MADYN 2000 Version 4.0

The following new features and improvements were introduced in version 4.0:

Reorganisation of Connections

New Gear Connection Facilitating Double Meshes and Inner Meshes (for planetary gears)
New Connection Facilitating Rotating Planets of Planetary Gears

New Shaft Connections Facilitating the Modelling of Shaft in Shaft Designs
New Nonlinear Capabilities

Active Systems (apart from radial magnetic bearings)

Rolling Element Bearings

Squeeze Film Damper

9. Improvements and New Features for Fluid Film Bearings

10. New Features for Static Analyses

11. Extension of Modelling Objects

12. Improved Loading of Fluids

13. Improvements in Plots

14. Improvements in Prints
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1. Reorganisation of Connections

In MADYN 2000 there are several connectors to connect shafts:
e The simple rigid connection directly connecting two shafts.
o Flexible couplings connect shafts via coupling properties.
e Gears connect several shafts via gear mesh properties.

In version 4.0 there is the following new connection with the purpose to connect an inner and outer
shaft via any radial bearing:
e Shaft-in-Shaft Connection.

In case of the shaft in shaft connection, the inner shaft requires a spring bearing support SBS. The
bearing is mounted between the inner shaft and the SBS. The outer shaft then is connected to the
SBS with a rigid connection for the radial displacements. For this connection the SBS functions as
connector.

In version 4.0 the different connections can be created in the following GUIs:
e System GUI (as in previous versions)
¢ In the connector GUI, i.e. in the SBS GUI (spring bearing support), the FCP GUI (flexible
coupling) and the GER GUI (gear)
¢ In the station GUI

The system GUI can be seen in figure 1.1. Its appearance has slightly changed. It gives an overview
of all connections in a system. Clicking on the button “Connections” opens a GUI to edit connections.

SYS - System (from: C\..\Torsion\SYS_Generator_Steam_Turbine_v3.8.0_Exact_Gear_Model.md3) E =] @
Created: 28-Apr-2008 09:20:51 Modified: 06-Dec-2013 15:56:16
System Title: Steam Turbine Generator
Operating Speed Range: System Elements:
From...[%] .To[%] e —
100 100 11 Shafts
TLAcase.—=DoF=[111011] | Qverrule all Subobjects| add Custom Block
5) TOTrSion " ceveuwvenennn e FREE ( * ) - R -
add Dyn.Bear.Supporis
18 Connections Connection Elements:
Shaft 1 Type Shaft 2 4 Gears
HS Shaft Gear 1 (Sun - Planets 1): .. Shaft 3 (Planet 1) - T
HS Shatft Gear 1(Sun-Planets 1): .. Shaft 4 (Planet 2) gablehleConings
HS Shaft Gear 1 (Sun - Planets 1) ... Shatft 5 (Planet 3) T
dd Planet C
HS Shat Gear 2 (Sun - Planets 2 Shaft 3 (Planef 1) - _addPlanet Carier |
Cancel Print | Plot | Exit ‘

Fig. 1.1: System GUI with overview of connections

The options to create connections from the connector GUI and station GUI are new. The actual
connection GUI for all possible connections is more or less the same. Several of its variants are shown
in the following chapters.

The gear connection with new features is explained in detail in chapter 2, the new shaft in shaft
connection in chapter 3 and the planet carrier connection in chapter 4.

The additional options for the rigid connection and the FCP are explained in the following two sub-
chapters 1.1 and 1.2.
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1.1 Rigid Connection

The station GUI with the new button “add Rigid Connection” can be seen in figure 1.2. The new button
opens the connection GUI shown in figure 1.3

STA - Station (from: Shaft 1 Inner Rotor)
Created: 10-May-2010 18:22:35 Modified: 10-Ma

=] O s

y-2010 18:22:35

51 v Title: Section 50 | <<-1->> | no Section
Bending Torsion
Notch Factor:|1 1

I add Spring and Damper J add Concentrated Mass

I add Fluid Film Bearing J add Fluid Coefficients

I add Floating Ring Bearing J

[ )
l |
[ add Sub-Element J
[ add General Spring J

I add Rolling Element Bearing J

Bearing Supports:

| add Spring-Damper-Mass ‘

( add Rigid Connection )

1* object to be connected

Cancel Delete Plot| [«<| =< :=:>‘:=:=|‘ Exit
Fig. 1.2: Station GUI
B CNC - Connection (from: System) \EI (9] @
Created: 28-Mov-2013 17:29:04 Modified: 28-Mov-2013 17:29:04
Connection: | | 2 | Title:
Rigid Connection 2
Left Station
SFT 1 (Inner Rotor): STA 51 Select | 4
Connected Using
Rigid Connection Select
Right Station
Nothing is selected Select 1’\
Cancel | Delete| <Add | <<| << | == ‘ 5| ‘ Add > | Exit* |

Fig.1.3: Connection GUI called from Station

Connector

2" object to be connected

The connection GUI has three fields with the connector in the middle and the objects to be connected
in the top and bottom fields. As default the shaft and station from which the connection GUI has been
opened is shown in the top field as first object and a “Rigid Connection” as connector. The second
object has to be selected in the bottom field by means of the “Select” button.

Since the connection GUI is similar for all connectors other objects and connectors can also be
selected among all objects and connectors present in the system.
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1.2 Connection via Flexible Coupling

The GUI for flexible couplings is shown in figure 1.4. It has the new button “add Flexible Coupling
Connection”, which opens the connection GUI shown in figure 1.5. The GUI now has the flexible

coupling as default connector.

