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Abstract. Study of dynamics of heavy impeller rotor and fegluiagnostics of tilting-pad
journal bearings is the object of this paper. Irtlioubbing process in the bearings at resonance
and increased rubbing phenomenon in both bearirags identified experimentally in situ by
measuring radial gaps. Rotational speed was esti@ioli when gravitational force became
dominant over rotor gyroscopic force. Rotating sgstmodel was designed, simulated and
verified.
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Nomenclature
Names Description Names Description

{q} The nodal element L, L, L, [nductive reactance of stator and
displacement vector rotor

[N], [Ne] The matrices of shape W, Angular velocity of voltage
functions

{9}, (o) Angular velocity U, \Voltage

{,/,} , {,/,} Flux space vector and time M, Torque of EM
derivative

I, Inertia mass moment of rotoj pol Number of EM pol

(B, (tw.)  |Vector of nonlinear functiong[M (q)] Mass matrix

[A,,J Matrix of resistors and [c] , [G] [K] Damping, gyroscopic, stiffness
inductive reactance of stator matrixes
and rotor

?, Angle of rotor {F(q, q)} The load vector of the finite

element.
Me(W) Electrical torque F,. Foy: Foz Fluid-film force components
M, (¢i P pGi) Resistance torque [Kb]’[cb] Stiffness, damping matrixes of
bearing
ror Resistor of stator and rotor {q } Vector of displacement of
st b bearing.
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1. Introduction

Stationary condition monitoring, safety and diadimosystems are mainly applied in the
case of critical, expensive machines, and basediloration and technological parameters
measurements [1, 2, 4]. High-efficiency air blowsachine is operating in continuous long-term
running mode. The machine’s induction electric mgtmurnal bearings housings vibration
sources were identified and eliminated increastifthess of inductor and journal bearings [1].
In this article the condition and failure diagnostof the radial hydrodynamic tilting-pad journal
bearings of the blower rotor is monitored, expentaly tested, modeled and analysis results
implemented in industry [5].

2. Condition monitoring and diagnostics of air blover rotor

Air blower machine comprises electric motor EM, Hdledhelical gear multiplier GB
increasing rotational speed of the blower rotor BR). 1. The 5.6 MW power EM rotational
speed is 1500 rpm and BR nominal rotational spee®119 rpm.

The technical condition of BR was evaluated by rtarimig rotor position in the bearings
(gaps) and vibration displacements peak-to-pedikessas.,; s permanently with four proximity
probes fixed at the™7and &' bearings and rotational speed with keyphasor dzzer SP.

In this article the failure diagnostics of the mdiydrodynamic tilting-pad journal bearings
7" and &' of the blower rotor BR is monitored, experimentd#sted in situ and modeled. The
task is to determine the main reasons of failuréltiig-pad journal bearings™7and &' and to
elaborate recommendations for increasing operdaiios of the bearings avoiding damages (Fig.
2).
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Fig. 1. The air blower machine scheme with proximity pmhzcation:1, 2 — journal bearings of EM3-6

— journal bearings of GBu(= 0.477,z, = 43,2, = 90);7, 8 — tilting-pad journal bearings of BR1, C2 —
flexible couplings;7Y, 7Z and8Y, 8Z — proximity probes fixed at thé"7and &' bearings, SP — keyphasor
transducer

Fig. 2. The BR at ¥ bearing vibration displacements peak-to-peak walye; , Spry and gaps-radial
clearanced7Y, A7Z measurement set with two sensors 7Z and 7Y anthded pads
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Each tilting-pad bearing comprises four pads. Hilere of 7" and &' bearings pads caused
additional testing during two years continuous afien after replacement of BR new bearings.
The experimental testing of the blower rotor waseoh on rotor vibration displacements
measurement at 100%, 50% loading and at free nast@own and run up including resonance
rotational speed.

