-
alignment ratio exceeds a certain level (r,,>0.2 in this case).

The corresponding pk-pk vibration amplitude and the pk-pk shaft
temperature distribution along the rotor axial direction for Rotor 2 is
illustrated in Fig. 21. As expected, high pk-pk temperature
and vibration are observed in the wider ISR as the misalignment
ratio increases.

Journal of Tribology

Transient simulations of Rotor 1 were conducted at 6570 rpm to
validate the steady-state simulation results, as shown in Fig. 22. The
unacceptable vibration level occurs only with r,,=0.2 and 0.3 in
Fig. 22(a), which agrees with the steady-state results in Fig. 20.
The unacceptable vibration level occurs about 4 min faster with
7,»=0.3, compared with r,,=0.2. High vibration levels at the
NDE bearing location are observed for the two misaligned cases
(r,,=0.2 and 0.3) in Fig. 22(b). Although an unacceptable vibra-
tion level is not observed with r,,=0.1, oscillating vibration with
varying phase exists while the aligned case shows converging
response to its steady-state position. The corresponding thermal
bow amplitude and the phase of the rotor measured from the
bearing node to the rotor end node are presented in Fig. 22(c).
The thermal bow of the aligned case is 0.0056 m in magnitude
and 247.7 deg in phase at the rotor end, while 0.0083 m and
211.2deg for r,=0.1,0.031m, and 289.4 deg for r,=
0.2, and 0.0313m, and 206.57 deg for r,,=0.3, at the rotor end.

The 1x polar plots for r,,, = 0.1-0.3 are shown in Figs. 22(d )-22(f).
The spiral with r,,=0.1, which is marginally stable with non-
diverging vibration response, changes to diverging shapes with
increased misalignment ratios of 0.2 and 0.3. The time to reach 10%
of Cp, 189 min 16 s for r,,, = 0.2 and 6 min 10 s for r,,, = 0.3. This indi-
cates increased ME severity with increased misalignment ratio.

4.2 Effect of Different Pad-Pivot Types. The previously pre-
sented models and simulations utilized a cylindrical pad-pivot type
which has only pad-tilting motions. The following results compare
the effect of including a spherical pad pivot with rolling, yawing,
and tilting motions. All other rotor and bearing parameters and
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operating conditions are the same as for the previous models
and simulations. Figure 23 shows steady-state vibration level and
journal AT results for the spherical pad-pivot model, performed
with different misalignment ratios including r,,=0 (aligned
journal) and r,, = 0.3, r, = 90 deg (misaligned journal). The speed
ranges of the high vibration and temperature of the aligned case are
found from 6250 rpm to 6550 rpm, which is almost identical to the
aligned case for the cylindrical pivot type. The ISR for the misaligned
case (r,,=0.3, r, =90 deg) does not change from the aligned case.
The increase of ISR with the same misalignment ratio was 160 rpm
for the cylindrical pad-pivot type. This indicates that the additional
pad motions (rolling) of the spherical pad-pivot compensates the mis-
alignment effect on the rotor-bearing system.

The transient simulation was conducted at 6570 rpm for both
pad-pivot types with different misalignment ratios including r,, =
0 (aligned journal) and r,=0.3, r,=90 deg (misaligned
journal). The journal AT and the 1x vibration polar plot results
are shown in Fig. 24 for both pivot types. Note that in the cylindri-
cal pad-pivot case, the misaligned ratio of r,,=0.3, r, =90 deg
induces a severe ME leading to the unacceptable vibration level

031802-14 / Vol. 143, MARCH 2021

as shown in the journal AT and polar plots. In comparison, the
spherical pivot model results show almost identical stable journal
AT and vibration amplitude/phase levels, regardless of the mis-
alignment ratio.