Limits: Inf ‘ add Flexible Coupling Connection [}

FCP - Coupling (from: System DK Recycling) EI = @
Created: 28-Mov-2013 18:26:22 Modified: 28-Nov-2013 18:28:22
Coupling: | | 2 + | Titler High Speed Coupling
Length [mm] Nonlinearity:
Geomelry: 932.5 Linear v
Torsion: e
1 Dir_ Linear [N m/rad] Left [N m/rad] Right [N m/rad]
Stiffnress:  1.0707e+07 0 0
Damping Ratio [ -] Dyn.Magnifier Q=1/(2D) Masses:
Damping: 0 Inf ‘ Left | | Right |
Damping Coeff. [N m s/rad Total Mass = 145 [kal
0 Total Polar Moment = 2.99 kg m?]
Torque [N'm >

<] a= | == | =2

Cancel Delete Prmt‘ F\ot‘ < Add

Add>|

Exit *

Fig. 1.4: Flexible Coupling GUI

CNC - Connection (from: System DK Recycling) \EI =] @
Created: 28-Nov-2013 18:31:43 Modified: 28-Nov-2013 18:31:43
Number: 19 Title:

Flexible Coupling Connection 19
Left Station

Nothing is selected
Connected Using

High Speed Coupling

Right Station
Nothing is selected

Cancel Delete Exit*

Fig. 1.5: Connection GUI called from flexible coupling

New features of the flexible coupling are nonlinear characteristics (see chapter 5) and the definition of

a dimensioned damping coefficient (see chapter 11.2).
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2. New Gear Connection Facilitating Double Meshes and Inner Meshes

As explained in chapter 1 the gear must be understood as a connector between shafts. This is
different from previous versions, where the gear also contained the shafts. The shafts now must be
part of the system in order to connect them to a gear via the gear meshes.

The new GUI for the gear is shown in figure 2.1. In this window the wheel mesh properties are
defined. It has almost the same appearance as the GUI of previous versions with the following
differences:

e The mesh type can be defined. Options are inner and outer mesh. In previous versions all
meshes were outer meshes.

e There are no controls to add the wheel shaft, which is no longer part of the gear.

Clicking on the “Pinion” button opens a GUI for the parameters of the pinion mesh (see figure 2.2).
Several pinions can be added to the gear.

The “Gear Connection” button opens a GUI to select the shafts (see figure 2.3). The field in the middle
contains the gear. The wheel shaft, the pinion shaft and their stations for the mesh can be selected
from menus, which can be opened with the select button next to the respective fields. The pinion and
wheel can be selected among all shafts in the system.

GER - Gear (from: System DK Recycling) : = C
Created: 11-Apr-2008 wyo? 35 Muc:ﬁed gZ?I\Iuv—ZUW} 12.01:51 Ll G Qb 28 LSl - Pl o= B
- . Title: Sun - Plancs 1 Created: 11-Apr-2008 17-14:22 Modified: 26-Jun-2013 12:44-49
ear: v - - —
[ Pinion: | | 1 +| Title: Planet 1
Wheel Properties 3 Pinions
Mesh Radius [mm] Mesh Type e (CARET
103.76 Quter Mesh Radius [mm] Paosition [*] | Gear Connection ‘
Thrust Collar Radius [mm] 239.24 60

0 Thrust Collar Radius [mm] |
0

add General Spring ‘

Wheel Drive Type  Driving Power [W]

Driving ] Thrust [N]
(Constant] | funci 0 Constant | — function — -
onstant | |— function — -

Nominal Power [W]

0
Tooth Angles:

Pressure Angle [] Helical Angle [] Tooth Stiffness [N/m]
0 0 Scheme Z.4e+09
Cancel | Delete| <Add‘ ‘ I Add>‘ Exit ‘ Cancel | Delete| <Add| =::‘ =< | >> | >>[| Add > ‘ Exit
Fig. 2.1: Gear GUI Fig. 2.2: Pinion GUI
CNC - Connection (from: System DK Recycling) EI =) @
Created: 27-Nov-2013 12-00-54 Modified: 27-MNov-2013 12-:00-54
Number: |1 Title:
Wheel and pinion is shown
Gear Connection 1 if called from pinion GUI
Wheel Station
SFT 2 (HS Shaft): STA 6 (Centre of Mesh 1) Select

Connected Using
Gear 1 (Sun - Planets 1): Pinion 1 (Planet 1), a Select

Shafts to be selected

- . among shafts in the system
Pinion Station

SFT 3 (Planet 1): STA 2 (Centre of Mesh 1) Selec‘[k

Cancel | Delete| Exit

Fig.2.3: Gear connection GUI
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In figure 2.4 the plot of a system with planetary gear is shown. The geometric correct modelling of the
planetary gear is facilitated by the new feature “inner mesh”. This type of mesh is between the planets

and the annulus.

Since the meshes are now separated from the shafts it is much easier to model double meshes. In the
previous version each gear had one wheel mesh, one wheel shaft and at least one pinion. To create a
double mesh it was necessary to separate the wheel and the pinions into two halves. This is no longer

the case since the same pinion and wheel can be selected for different meshes.

Inner meshes

Annulus
Sleeve

Annulus

1-Dir [m]

3-Dir [m]

Fig. 2.4: 3D plot of a system with planetary gear.
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3. New Connection Facilitating Rotating Planets of Planetary Gears

Planets with a rotating axis have a rotating planet carrier. The planet carrier therefore has to be
modelled as a rotor and connected to the planets or the planet axes, respectively. For this connection
the new type of connector “Planet Carrier” is introduced. It can be added to a system from the system
GUI with the help of the button “add Planet Carrier” (see figure 1.1).

The GUI of the planet carrier is shown in figure 3.1. The bolt circle diameter and a connection type can
be defined. The connection GUI to connect planets or planet axes and the rotating planet carrier can
be called as for other connectors from the connector GUI (see the button in figure 3.1), the station GUI
or the system GUI.

In figure 3.2 a system with planets and rotors, which function as planet carrier, is shown. In case of a
fixed planet, the planet carriers are not needed, since the planets can be fixed to the ground or some
support model.

The carrier can be connected either directly to a rotating planet or to a fixed pin. In the latter case the
actual planet has to be connected to the pin with a shaft in shaft connection (see chapter 4). The
connection to the planet carrier is like a rigid connection, except for the rotation about the planet axis,
which is free in case of a connection to a planet. In case of a connection to a pin the rotation of pin
and carrier are equal.