3. Vibration at varying loading

BR bearings shafts typical vibration displacemggy , S,ov plots versus time and shafts
kinetic orbits are presented in Fig. 3. The vilmatiintensity of ¥ and &' bearings is
independent at different loading. The vibrationpthsement values of the both bearings in Y
and Z directions were low and described by caledlahaximum vibration displacements value
Smax [1SO 7919-1:1996(E)]: sx=27 MM, $axe=38 pm. Synchronous frequency vibration
displacement amplitudes are dominated in the spe@ine vibration of 8 bearing is ~30%
higher in comparison with"7bearing - the stiffness of BR al' bearing is higher than at"8
bearing.
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Fig. 3. BR bearings shafts typical vibration displacem®ny} , s,y plots versus time and shafts kinetic
orbits: a) 'bearing at 100% loadms=27 pm; b) & bearing at 100% loadyse 38 um

4. Vibration severity at resonance

The coast down running after EM shutdown until d&difl takes long length of time 841 s
(Fig. 4). The run up mode from stand still till nimal rotational speed takes short length of time
of 30-31 s.

After two years of continuous operation the BR dyitastiffness decreases. The resonance
frequencies decreases in comparison with new bgmaiiase [5]. After one year of continuous
operation resonance speed was 1455 rpm, but afteye¢ars - it dropped down to 1350 rpm.
The maximum vibration displacemerstg,; values of the 7 bearing became 6 times higher at
the resonance (from 25 um to 165 pum) angls values of the 8 bearing became more than 8
times higher at the resonance (from 37 um to 307. Time maximum vibration displacement
peak-to-peak valus,mx during coast down at resonance rotational spemchesl 350-420 pm.
At run up mode the maximum vibration displacemesikpto-peak valus, n at resonance
reached 100-120 um. Vibration intensity measuresd nesonance rotation speed at coast down
and run up mode at 1914 rpm rotation speed (31)9 #tbearing vibration displacement.s=
104 um and for the"8bearing - sae= 92 pm. The kinetic orbits are far from elliptidarm

(Fig. 5).
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Fig. 5. Maximum vibration displacements
Fig. 4. The rotational speed timebase plot at coaSk s values of the 7 and &' bearings shafts
down, time 841 s versus rotational speed at coast down
The vibration severity at resonance rotation spe&850 rpm (22,5 Hz) reduces the
clearances between the rotors and bearings. ThemRdes stationary part rubbing of the
tilting pad bearing elements. The vibration displaent plots and kinetic orbits are presented in
Fig. 6. The BR vibration is poliharmonic with higleak amplitudes that caused rubbing at first
at 8" bearing. The valuable damages was detected atpper pad of the"7bearing and the
lower pad of the 8bearing (Fig. 2). These damaged pads were lodateettical plane in BR.

t:[132_869)[ms] [T43 | =EE] | m1 t[31.926 |ims] [307 |18 Jum1
4007 [pm]

200 ]\/\ -

i 6 0 w0 20 WO o
[ms], [23.0 Hz]

2007T]

o= - th-- 44— ,...i‘?g‘{HZ]’ [22.5 Hz]

5'0 10'0 1.’"0 260 2‘50 360 350‘
[ms], [22.5 Hz] 00

i 1604 *'-—‘T_-ﬁrn-" -
S ma B0 20 20 300 350 . . ; . . . PR - = ; = ; .
-200 -100 -0 100 200 o 300
[ms], [22.5 Hz] 00 s -0 50 100 gy 150 [ms]. [23.0 Hz]
a) Spy B Spy

Fig. 6. The vibration displacement plots and kinetic orbéts 7" bearing at resonance rotational speed,
Smax7rer 165 UM, Spmaxrzier 250 UM, Spmaxrvrer 240 um; b) 8 bearing at resonance rotational speed,
smaxSrez_'307 “m- §~pmax82r65550 Hm, §pmax8Yre;300 Hm

The first reason of damaged tilting-pad journal rbegs is inadmissible vibration
displacement values a’LhEbearing Spmaxazrez990 M. The vibration displacement signal Bt 7
bearing is lower Symax7zrer 250 um, because the rotor part tﬁtbiéaring designed with higher
stiffness in comparison with free end of the ratb8" bearing (Fig.1). At run up the resonance
phenomenon provide less vibration displacementsliardps of the shafts in both bearings in
comparison with coast down because run up timeviatés comparatively short and dynamic
forces have not enough time to rise up and gemeedtiable vibration amplitudes.

