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MADYN 2000 Versions 3.1to 3.3

This document describes the new features in MADYN 2000 since the introduction of version 3.0, i.e. of
versions 3.1 to 3.3.

The main enhancements are the introduction of nonlinear fluid film bearing characteristics (since
version 3.1) and the capability to run eigenvalue analyses with dynamic bearing supports DBS, where
the support characteristics are defined by general coupled transfer functions (since version 3.2). The
main purpose of version 3.3 is to ensure the compatibility of MADYN 2000 with the operating system
WINDOWS VISTA.

In order to use the transient analysis with nonlinear fluid film bearings an extended licence is
necessary.

1. Nonlinear Fluid Film Bearing Characteristics

Nonlinear analyses considering the nonlinear fluid film characteristics are of interest in the following
cases:

e The linear system is unstable
e The bearings are highly dynamically loaded

In case of a linearly unstable system the limit cycle of the vibration can be of interest. The limit cycle is
characterised by a condition where dynamic forces are in equilibrium. Normally such equilibrium exists
at a high vibration level. In some cases the limit cycle vibration can be limited to an acceptable level by
design measures. For an assessment it is necessary to calculate it.

High dynamic loads exceeding the linear characteristics of a bearing can be caused by large un-
balances (due to a blade loss for example). They can also occur in gear bearings at start up or shut
down due to high torque fluctuations.

In the following it is described how to create the nonlinear fluid film bearing characteristic and how to
start a transient analysis considering it.

Furthermore the results of three examples are shown, where nonlinear characteristics play an
important role:

1.) A simple shaft with cylindrical fluid film bearings, which becomes linearly unstable
2.) A steam turbine with tilting pad bearings, which is subject to a sudden high unbalance
3.) Aturbo charger with floating ring bearings, which is linearly unstable

Two general remarks concerning nonlinear analyses:

e They require considerably more analysis time than linear analyses.
e They are numerically more complex and sensitive than linear analyses.

Although proven methods are used to solve the nonlinear system equations (MATLAB Runge Kutta
Solvers, bimodal reduction of the system equations) further improvements may be possible. Thanks to
the implementation of nonlinear analyses in the user friendly environment of MADYN 2000 it is possible
to easily set them up, hence they will be done much more frequent with a variety of systems. Experi-
ence will thus grow faster than in the past and will be used for further development.
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1.1 Creation of the Nonlinear Fluid Film Bearing Characteristic and Start of a Transient Analysis

The GUI including the controls to create the nonlinear bearing characteristic is shown in figure 1.1.1.

The nonlinear characteristic describe a displacement dependent force (by means of the Sommerfeld

number fASod and a direct i onynfeant gf dimeasjonlessnddmpamg dampi ng f o
coefficients fibetaodo) as a function of the ohceft journ
mentfi e pisn0 rel ation to the clearance and aalysisofitel e fgamma
characteristic is available for all analysis types (ALP3T_T=c_ad, ALP3T_DIN, ALP3T_T=v_ad).

Additionallyt he opphasedsi@ can be act i-phasée flewdwill bé donsideeedinthe t hat 2
cavitation zones of the bearing. This yields smoother fields for the nonlinear characteristic, which is

more favourable for the time integration of the nonlinear system of equations. It is therefore highly

recommended to apply this option.

) RFB - RFBearing (from: Station 1)

Created: 07-Oct-2008 08:39:01

RFBearing Title: Origin: |User Defined v
Diameter D [mm]  Width B [mm] Pad Type

Geometry: |100 56.333 Fixed v
¥=dRip, (-1 Ratio ¥, = dS/;;  Preload m = (dS-dR)/ . Ad; = Range [*]

Clearance: |0.00z2 1 0 3
Title:

Fluid
[ame: Mean Temp. [C]
Qil VGE4E | |70 Fluid Data

Type of Analysis
Analysis: ALP3T T=c_ad w 1 Load Case Variant ] [CALC] [ List Results ]

[ (CALC Nonlin. Data ] [ List Monlin_Results |
[4] 2-phases

Cancel Delete Print Exit

Figure 1.1.1: GUI for fluid film bearings with the new buttons to create the nonlinear characteristic
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Figure 1.1.2: List of the nonlinear force characteristic

The GUI to start the transient analysis is shown in figure 1.1.3. In case nonlinear characteristics of RFB
orFRBexistt he check box fANonlinear RRtBidpdBadwindowwithlhe acti va
list of all nonlinear bearings, from which those to be considered can be selected.
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) ATR - AnTRACond (from: Transient)