It should be noted, that in case of a rotating planet carrier, the planets must be free in lateral direction,
since rotation of the carrier causes a lateral movement due to the offset axes. This is illustrated in
figure 3.3. In this figure the deformations are shown in case of a rotation of 1rad of the sun.

CAR - PlanetCarrier (from: System Steam Turbine Generator) E =] @
Created: 14-Jan-2014 17:12:10 Modified: 27-Jan-2014 12:358:22

PlanetCarrier: | | 1 - Title:|Carrier

Boit Circle Diameter [mm] ‘ 6 Planet Carrier Connections
686

The Carrier connects to

Rotating Planet

Cancel ‘ Delete‘ Plot‘ <Add ‘ ‘ ‘ ‘ ‘Add> ‘ Exit *

Fig. 3.1: GUI of the planet carrier
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Steam Turbine Generator

-0.4
02 Annulus Sleeve
V]
Planet2 Annulus
2
0.2

0433 Planet 1
- Carrier 1

2-Dir [m]

3-Dir [m] -05 o
1-Dir [m]
MADYN 2000 v 4.0 development

Fig. 3.2: Planetary gear with planet carrier.

Steam Turbine Generator

Torsional angle
Bending displacement

Static Analysis

Load case: StaticLC 1

Analysis: 22-Jan-2014 18:28:25 - rel.speed=1
Result Type: Displacements

Annulus Sleeve

Annulus
1

Planet 2 Carrier 1

Annulus
2

MADYN 2000 v.4.0.development

Fig. 3.3: Deformations of the planetary gear with rotating planets, for 1rad rotation of the sun
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4. New Shaft in Shaft Connection via Radial Bearings

The connector for the shaft in shaft connection is an SBS (spring bearing support). The radial bearing
connecting the two shafts is between the inner shaft and the SBS. Any radial bearing can be used for
this connection. The outer shaft is radial rigidly connected to the SBS. The SBS GUI with the new

connection button is shown in figure 4.1. The corresponding shaft in shaft connection GUI is shown in
figure 4.2.

It should be noted, that SBS, which are used as connector must have zero damping and stiffness.
Otherwise an error message appears. The SBS mass can be used and must not be zero, since

normal SBS require non-zero masses for a regular mass matrix. The SBS mass has the effect of a
concentrated mass added to the outer rotor.

$85 - SBeaSup (from: Station 49 NDE journal) = B[S

Created: 19-Jul-2013 11:57:54 Modified: 19-Jul-2013 11:58:25
SBeaSup Title:

k22 [N/m] k33 [N/m]
Stiffness: 0 0
3
d22 [N sim] d33 [N s/m]
Damping: 0 0
m22 [kq] m33 [ka]
Dynamic Mass: [0.1 0.1 2
( Shaft-in-Shaft Connection D
e —— —

Cancel | Delete | Exit

Fig. 4.1: SBS GUI with new connection button

CNC - Connection (from: System) E\ = @

Created: 10-Oct-2013 16:3115  Modified: 10-Oct-2013 16:31-15
Connection: | | 1 +| Title:

Shaft-in-Shaft Connection 1

Inner Station Shaft and station of inner rotor.

SFT 1 (Inner Rotor): STA 4% (NDE journal) 4/‘3?5{'/—7 Station must haVe SBS

Connected Using

shaft 1 (Inner Rotor): Station 49 (NDE journal) : Select

Outer Station .

SEn 3 omein e sin EE o ween %\ Shaft and station of outer rotor.
Must be selected.

Cancel | Delele| <Add | | | | |Add > ‘ Exit ‘

Fig. 4.2: Shaft in shaft connection GUI

The plot of a system with an inner shaft, an outer shaft and a shaft in shaft connection via a bearing is
shown in figure 4.3.
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X Total mass: 1123.5 kg, CoG: 1151 mm Inner Rotor, Outer Rotor

Polar moment of inertia: 23.632 kg m?
Transverse moment of inertia: 264.57 kg m?
Nominal speed: 71.43 rps, 4286 rpm

Bearing to ground of inner rotor

-0.4

-0.3

Bl

Bearings to ground of outer rotor

il

i

-0.2 ‘ 7

-0.1

"

1

—

——

o€

0.1

Distance [m]

—————

i

0.2

|
Il

1

[_/f’l
M i ——

0.3

BN .-

04
0 0.5

Fig. 4.3: System with a shaft in shaft connection via a bearing
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5. New Nonlinear Capabilities
5.1 Flexible Coupling Nonlinearities: Rubber Coupling and Slipping Coupling

The flexible coupling GUI with the available non-linearities “Rubber Coupling” and “Slipping Coupling”
is shown in figure 5.1. Both coupling types are quite common. Rubber couplings are used for their
damping capabilities in case high response torques in resonances are expected as they can occur
during an asynchronous run up of a synchronous motor. Slipping couplings are used to limit the
torques in failure load cases such as short circuits.

The parameters for the non-linear functions can be defined in a window opened by the button “NL
Function...”.

FCP - Coupling (from: System Encana Shaft Train) E = @
Created: 21-Jul-2006 15:42:40 Modified: 28-Aug-2013 17:49:21

Coupling: | 1 ~ | Title: LS Coupling Part-DE (Rubber)

Length [mm]
Geometry: 322

Nonlinearity:
Rubber Coupling

Linear

Rubber Coupling it [ mirad]
Slipping Coupling WMoct06

Torsion:
1 Dir. Linear [N m/rad]
Stiffness:  1.613e+07

Damping Ratio[ -] Dyn.Magnifier Q=1/(2D) =a

Damping: 0.166667 3 ‘ Left | | Right ‘
Damping Coeff. [N m s/rad] Total Mass - 874 [kal
0 Total Polar Moment = 74.2 kg m]
Torque [N m]

Limits  [In€ | Flexible Goupiing Gonnection |

Cancel Delete ME <Add ‘ | ‘ > | - ‘ Add > ‘ Exit

Fig. 5.1: Flexible coupling GUI with available non-linearities

The window to define the non-linear function for the rubber coupling can be seen in figure 5.2. It has a
button to select a file with the characteristics and a button to plot it. The file to define the characteristic
has to contain two columns with the angle in [°] and the moment in [Nm] as shown in table 5.1. The
corresponding plot can be seen in figure 5.3. The characteristic only has to be defined for positive
angles. The function then is mirrored at the zero point for negative angles.