5. Shaft displacements (gaps) in the bearings

Dynamic forces that damage bearings at rubbingntaomd between the rotor and stationary
tilting pads - depend not only on resonance phemomeof rotating system but on the
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decreasing horizontal rotor gyroscopic effect whatational speed is dropping. The rotor shaft
position in the ¥ and & bearings is described by the gaps in horizontdirgctionA7Y, A8Y
and gaps in vertical Z direction7Z (Fig. 7),A8Z. The gap value measured between tip of
proximity probe and shaft cylindrical surface isscébed by DC signal from proximity probe
output. This gap parameter evaluates gyroscopacefif the rotor, when machine rotational
speed decreases from nominal value down to stéindsti
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Fig. 7. The 7" bearing vertical direction gap7Z plot versus time at coast down: nominal gap esed —
208 pum at 3119 rpm; resonance gap — 219 um atrp3b@nd reference position 862 um at stand stid, a
rpm

At coast down from nominal rotational speed to d&difl the blower rotor is going from the
7Y and 8Y probes located in horizontal plane (gapseased). The gaps’Y andA8Y are of
the same order (+48 pum,...,+73 pm) and practicaldefpendent on rotational speed up to
resonance (Table 1.).

Rotor displacements in vertical plane are differémé 7' bearing shaft displaced towards
the 7Z probe decreasing gap by — 208 pm and théering shaft displaced downwards
increasing gap by +177 pm from th& grobe, because gravitation force begins dominarsus
gyroscopic force when rotational speed decreaskesvbE250 rpm value. The gap valuagZ
andA8Z are displaced in opposite directions in refeeetchorizontal rotation axes at nominal
rotational speed, but the values are slightly ddpah on rotation speed up to resonance.
Resonance rotational speed was reached after ~atroast down.

Measured gap7Y in horizontal direction at thé™earing changes only by 6-17 pm when
rotational speed reduces from 3119 rpm to 1350 papA7Y provides valuable changes (up to
325 um) at horizontal direction at 1200 rpm indiogtincreased rubbing in both bearings. The
rubbing phenomenon of the rotating rotor shaft wittaring pads took part not only df 7
bearing with heavy damages of upper pad and abvehing lower pad (Fig. 2.), but in all pads.
The rubbing process starts at resonance speedvinfosevere vibration displacements and
substantially increased from 1250 rpm up to stalhdgien gravitation force of the blower rotor
exceeds gyroscopic effect force.

The schematic view of rotational axes displacemintke bearings are presented in Fig. 8.
The horizontal bold lines indicate rotor position rminal speed and dashed lines - rotor
position at standstill. The upper figure presemtaftsaxes positions in verticadZ plane and
lower figure — in horizontaKY plane, when rotation direction is counterclockwése viewed
from 7" to 8" bearing.
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Table 1. The radial gaps between tips of proximity probes ahafts cylindrical surfaces relative to
reference point

Gap, Counterclockwise direction at coast down; rotati@meeed of BR, rpm;
direction 3132 [1914 | 1350 | Reference point

The gap value between tip of proximity probe analftstylindrical surface, um
( +) reference point at stand still (O rpm

IA7Y, horizontal 948-889=+59 948-900=+48 948-883=+65 948
+ from 7Y probe

A7Z, vertical 862-1070=-208 [862-1050= -188 862-1081=-219 862

Fig. 7. — towards 7Z probe

IA8Y, horizontal 845-775=+70 845-785=+60 845-772=+73 845
+ from 8Y probe

IA8Z, vertical 779-602=+177 779-645=+134 779-607=+172 779
+ from 8Z probe
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Fig. 8. The rotation axes positions of BR at nominal riotal speed and standstill

Modeling and simulation of the blower rotor is pided including gyroscopic effect of the
rotor. The main task of theoretical modeling iset@mluate forces acting on journal tilting-pad
bearings and to simulate shaft kinetic orbit inltlearing.

6. Mathematical modeling and simulation of air blover machine

Rotating system physical model is demonstrated im B (see Fig.1). All rotors are
supported by tilting-pad journal bearings. Thedwaling general assumptions have been made
during modeling: the materials of rotors and a diogpare elastic; shear forces are taken into
account; the deflection of the rotor is describgdhe displacement of points of the centre line;
the axial motion of the rotors is neglected.