Created: 01-Jun-2008 11:57:30

AnTRACond: | | 2 w| Title: |[100% Speed

No results are calculated for this Analysis

() Zerao Init. Cond.
O Init. Cond. fram Static
3 Init. Cond. from Transient

EIG Result: [g1-Jun-2009 11:58:18 - (100% Speed) 1 ral.spaad(s), Ignore RFB loads ¥
Rel Speed=1.0, Freq Range=(0.00 .. 324.50) (6 modes) L

@ Time functions f(t) Select Load Cases for Analysis

© Speed functions f{n) TransientBaseAcc ~

TransientForceT (Unbalance G10 100Hz)
TransientForceT (Unbalance G10 50Hz)

Time [s] Max. Freq. [Hz] TransientLCCom (Unbalance 50Hz and Weight)
2.5 400 TransientLCCom (Unbalance 100Hz and Weight)
Time Steps [s] Add. Modal Darnp. [ % ]

0.000zZ5 a

[ Add. Damping for Modes
[ Result Selection

Monlinear RFB/FRB =
[ Parameters for Mumerical Integration ] LAl Cases
Cancel Delete < Add ‘ |<<‘ < | S | >>|‘ Add > ‘ Exit ‘

Figure 1.1.3: GUI to start transient analyses including new controls for the nonlinear RFB/FRB

The new butt on NurReficalantegrtadriso nfooropens the window in figlt
definition of parameters for the integration of the nonlinear system.

Two different solvers can be selected. The standard solver is the MATLAB solver ODE45. The
alternative solver ODE23 is less sensitive to jumps in the derivatives of the function describing the
nonlinearity.

In case the option AStore Intermediate Results During
time for the integration can be specified. This is useful, since the analysis time fore the nonlinear
integration can be considerable.

Since curves of the damping coefficients versus displacement and angle can be quite rough at high
relative displacements, a value for the displacement can be defined, after which the coefficients are
linearly extrapolated. This may smooth the coefficients, but also distorts the characteristic to some
extent. This option therefore must be used with care.

Please also refer to the documentation for more details about the parameters.

} Parameters for Numerical Integration EHEIE\

Max. Rel. Disp. after which Damp. Coef. are Extrapolated: |1

Store Intermediate Results During Integration

Maximum Analysis Time of Integration [s]: 120

ODE Salver Relative Tolerance:  0.001

© ODEsS [¥] Abs. Tol acc. to Rel Tal
© ODEZ3 Absolute Tolerance:
[] Narm Contral On/Off

Figure 1.1.4: GUI with parameters for the numerical integration of the nonlinear system
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1.2 Behaviour of a Simple Shaft with Cylindrical Bearings

In order to demonstrate limit cycles of an unstable system the behaviour of a simple shaft on cylindrical
bearings is studied. The shaft is shown in figure 1.2.1, the bearing in figure 1.2.2. The oil quality is
VG46 with a constant mean temperature of 70°C.

Simple Shaft
Total rotor mass: 161.65 kg ODm main
. ) 2 IDm main
Total polar moment of inertia: 0.077067 kg m' ODs main
Total transverse moment of inertia: 5.1763 kg m? IDs main

X Position of center of gravity: 500 mm OD add massfinertia

Nominal speed: 200.00 rps, 12000 rpm

labels

02—

-0.15 —

-0.1—

-0.05

2-Dir [m]

015 I \ I \ I |

0.2 0.4 0.6 0.8 1 1.2

1-Dir [m]

0m 1000 mm 0 rnm
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MADYN 2000 Version 3.3 02-Jun-2009

Figure 1.2.1: Simple shaft

Bearing Geometry

190.0180.0170.0

-0.8¢ 4 Fixed Pad Bearing B
B =58.3 [mm]

_06] D =100.0 [mm] |
psimin = 2.00 %o

04k psiv =1.00 4

reload m = 0.000
-0.2r

0.2f
0.4}
0.6}

0.8t
350.0 0o 10.0
x

-1 -0.5 [¢] 0.5 1

MADYN 2000 Version 3.3 01-Jun-2009

Figure 1.2.2: Bearing geometry
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The Campbell diagram in figure 1.2.3 proves that the system is unstable above a speed of approxi-

mately 6800rpm. The correspondi ng mo d é00%hasesiewn irefigurell.2.4. 80 0 r p m
the speed of the stability threshold the natural frequency is approximately 50% of the speed, i.e.

corresponds to the frequency of the whirling oil in the lightly loaded cylindrical bearing. This is in

accordance to the well known oil whirl phenomenon.