NLR - NonLinRubberCoupling (from: Coupling 1 LS Coupling Part-DE (Rubben) |- = O [pt3u]
Created: 26-Apr-2013 14:26:16 Modified: 26-Apr-2013 14:26:16

NonLinRubberCoupling Title:

Rubber Moments File:
CUsers\Joachim Schmied\Documents\IMADYN2000_Project\Development\Examples|_Referent

Select File

Cancel | Delete | Plot Exit

Fig. 5.2: GUI to define the non-linear function of the rubber coupling
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Table 5.1: Content of the text file to define the non-
linear function of the rubber coupling
(1* column angle in [],
2" column moment in [Nm])

0
.046 5107.6
.092 10226.5 2 H,
.138 15368
.184 20453 g
.228 25538 £ g
.271 30623 -
.312 35821
.351 40906 - | |
.387 45991 o 01 02 2 e 05 08 07
.42 51076 P —
: 332 ng;g Fig. 5.3: Plot of the rubber coupling characteristic
.499 606444
.519 71529
.537 76727
.553 81812
.566 86897
.579 91982
.589 97180
.599 102265
.607 107350
.615 112435
.621 117520
.627 123170
.633 127690
.637 133340
.642 137860
.645 143510
.649 148030
.652 153680
.655 158200
.657 163850
.66 168370
.662 174020
.664 178540
.666 184190
.668 188710
.669 194360
.671 198880
.672 204530

ocNeoNoNololololNoNoNoNoNoNoloRolNoloNoNoNoloNolololoNoNoNoNoNolololololoNoNolNolNolNolNe]

The transient analysis has to be carried out with the modes of a linear coupling characteristic, which
should be close to the linearised stiffness of the rubber coupling at the operating point. In figure 5.5
the coupling torque of the rubber coupling during an asynchronous run up with a synchronous motor is
shown using the linear and non-linear characteristic. The system is shown in figure 5.4.
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Shaft Train

05

3-Dir [m]
o
W S

i
|
i
i
i
|
i
i
i
|
i
v

-05 Cotgling
. Motor | Spacer  Whee . |
-2 0 2 4 6 8 10
1-Dir [m]
MADYN 2000 v.3.8.development
Fig. 5.4: Sytem with rubber coupling
Shaft Train
Transient Response Analysis
Load case: TransientForceN 1 (Run Up)
Analysis: 28-Aug-2013 18:53:51 - f(n), (Run up, linear,modes & damp- as in ref.) rel.speed=0, zero init.cond.
Result Type: Torsional moments
LS Coupling Part-DE (Rubber), linear
Modal Damping: Modes have individual additional damping. LS Coupling Part-DE (Rubber), non-linear
5 Time: 5.45s
x10 Amplitude: 92071.9 Nm

Time: 5.62166 s
Amplitude: 65146.7 Nm

05

Amplitude [Nm]
S
o
i

15
Time: 5425s
Amplitude: -157377 Nm L]
Time: 5.59363 s
-2 | | | | i Amplitude: -176166 Nm I
0 1 2 3 4 5 6 7

Time [s]
MADYN 2000 v.3.8.development

Fig. 5.5: Torque in the rubber coupling during an asynchronous run up with linear and non.linear
rubber coupling characteristic

The GUI to define parameters for the slipping coupling is shown in figure 4.6. There are only two
parameters, the slipping moment (sliding friction) and the initial slipping moment (sticking friction). A
plot of the characteristic is shown in figure 5.7. As long as the coupling does not slip the linear
torsional stiffness applies.
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MLS - NonLinSlippingCoupling (from: Coupling ... E =] @

Created: 15-Apr-2013 12:30:48 Modified: 15-Apr-2013 12:31:34
NonLinSlippingCoupling Title:

Slipping Moment [N m]
700000

Initial Slipping Moment [N m]
730000

Cancel ‘ Delete‘ Exit

Fig.5.6: GUI to define the parameters of a slipping coupling

M for
$ >0

M=k o L Mfor
{4 <o

¥

Torque M —

J(J—

Fig. 5.7: Characteristic of the slipping coupling

For the system shown in figure 5.8 the short circuit response in the couplings is plotted in figure 5.9 for
a non-slipping (linear) and slipping LS coupling. The effect of the slipping reducing the moment can be
clearly seen. In figure 5.10 and 5.11 the response in the couplings for a mis-synchronisation with
much higher torques is shown for a non-slipping and slipping coupling. In this case of the non-slipping
linear coupling the maxium torque in the low speed coupling is three times higher than the slipping
torque. The response torque with slipping then is completely different.
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15
o .
5 05
° B ——————————-P >1
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Fig. 5.8: System with slipping coupling

Transient Response Analysis
Load case: TransientForceT 4 (3-Phase Short Circuit (+))
Analysis: 12-Feb-2013 18:33:41 - f£(t),

(Short Circuits from Preload) rel.speed=0, init.cond. from TRA, fluids deact.

Result Type: Torsional moments

Modal Damping: Modes have individual additional damping. Slipping Coupling, linear

Slipping Coupling, non-linear

5

Coupling 1 (Renk ZTF 175), linear

Coupling 1 (Renk ZTF 175), non-linear

x 10

T T T T
Coupling 1 (Renk ZTF 175)

Time: 0.055 s

Amplitude: 208330 Nm

Amplitude [Nm]

Slipping Coupling
Time: 0.0135 s
Amplitude: -858578 Nm

I | | | 1 I I 1 |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Time [s]

041
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Fig. 5.9: Short circuit response of the system with non-slipping and slipping LS coupling
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Transient Response Analysis

Load case: TransientForceT 6 (Synchronisation out of Phase)
Analysis: 16-Apr-2013 13:47:47 - f(t), (Mis-Synchronisation)
Result Type: Torsional moments

rel.speed=0, zero init.cond., fluids deact.