Figures 25(a) and 25(b) show the rolling motions of the spherical
pad-pivot at 6570 rpm for different misalignment ratios. The
steady-state angular displacements of the five pad motions are rela-
tively small for the perfectly aligned journal model. However, with
the misalignment ratio (r,,,= 0.3, r, = 90 deg), the steady-state posi-
tions of all five pads have been significantly displaced as shown in
Fig. 25(b). The increased rolling movements are more evident in
pad 1, 3, and 4 than other pads, where the pad locations are shown
in Figs. 3 and 8. The tilted journal (with misalignment phase of
90 deg) affects the minimum film thickness significantly. The corre-
sponding film thickness ratio of pads with the misalignment effect is
shown in Fig. 25(c). Compared with the misaligned case equipped
with the cylindrical pivot in Fig. 19(c), no film thickness asymmetry
is seen to occur in the figure, indicating the compensated misalign-
ment effect from the spherical pivot motions. This result verifies
that the misalignment-induced ME can be avoided by suppressing
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Table 2 ISR with different misalignment ratio (r,, = ./r? +r§ in Fig. 2)

rm=0.1, r, =90 deg

rm=0.2, r, =90 deg

rm=0.3, r, =90 deg

Aligned
Rotor 1 6240-6530 rpm (290 rpm)
Rotor 2 No Morton (0 rpm)

6260-6560 rpm (300 rpm)
No Morton (0 rpm)

6180-6570 rpm (390 rpm)
6270-6350 rpm (80 rpm)

6150-6580 rpm (430 rpm)
6200-6360 rpm (160 rpm)
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m
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the film asymmetry with the spherical pivot and also demonstrates
that the film asymmetry is the one potential root cause of the
misalignment-induced ME.

5 Conclusions

This paper presents results of a study for the effects of bearing
misalignment on the ME, utilizing high-fidelity rotordynamics
and thermodynamics models, based on the 3D FEM. The following
conclusions are made: (1) journal misalignment induces decreased
film thickness and film thickness distribution asymmetry which
increases the ME ISR. Simulations for two rotor cases with different
bearing clearances showed that the ISR was nearly invariant with
respect to bearing radial clearance. It was also demonstrated that
a rotor operating free from the ME may experience a ME instability
if the journal becomes misaligned. (2) Severe ME instability was
observed to occur when the misalignment ratio exceeded a certain
amplitude (r,,>0.2). High misalignment ratios (r,,=0.2 and 0.3)
expanded the ME instability speed range and increased the ME
severity. (3) Spherical pad-type pivot compensated the misalign-
ment effect, as confirmed by the invariance of the ISR with mis-
alignment ratio increase when spherical pivot models were
included. The compensation effect was confirmed with the
increased angular displacements of the pad rolling motions in accor-
dance with the misalignment direction.
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Nomenclature

hshaftATE -

AN~ < = =0
Il

hpad.TE -

Cl =
C2 =
Cb =
C, =
Cro =
DAT =
Fpad_i =
Far =
Lou_i =
Itilt_i -

Iyaw_i =
Kro =

specific heat capacity of fluid film
thermal conductivity of fluid film
circumferential velocity of fluid film
axial velocity of fluid film

axial coordinate of the fluid film bearing
bearing length

journal radius

fluid film temperature

state vector of a rotor system
thermal expansion of a pad

thermal expansion of a shaft

journal misalignment phase

= pad-pivot deformation

journal end displacement in x direction
journal end displacement in y direction
constants related to variable viscosity term
constants related to variable viscosity term
bearing radial clearance

pad radial clearance

damping matrix of a rotor system

nodal displacement vector

fluid film force from a ith pad

thermal load vector

roll inertia of a ith pad

tilting inertia of a ith pad

yaw inertia of a ith pad

stiffness matrix of a rotor system
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M puq_i = mass of a ith pad
M,, = mass matrix of a rotor system
T, = reference temperature
e, = eccentricity in x direction
¢, = eccentricity in y direction
MO pircn_i = rolling moment from a ith pad
MOyy,;_; = tilting moment from a ith pad
MO,,_; = yawing moment from a ith pad
a = coefficient of viscosity
a0,y = pad rolling angular displacement
a, = misalignment angle in x direction
a, = misalignment angle in y direction
Pyaw = pad yawing angular displacement
8,4 = pad tilting angular displacement
6 = circumferential coordinate of a bearing
0, = pad-pivot angular position
u = variable viscosity
uo = reference viscosity
p = density of fluid film
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