Rotor dynamics is simulated by the finite elemeethod when the finite element consists
of two nodes and five degrees of freedom (DOFahenode. The first and the second DOF are
displacements along andZ axes and the last three DOF are angles arduicandZ axes. The
vector of translation displacement and rotationlesgf rotor finite element can be described as
follows:
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Fig. 9. Dynamic model of rotating system (see Fig.1)

To estimate dynamic regimes of EM, two-phase mattiea models are used. In the
general case EM two-phase model consists of themsysf differential and algebraic equations:

wi=[A Jlv}+{B, (tv.e.)},

(2)
d 2(p .
le dtze:Me(‘V)_Mr((Pia(PiapGi), 3)
matrix lAvJ and vector{B\V (t, v, ¢¢)} are equal to:
-, 0 rL, 0
0O -rL, 0 rlL,
[AV]_a’” rL, 0 -rL, 0 )
0 rL, 0 -rL
Jau nom COWet)
. —2U o Sin(wgt
B, (t.v.0¢)|= norm () , (5)
PeV4
—PeV3
torque of EM is equal to:
3
Me =2 pol- Ly, (vava—vavs), (6)
a, =1/LL -L. 7)
633
© VIBROMECHANIKA. JOURNAL OF VIBROENGINEERING

DECEMBER2009.VOLUME 11,ISSUE4. ISSN1392-8716



506.MODELING AND DIAGNOSTICS OF GYROSCOPIC ROTOR. BARZDAITIS™, M. BOGDEVICIUS??, R. DIDZIOKAS 3, M. VAsYLIUS®®

The equations of motion of the rotor finite elememé derived by applying Lagrange
equation of the second order and can be writtdollasvs:

M (a)fic}+ (Cl+ [G )+ [K Ha} = {F (a.q.0)}, ®)

7. Tilting-pad journal bearing model

Under the assumption of small displacements of jthenal centre, the fluid-film force
components in the horizontal and vertical direcﬂidﬁby andF,,, are as follows:

ol ={ 2| = Folvamwn) ®

bz

where kij and theCij (i, j)= (y, z) are stiffness and damping coefficients respegtivel
The stiffness and damping matrix of tilting-padrjoal bearing are equal to:

K= {@} [cb]{@} a0)

ol | o}

{qb }T = [vb,vvb] vector of bearing displacement.

The hodograph of the relative hydrodynamic fo(d_q)r/Fbr max) in the radial direction of
tilting-pad journal bearing is presented (Fig. 10).

0.5

Fig. 10. The hodograph of relation tilting-pad journal begrforces

8. Simulation results

Simulation results are presented in shafts kinetigits format in Fig. 11 at nominal
rotational speed and were verified by experimemiahsurements (Fig. 3).
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Fig. 11. Simulated kinetic orbits of7(@) and & (b) bearings shafts at nominal rotational speed®3f#:
W — Z axes, V-Y axes

Simulated results indicate that rotor vibratiordépendent on unbalance, variable dynamic
stiffness and on impeller gyroscopic effect. Inecas rotor center of mass shift fro geometrical
axis in 0.02 mm, when mass of the rotor is 2900r&tational speed 3120 rpm, inertia force is
6190 N. Gyroscopic moment of the rotor have theesafluence. Nominal rotational speed of
the rotor is more than twice higher than its resaeafrequency as experimentally measured
~22.5 Hz. The transient rotation running procesdeBR acceleration and deceleration should
be performed as fast as possible to pass resorfeemgency and as short as possible after
resonance rotational speed in coast down mode.

9. Conclusions

The coast down mode is the most dangerous runnodgrfor the blower rotor tilting-pad
journals bearings because it causes rub phenomehthie rotating rotor shafts with bearings
pads.

The rubbing process starts first dt Bearing at resonance rotational speed of 1350 rpm
because of inadmissible vibration displacement #ogd maximum value,gg = 307 um.

The gyroscopic effect of the BR wheel changes shadsitions described by gaps in the 7
and &' bearings increasing rubbing process at 1250 rfirattippage of the rotor and it takes
long length of time 13 min. Experimental measuretmémdicated that"7 bearing shaft goes up
(in vertical direction) 208 pm and'&hatft displaced down 177 pm during the coast dowde.

Experimental testing results verified theoreticald®aling and simulation results.
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