Add. Modal Damping (all modes): 0.625 %
Coupling 1 (Renk ZTF 175)
x10° Slipping Coupling
25 Slipping Coupling I
Time: 0.0205 s
Amplitude: 2.12459e+06 Nm

Amplitude [Nm]

Coupling 1 (Renk ZTF 175)
Time: 0.021 s
Amplitude: -354789 Nm

. I I i I i

0.05 0.1 0.15 0.2 0.25
Time [s]

Fig. 5.10: Short circuit response of the system with non-slipping LS coupling

Transient Response Analysis

Load case: TransientForceT 6 (Synchronisation out of Phase)
Analysis: 02-8ep-2013 18:46:32 - f(t), (Mis-Synchronisation,
Result Type: Torsional moments

nonlinear) rel.speed=0, zero init.cond., nonli

0.3

MADYN 2000 v.3.8.development

near, fluids deact.

Coupling 1 (Renk ZTF 175)

Add. Modal Damping (all modes): 0.625 % Slipping Coupling
X 105 Slipping Coupling
8 T T T Fime—0-374529
Amplitude: 729979 Nm
[ ]

7 w |

6 -

5 _
T AT 7
Z
o
2°r 7
=
£
< oL i

14 : : -

’ /\/\/\/\/\ \

Coupling 1 (Renk ZTF 175)
1 Time: 0.159346 s 7
Amplitude: -177404 Nm
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Time [s]

Fig. 5.11: Response to mis-synchronisation of the system with slipping LS coupling
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5.2 General Nonlinearities

General nonlinear functions can be programmed using MATLAB code and coordinates of BBSs (black
box shafts). The displacement/rotations (coordinates 1-3/4-6) and their velocities of any node in the
BBS can be used to calculate forces, which are applied to any coordinate of the BBS. As explained in
the documentation or in chapter 3 of the release note of version 3.7 (http://www.delta-
is.ch/cms/upload/pdf/english/release notes/MADYN 2000 Release 37.pdf) BBSs are extensions of
MADYN 2000 models using MADYN classic code. In the following the modelling of an auxiliary
bearing for magnetic bearings is explained. The model corresponds to the model in http://www.delta-
js.ch/cms/upload/pdf/english/technical-papers/Rotor Dropped into_Auxiliary Bearings 1992.pdf.

The BBS for the auxiliary bearing is shown in figure 5.12. It has two sections i.e. three nodes (#STA1
to #STA3). Only coordinate 3 is used for #STA2 and #STA3. These two nodes represent the inner
race of the ball bearing and the coordinate 3 the ring rotation. The two stations are connected with a
stiff spring and a mass is added to them representing the polar moment of inertia. #STA1 of the BBS
is rigidly connected to the shaft, i.e. it functions like a shaft node.

BBS - BlackBoxShaft (from: System HS Modyn) EI =] @
Created: 30-Now-2012 12:59:31 Modified: 29-Aug-2013 09:50:10
Number: 1 Title: Auxiliary Bearing 1 Speed: 12000.00 rpm

TLA case: —>DoF=[100100]
4) ... © Lateral 1-23 - ..... FREE ( % ) - Material | \ 2 Secfions

1 Non-linear | \ add Active System

MIF source code:

C Station #STAl should be rigidly connected to the main shaft at the location of -
AUX bearing

C Ring model (Station #STA2) will be located at the same place where Main Station
is:

KORDR #5TA2 1e-9 © © #STAl

FESTK #STA2 #STA3 110111

C Definition of ring properties

C Only direction 3 is used.

C Effective Polar moment of inertia is ©.014832 kg m"2
MASSE #5TA2 {0.014832/2}

MASSE #5TA3 {0.914832/2}

C To prevent error: DIAGOMAL COEFFICIENTS ARE NOT POSITIVE

C Stations #STAl and #STA2 are disconnected! NL transfer function is used instead.
FDEIG #StrongSpring @ @ 1e9 © @ @

FEDER # #STA2 #STA3 #StrongSpring

Cancel ‘ Delete| print| Plot| <Add | ‘ | > | > ‘ Add > | Exit*

Fig. 5.12: BBS for auxiliary bearing

The window to define the function for the nonlinear force in MATLAB code using the BBS coordinates
is shown in figure 5.13a. Parameters of the functions are displacements and velocities of the BBS
coordinates, time and the relative shaft speed of the BBS. In the window the coordinates (station +
direction), which are used by the function are defined.

MADYN 2000, New Features in Versions 4.0 January 2014


http://www.delta-js.ch/cms/upload/pdf/english/release_notes/MADYN_2000_Release_37.pdf
http://www.delta-js.ch/cms/upload/pdf/english/release_notes/MADYN_2000_Release_37.pdf
http://www.delta-js.ch/cms/upload/pdf/english/technical-papers/Rotor_Dropped_into_Auxiliary_Bearings_1992.pdf
http://www.delta-js.ch/cms/upload/pdf/english/technical-papers/Rotor_Dropped_into_Auxiliary_Bearings_1992.pdf

Created: 18-Jul-2012 10:04:16 Modified: 30-Now-2012 15:01:43
NonLinearFunct Title:

B NLF - NonlinearFunct (from: BlackBoxShaft 1 Auxilizry Bearing 1) =] @ S

@tion(time, speedRel, displacements, ve@

Ft = 0;

elseif oRace + le-3 < oRotor
Ft = Fdt + mu*Fr; % Fr negative!

else
Ft = Fdt;

end

% M: Force on ring
if oRace + 1e-3 < oRotor
M = -R * mu * Fr;

else
M= 8;

end

% translate Fr and Ft back to 2-3 coordinate system
[forceR(1), forceR(2)] pol2cart(alphaDispl, Fr);
[forceT(1), forceT(2)] pol2cart(alphaDispl+pif2; Ft);

m

Calculation of forces for
selected coordinates.