The transient response to the weight load with zero initial conditions has been calculated for the

speeds of (56%),0 0® dprp (H0%), 12®00rpm (100%)and1 56 6 00r pm (13 0%) . At
the system is still stable, i.e. the vibration should stabilise at the static deformation. At the other speeds

the system is unstable and should stabilise at a dynamic limit cycle.

The response at 50% speed is shown in figure 1.2.5. It proves the expected behaviour. The response
at the other three speeds is shown in the figures 1.2.6 to 1.2.8 together with the orbits. The frequency
and size of the limit cycle can clearly be recognised. The orbit radius increases from 25um peak-peak
to 100um peak-peak and the frequency from 51 to 83 Hz with rising speed from 70% to 130%. Note,
that further increasing the speed would further increase the frequency until it would stabilise at the
frequency of the rigidly supported shaft (oil whip), which is at 96Hz for this example.

Simple Shaft
Parameter Variation Analysis
Type: Campbell Diagram
Analysis: 01-Jun-2009 11:15:42 - 15 rel.speed(s), RFB loads from SAN
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Figure 1.2.3: Campbell diagram of the simple shaft
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Simple Shaft
Parameter Variation Analysis
Type: Campbell Diagram
Analysis: 01-Jun-2009 11:15:42 - 15 rel.speed(s), RFB loads from SAN

Simple Shaft

Shape for: 12000.00 rpm

Mode: 1

Frequency: 66.75 Hz
4005.1 cpm

Damping: -16.3 3

Whirling direction: +0.90

Shape for: 12000.00 rpm
2

Mode:

Frequency: 106.76 Hz
6405.4 cpn

Damping: 25.5 %

Whirling direction: +0.91

Shape for: 12000.00 rpm
3

Mode:

Frequency: 138.22 Hz
8293.1 cpm

Damping: 59.5 %

Whirling direction: +0.70

Shape for: 12000.00 rpm
4

Mode:

Frequency: 91.89 Hz
5513.2 cpm

Damping: 14.0 %

Whirling direction: -0.52

L I 1 |
1.2 1.4 1.6 1.8
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Figure1.2. 4: Mode shapes at 126000rpm

Simple Shaft
Transient Response Analysis
Load case: TransientBasehc
Analysi 0l-Jun-2009 11:53:48 - (50% Speed) rel.sp
Result Type: Bending displacement

0.5, zerc init.cond., nonlinear RFB/FRB

Add. Modal Damping (all modes): 0 %
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Figure 1.2.5: Transient response at 50% speed
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Transient Response Analysis

Load case:  TransientBaseAcc
Analysis: 16-Jul-2009 15:14:36 - (7
Result Type: Bending displacement

0% Speed)

Add. Modal Damping (all modes): 0 %

rel.speed=0.7,

Simple Shaft

zero init.cond.,
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MADYN 2000 Version 3.3 16-Jul-2009
Simple Shaft
Transient Response Analysis
Load case: TransientBaseRAcc
Analysis: 16-Jul-2009 15:14:36 - (70% Speed) rel.speed=0.7, zero init.cond., nonlinear RFB/FRB

Result Type: Bending displacement

Add. Modal Damping (all modes): 0 %

-80

-GO

-40f

a0l

Amplitude 2 [um]
o

20

40

60

Shaft (Simple Shaft), Station 1
Shatt (Simpla Shaft), Station 2

-80 -60 -40

-20
Amplitude 3 [um]
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Figure 1.2.6: Transient response at 70% speed Y limit cycle with a frequency of 51Hz
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Transient Response Analysis

Load case: TransientBaseAcc
RAnalysis: 01-Jun-2009 12:01:20 -
Result Type: Bending displacement

(100%

Add. Modal Damping (all modes): 0 %
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Simple Shaft

rel.speed=1, zero init.cond.,

nonlinear RFB/FRB

2- or 3-direction Shaft (Simple Shaft), Station 1
2- or 3-direction Shaft (Simple Shaft), Station 2
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MADYN 2000 Version 3.3 16-Jul-2009
Simple Shaft
Transient Response Analysis
Load case: TransientBaseRcc
Rnalysis: 01-Jun-2009 12:01:20 - (100% Speed) rel.speed=l, zero init.cond., nonlinear RFB/FRB
Result Type: Bending displacement
Add. Modal Damping (all modes): O %
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Figure 1.2.7: Transient response at 100% speed Y limit cycle with a frequency of 68Hz
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Simple Shaft

Transient Response Analysis

Load case: TransientBaseAcc
Analysis: 01-Jun-2009 12:09:42 -
Result Type: Bending displacement