Selected coordinates, which are
L| used in the function. Coordinates
can be added and deleted by the
respective buttons.

force(1:2) = forceR + forceT;
orce(3) = M;
L ation Coordi Add
Station 1 (Connection) 2
Station 1 (Connection) 3 Delete
Station 2 (Ring1) 3
Cancel | Delete | Exit

Fig. 5.13a: Window to define the non-linear function for BBS

% r: rotor displac
[alphaDispl,r}#®cart2pol(displacements (1), displacements(2))%
[alphaVel ,v¥§_cart2pol( velocities(1), velocities(2));

% angle between velicity and displacement
alpha = alphaVel - alphaDispl; % toDo: need to check coordinate
trnaformation

speedRel * 200 * 2%pi1]
velocities(3);

Fig. 5.13b: Part of the non-linear function code

| Use of selected coordinates and

relative speed in the code.

Results of a drop analysis of the system in figure 5.14 can be seen in figure 5.15 to 5.18.

Auxliary Motor Shaft Auwiliary
Bearing Be: aznng
1

2-Dir [m)

1-Dir [m]

Figure 5.14: System with auxiliary bearings
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Transient Response Analysis : : : 9
Load case: TransientBasencc 1 Bold lines correspond to directions 2 and 2
Analysis: 29-Rug-2013 09:53:22 - f(t), rel.speed=1.083, zero init.cond., nonlinear

Result Type: Bending displacement

Add. Modal Damping (all modes): 0 %

motor shaft, Station 6 with Mass, RSBearing
motor shaft, Station 42 with Mass, RSBearing

400 : : ‘

T

200 H ;U w

|

Amplitude [pm]
o
o

-100/- ‘

i |
.{ i
2000 ’ N | ‘ | [ l
| 1
3001 | -
-400 | | | |
0.05 0.1 0.15 02 0.25 03 0.35 0.4 0.45 05
Time [s]
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Fig. 5.15: Shaft displacements at the auxiliary bearings, drop at full speed

Transient Response Analysis

Load case: TransientBaseAcc 1

Analysis: 29-Aug-2013 09:53:22 - f(t), rel.speed=1.083, zero init.cond., nonlinear
Result Type: Bending displacement

Add. Modal Damping (all modes): 0 %

motor shaft, Station 6 with Mass, RSBearing
motor shaft, Station 42 with Mass, RSBearing
-400 T T T T

-300

Amplitude 2 [pm]
(=]

100

300

400 . i i i . \
-400 -300 -200 -100 0 100 200 300 400
Amplitude 3 [um]

("] Time: from 0to 0.5 5
MADYN 2000 v.3.8.development

Fig. 5.16: Orbit of shaft displacements at the auxiliary bearings, drop at full speed
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Transient Response Analysis Bold lines correspond to directions 2 and 2'
Load case: TransientBaseRAcc 1

Analysis: 29-Aug-2013 09:53:22 - f(t), rel.speed=1.083, zero init.cond., nonlinear
Result Type: Bending velocity

Add. Modal Damping (all modes): 0 % BlackBoxShaft 1 (Auxiliary Bearing 1), Station 2 (Ring1)

BlackBoxShaft 2 (Auxiliary Bearing 2), Station 2 (Ring1)
I I I T I

5

x 10

14

12

10

Amplitude [mrad/s]
(=]

Time: 0's
. Amplitude: 0 mm/s
(W=

2 I I I 1 I 1 I | I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45
Time [s]
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Fig. 5.17: Ring speeds of the inner race of the auxiliary bearings, drop at full speed

Transient Response Analysis Bold lines correspond to directions 2 and 2'
Load case: TransientBaseRcc 1

Analysis: 29-Rug-2013 09:53:22 - f(t), rel.speed=1.083, zero init.cond., nonlinear
Result Type: Bending forces
Add. Modal Damping (all modes): 0 %

x 10
10 T

T T ‘
BlackBoxShaft 1 (Auxiliary Bearing 1), Station 1 (Connection) - Station 2 (Ring1) left
BlackBoxShaft 2 (Auxiliary Bearing 2), Station 1 (Connection) - Station 2 (Ring1) left

)

1 % jy“ ~‘<“l"‘." %uﬂ'-* )

Amplitude [N]

‘h “ | | Lu '\}l ﬂ"-\ﬁ-

8 | | | I 1 I ] 1 I
0 0.05 0.1 0.15 0.2 025 03 0.35 0.4 0.45 05
Time [s]
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Fig. 5.18: Auxiliary bearing forces, drop at full speed
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6. Active Systems (apart from magnetic bearings)

“Axial Magnetic Bearings” and “Torsional Active Systems” were added as active systems in addition to
the “Radial Magnetic Bearings”. The generic term for these systems is “Active System”. It is used in
the GUIs instead “Radial Magnetic Bearings”.

6.1 Axial Magnetic Bearing

The “Active System GUI” with “Axial Magnetic Bearing” AMB selected among active systems is shown
in figure 6.1. As direction only the axial direction is active. It cannot be selected. The GUI to create a
controller from building blocks and to select the controller type can be opened in the same way by the
button “Controller” as for radial magnetic bearings.

Active System (from: Shaft 1 Comp Sect 1) EI = @
Created: 27-Nov-2012 18:18:53 Modified: 28-Nov-2012 19:52:27
Active System: | | 3 ~ Title: 1st SECTION COMPRESSOR THRUST BEARING
ctive System Type: agnetic Pull ks [N/m]
< Axial Magnetic Bearing -
Meas!
Displacement -
Directions:

Sensor 1, Act. 1 i

Sensor Station (1st bearing):

13 Thrust Disc (Pos 23) -
Actuator Station (1st bearing):
13 Thrust Disc (Pos 23) -

‘ Controller |

Cancel Delete m < Add ‘ |<<| << | > | =3 | Add > | Exit

Fig. 6.1: Active system GUI for axial magnetic bearings

In figure 6.2 a system with axial magnetic bearing is shown. The system has flexible couplings, which
are modelled with the spacers as shaft and the axial stiffness of the disk pack as black box shaft BBS.
The two compressors with the new symbols for axial magnetic bearings are shown in figure 6.3.

System

Axial Magnetic Bearings

1st 2nd

oo e ST e i
g OF — —»1
<05, T2 4 e T 2 ” 16
Stlff:ess Sﬁfq § 1-Dir [m] 7 Stiffness
section  section segfion seiﬁon

coupling  coupling coupling  coupling

BBS for disk-packs

MADYN 2000 v.3.8.development

Fig. 6.2: System with axial magnetic bearings
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Axial magnetic bearings

-0.4 - —_
o bl Il e
§OE: 4 IR [ (R S O I‘!Qlﬂ 1
L(g I-A!L-I I I
[a} 02 ﬂ H ﬂ H H ﬁ ’.“
0.4 T T T T I T T \
0 0.5 1 1.5 2 2.5 3 3.5 4
1-Dir [m]
0.4—
- 7
% ) = - -t B4 - é = ( - 4 --»1
: a
0.4 T T T T T T T \
] 0.5 1 15 2 25 3 35 4
1-Dir [m]

Fig. 6.3: Compressor shafts with axial magnetic bearings

The eigenvalues and natural modes of the system are shown in figure 6.4 and 6.5.

2000

System
Eigenvalue Analysis
Analysis: 29-Aug-2013 10:20:01 - rel.speed=1
Number of modes: 89
Min frequency: 0.00 Hz
Max frequency: 1897.18 Hz
1
T
08 -
kel
=1 o
& 06
=
£
g 04 B
©
[=]
o4 \I T L ® Py | | | i
0 200 400 600 800 1000 1200 1400 1600 1800

Natural Frequencies [Hz]

Fig. 6.4: Eigenvalues of the system with axial magnetic bearings
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Eigenvalue Analysis SYStem —— Axial displacement
Analysis: 29-Jan-2014 16:19:01 - ——— Max. Axial contr. coord.
Mode: 1 (Value = 3.677e+07)
Frequency: 8.53 Hz

511.8 cpm
Damping: 4.3 3

1st 2nd

Whirling direction: +0.00 Comp Sect 1 'g%i‘(l;lgg Motor SECTION Comp Sect 2

SPACER

MADYN 2000 v.4.0.development

Eigenvalue Analysis System
Analysis: 29-Jan-2014 16:19:01 -
Mode: 2
Frequency: 59.91 Hz
3594.5 cpm
Damping: 0.6 % 15t ond
Whirling direction: +0.00 Comp Sect 1 SSEi‘ggQ‘ Motor Ssiiggg Comp Sect 2

MADYN 2000 v.4.0.development

Eigenvalue Analysis System —— Axial displacement
Analysis: 29-Jan-2014 16:19:01 - ——— Max. Axial contr. coord.
Mode: 3 (Value = 1.077e+09)
Frequency: 62.91 Hz
3774.8 cpm

Damping: 52.2 % - -

n
Whirling direction: +0.00 Comp Sect 1 Ssiiygg Motor SSE%;'SF';‘ Comp Sect 2

MADYN 2000 v.4.0 development

AXial aisplacement

Eigenvalue Analysis System
Analysis: 29-Jan-2014 16:19:01 -
Mode: 5
Frequency: 210.65 Hz
12639.2 cpm
Damping: 18.3 3
1st 2nd
Whirling direction: +0.00 SECTION SECTION
Comp Sect 1 SPACER Motor Comp Sect 2

SPACER

1

MADYN 2000 v.4.0.development

. . System
Eigenvalue Analysis Y ——— Axial displacement
Analysis: 29-Jan-2014 16:19:01 - Max. Axial contr. coord.
Mode: 6 (Value = 1.599e+08)
Frequency: 223.78 Hz
13426.7 cpm
Damping: 0.1%
1st 2nd
Whirling direction: +0.00
Comp Sect 1 Ssiiygg Motor SECTION Comp Sect 2

SPACER
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Fig. 6.5: Axial natural modes of the system with axial magnetic bearings
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6.2 Active Torsional System

)

S
v

The “Active System GUI” with “Active Torsional System” ATS selected among active systems is shown
in figure 6.6. As direction only the rotation about 1-direction (=direction 4) is active. It cannot be
selected. The GUI to create a controller from building blocks and to select the controller type can be
opened in the same way by the button “Controller” as for radial magnetic bearings.

Sensor 4, Act. 4 -

Sensor Station (1st bearing):

2 -
Actuator Station (1st bearing):

1 -

Active System (from: BlackBoxShaft Fluid Coupling) IEI = @
Created: 30-Aug-2013 17:36:10  Modified: 30-Aug-2013 17:36:30
Active System: | | 1 | Title:
ctive System Type:
< Active Torsional System -
Displacement =
Directions:

| Controller ‘
Cancel Delete Prirt <Add||-:-:‘ Sy e Add>‘ Exit

Fig. 6.6: Active system GUI for active torsional system

Active torsional systems can be used for example to model linear motor characteristics as a function of
the shaft rotational speed. In the following an example to model the characteristic of a fluid coupling is
described, which is a general transfer function. The system can be seen in figure 6.7, the transfer
function of the fluid coupling describing the relation between angle and moment in figure 6.8. Since the
input to a normal ATS is the absolute angle or angular velocity, a black box shaft BBS had to be used
to create the relative displacement between the shaft ends of the pinion and output shaft by kinematic
couplings in MADYN classic code. The coordinates in the BBS with the relative displacements (for the
two shaft ends the relative displacements have different sign) are used as sensor and the connection
nodes of the BBS to the pinion and output shaft as actuators applying the force.