(130% Speed) rel.speed=1.3, zero init.cond.,

Add. Modal Damping (all modes): 0 %

nonlinear RFB/FRB

2- or 3-direction Shaft (Simple Shaft), Station 1 ‘

300 T

2

o
S

1

o
=

v il

2- or 3-direction Shaft (Simple Shaft), Station 2
T

'\ | |

MADYN 2000 Version 3.3 01-Jun-2009
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Transient Response Analysis

Load case: TransientBaseAcc
Analysis: 01-Jun-2009 12:09:42 -
Result Type: Bending displacement

(130% Speed) rel.speed=l.3,

Add. Modal Damping (all modes): 0 %

zero init.cond.,

nonlinear RFB/FRB
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Figure 1.2.8: Transient response at 130% speed Y limit cycle with a frequency of 83Hz
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1.3 Behaviour of a Steam Turbine with Tilting Pad Bearings Subject to a Sudden High
Unbalance

In the following the transient response of a steam turbine to a sudden high unbalance is studied. The

system is shown in figure 1.3.1. The amplitudes of the unbalance forceat a speed of 76400r p|
direction 2 and 3 can be seen in figure 1.3.2. The shaft response in the bearings can be seen in figure

1.3.3. The analysis starts with initial conditions according to the weight deformation. The unbalance

force is applied at the instant 0.1s. The response time history clearly contains higher harmonics of the

fundamental frequency corresponding to the spe e d  400rpnv7(B23Hz).

Steam Turbine

0.8
-0.6-]
0.4
0.2

2-Dir [m]

02
0.4-]

06 s

05

3-Dir [m] 4 o 1-Dir [m]

MADYN 2000 Version 3.3 02-Jun-2009

Figure 1.3.1: Steam turbine

Steam Turbine
Transient Loads
Load case: TransientLCCom (Weight and Unbalance G5, delayed)

= 9.81 n/¥, a, = 0.00 /¢

Base Acceleration: g = 0.00 n/d, = )

Steam Turbine

= 10885 N

F,=10885 N

3.5

Figure 1.3.2: Unbalance force at 76400rpm
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Steam Turbine
Transient Response Analysis
Load case: TransientLCCon (Weight and Unbalance G5, delayed)
Analysis: 19-May-2009 17:58:44 - (Eig of free sytem 1000Hz, ODE23) rel.speed=l, init.cond. from SAN, nonlinear RFB/FRB
Result Type: Bending displacement

Add. Modal Damping (all modes): 2 %

120 T I I 1 2- or 3-direction Shaft (Steam Turbine), Station 11
: 2- or 3-direction Shaft (Steam Turbine), Station 63
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2 {
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0l
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-80 | | I | i | i \ i
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MADYN 2000 Version 3.3 01-Jun-2009

Steam Turbine
Transient Response 2nalysis
Load case: TransientLCCom (Weight and Unbalance &5, delayed)
Analysis: 19-May-2009 17:58:44 - (Eig of free sytem 1000Hz, ODE23) rel.speed=1, init.cond. from SAN, nonli
Result Type: Bending displacement

2dd. Modal Damping (all modes): 2 %
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Shaft (Steam Turbine), Station 11
Shaft (Steam Turbine), Station 63
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-100 -50 0 50 100
Amplitude 3 [um]

MADYN 2000 Version 3.3 01-Jun-2009
Figure 1.3.3: Response in the bearings due to a sudden unbalance (radial bearing clearance 125um)
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1.4 Behaviour of a Turbocharger with Floating Ring Bearings

The turbocharger model of this example is shown in figure 1.4.1.

Its Campbell diagram can be seen in figure 1.4.2, the mode shapes at 100% speed in enclosure 1.4.3.
It can be clearly seen that the system is unstable in the whole shown speed range from 20% to 100%
speed. At low speeds mode 3 and 4 are unstable. They are characterised by large deflections of the
ring and are caused by the inner oil whirl (whirling of the oil between the shaft and the floating ring). At
higher speeds mode 1 and 2 are unstable. These two modes have practically no relative displacement
between shaft and ring. Their instability is caused by the outer oil whirl.

The limit cycles at speeds of 20%, 50% and 100% in the form of the shaft vibrations at the bearings,
the relative vibrations between shaft and ring (orbits and time histories) can be seen in the figures 1.4.4
to 1.4.9. The inner whirl with higher frequencies can best be seen by the relative vibrations.

e |

Figure 1.4.1: Model of the turbocharger

Parameter Variation Analysis
Type: Campbell Diagram
Analysis: 01-Jun-2009 17:03:39 - 17 rel.speed(s), Direct input RFB loads

Shaft nominal speed 165000 rpm
Integer harmonics for 165000 rpm
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Figure 1.4.2: Campbell diagram
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Shape for: 163000.00 rpm
Mode: 1
Frequency: 260,02 Hz Eﬂﬁ
15601.2 cpn I = "t
Dampings: -3.8 %
Whirling direction: +1.00 ="
2
Shape for: 165000.00 rpm
Mode: 2
Frequency: 234.66 Hz 3
14079.3 cpm T
Damping: -21.2 %
Whirling direction: +0.39
v
2
Shape for: 165000.00 rpm p
Mode: 3 /s
Frequency: 1037.19 Hz 3 ¢ -’
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Damping: 3.5 % /
Whirling direction: +0.85 .
v
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Mode: 4 : .,
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v
af’d" 2

Shape for: 165000.00 rpm
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Figure 1.4.3: Campbell diagram
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Transient Response Analysis
Load case: TransientBaseRAcc (Weight)
Analysis: 28-May-2009 08:07:21 - rel.speed=0.2, zero init.cond., nonlinear RFB/FRB, fluids deact.

Result Type: Bending displacement

rl"‘ M A "t‘o

Add. Modal Damping (all modes): 0 %

2- or 3-direction Shaft, Station & (Bearing)
2- or 3-direction Shaft, Station 10 (Bearing)

"

el

Amplitude [um]

B
" \ i I i i I i I i
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time [s]
MADYN 2000 Version 3.3 02-Jun-2009
Transient Response Analysis
Load case: TransientBaseAcc (Weight)
Analysis: 28-May-2009 08:07:21 - rel.speed=0.2, zero init.cond., nonlinear RFB/FRB, fluids deact.

Result Type: Bending displacement

Add. Modal Damping (all modes): 0 %

Shaft, Station 8 (Bearing)
Shaft, Station 10 (Bearing)

Amplitude 2 [um]
o

Amplitude 3 [um]

MADYN 2000 Version 3.3 02-Jun-2009

Figure 1.4.4: Limit cycle at 20% speed, shaft vibration at the bearings
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Transient Response Analysis

Load case: TransientBaseAcc (Weight)
28-May-2009 08:07:21 - rel.speed=0.2,
Bending displacement (FRE Rel.Vibration)

Analysis:
Result Type:

Add. Modal Damping (all modes): O

%

zero init.cond.,

15 -

nonlinear RFB/FRB,

fluids deact.

2- or 3-direction SFT 1 STA 8 --- Shaft, Station (Bearing), FloatingRing

Amplitude [1m]

I

f\A

2- of 3-direction SFT 1 STA 10 --- Shaft, Station (Bearing), FloatingRing
I

Wb

i

1

)

0.04

Transient Response Analysis
Load case: TranszientBasehcc (Weight)
Analysis:

Result Type:
Add. Modal Damping (all modes):

0%

28-May-2009 08:07:21 - rel.speed=0.2,
Bending displacement (FRB Rel.Vibration)

0.05

Time [s]

zero init.cond.,
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nonlinear RFB/FRE, fluids deact.

SFT 1 STA 8 --- Shalt, Station (Bearing), FloalingRing

— SFT 1 STA 10 --- Shaft, Station (Bearing), FloatingRing
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Figure 1.4.5: Limit cycle at 20% speed, relative vibration shaft ring
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Transient Response Analysis

Load case: TransientBaseAcc (Weight)

Analysis: 27-May-2009 13:56:41 - rel.speed=0.5, zero init.cond., nonlinear RFB/FRE, fluids deact.
Result Type: Bending displacement

Add. Modal Damping (all modes): 0 %

2- or 3-direction Shaft, Station & (Bearing)
2- or 3-direction Shaft, Station 10 (Bearing)

Amplitude [um]
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Transient Response Bnalysis

Load case: TransientBaseRcc (Weight)

Analysis: 27-May-2009 13:56:41 - rel.speed=0.5, zero init.cond., nonlinear RFB/FRB, fluids deact.
Result Type: Bending displacement

Add. Modal Damping (all modes): 0 %
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Figure 1.4.6: Limit cycle at 50% speed, shaft vibration at the bearings
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Load case: TransientBaseAcc (Weight)

%2 r‘

1 ”"w\

il

I »up»pu;

I

nl\vuw nw

'H'P'“N‘

i

W’

|\)MHHH: MH\

w/uu """."“ p W M
| \ ’Hh t( il (l

(

Transient Response Analysis

0]
Amplitude 3 [um]

Figure 1.4.7: Limit cycle at 50% speed, relative vibration shaft ring
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Figure 1.4.8: Limit cycle at 100% speed, shaft vibration at the bearings
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