15 Motor
1 Booster Pump

£ el

Gear Fluid Output
PinionCoupling Shaft
1

Fluid coupling modelled
as BBS with ATS

Main Pump

1-Dir [m]

Fig. 6.7:
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Fig. 6.8: Transfer function (real and imaginary part) of the fluid coupling, moment in Nm per angle

The eigenvalues and mode shapes for this system are shown in figure 6.9 and 6.10.

Eigenvalue Analysis
Analysis: 04-5ep-2013 17:20:46 - rel.speed=1

Number of modes: 83

Min frequency:  0.00 Hz
Max frequency:  9953.75 Hz
0.25 — -

Damping Ratio
o
&

e |

[ 20 40 60

80

Natural Frequencies [Hz]

Fig. 6.9: Eigenvalues of the system with fluid coupling
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Eigenvalue Analysis
Analysis: 04-Sep-2013 17:20:46 -

Mode: 6

Frequency: 16.21 Hz
972.4 cpm

Damping: 7.7 %

Whirling direction: +0.00

43
|
1
| Booster Pump

Torsional angle

Gear

Eigenvalue Analysis
Analysis: 04-Sep-2013 17:20:46 —

Mode: 7

Frequency: 23.89 Hz
1433.2 cpm

Damping: 21.6 %

Whirling direction: +0.00
43
\

Motor

i
| Booster Pump
|

Eigenvalue Analysis
Analysis: 04-Sep-2013 17:20:46 -

Mode : 3

Frequency: 47.45 Hz
2846.9 cpm

Damping: 0.0 %

Whirling direction: +0.00

Gear

Fluid| Output Main Pump

Pinion Coupling Shaft

System

Gear

Torsional angle

Main Pump

Flui Output

Pinion CoupliigShaft

System

Torsional angle

Eigenvalue Analysis
Analysis: 04-Sep-2013 17:20:46 -

Mode: 9

Frequency: 98.36 Hz
5901.4 cpm

Damping: 0.8 %

Whirling direction: +0.00
43

Motor

Booster Pump

4 — -

Gear

Fluid Output Main Pump

Pinion Coupling Shaft

System

Torsional angle

Fig. 6.10: Mode shapes of the system with fluid coupling
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6.3 Imported Transfer Function in Table Form

Transfer functions of active systems may be given in table form as shown in the following:

Frequency Stiffness Damping
1.0 500.0 2000.0
2.0 2000.0 900.0

The frequency must be given in Hz.

Alternatively to “Stiffness and Damping” values “Real and Imaginary” part or “Amplitude and Phase”
may be listed.

All active systems now have the new building block “imported” allowing importing such a list as
transfer function. The controller GUI with this building block is shown in figure 6.11. The button “Define
Transfer Function” opens the window shown in figure 6.12 to select a file with the above described
content and edit fields to define numerator and denominator polynomials.

CON - Controller (from: Active System) E =) @

Created: 31-Mar-2014 14:14:58 Modified: 31-Mar-2014 14:16-10
Controller Title

Add Building Block Controller Building Blocks:

Parameters:

R —
Define Transfer Function .
—

Controller Type:

Analogue hd
Cancel Print| Plot Exit*

Fig. 6.11: Controller GUI with building block “imported”

Bl Define Transfer Function \EI 5] @

Transfer Function File:

Choose File. ..
Mumerator Order: 4 From Freq.: 1 [Hz]
Denominator Qrder: 4 To Freq.: 1000, [HZ]
| Create Polynomials |
Cancel Plot... \ﬁ/

Fig. 6.12: Window to the define the imported transfer function

In the print of a controller with an imported transfer function the polynomials as well as the poles and
zeros of the imported function are shown. The poles allow checking if the function is stable or not. In
case a pole has positive real parts it is unstable and may cause instability of the system.
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7. Rolling Element Bearings

In general rolling element bearings (REB) are speed dependent (considering the centrifugal and
gyroscopic effect of the rolling elements, which can change the contact angles for some types of
bearings) and the force displacement relation is nonlinear. The affected coordinates are the
displacements in axial and radial direction x1, x2, x3 and rotations about the radial axes ®2, ®3. In
contrast to current radial bearings also the rotational coordinates around 2 and 3 as well as the axial
displacement are involved. To calculate linear vibrations the concept of considering rolling elements is
quite similar to fluid film bearings. The force displacement relationship can be linearized around the
static equilibrium. The linearized behaviour can be described by a 5x5 speed dependent stiffness
matrix K(n). For the modelling of the bearing and analysis of the stiffness matrix software provided by
MESYS is integrated into MADYN 2000 (see /1/).

The GUI to define rolling element bearings is shown in figure 7.1. A check box can be activated to
consider the centrifugal force. For bearings, which can take radial and axial loads the boundary
conditions “Axially loose” or “Axially fixed” can be selected. The “Edit Bearing” button opens the GUI in
figure 7.2 of MESYS to define the bearing geometry, lubrication and material properties.

REB - REBearing (from: Station 6) = @ [
Created: 29-Sep-2013 20:14:32 Modified: 12-Dec-2013 12:33:31
REBearing Title:

Radial angular contact bearing

Inner Diameter: 100 mm
Quter Diameter: 140 mm

Speed-dependent bearing (consider cenfrifugal forces)

Axially fixed -

BExit™

Fig. 7.1: GUI to define a rolling element bearing

i11Rolling Element Bearing @

Bearing geometry Bearing configuration Material and Lubrication ‘
|Aﬂgu|ar contact ball bearing = | EI |Se\ect bearing from database - |
Inner diameter 4 100 mm Dynamic load number C  45.6066 kM
Outer diameter D 140 mm Static load number CO0  52.6347 kM
Manufacturer name di [mm] De [mm] B [m * Fatigue load imit Cu 220 o
Generic 719320 160 230 28 Bearing clearance Own input as operating :\earanc:l
Generic 719300 150 210 28 Aol cearance Fa o m (5]
Generic 719280 140 190 24

Generic 71926D 130 180 24

Generic 71924D 120 165 22

Generic 719220 110 150 20

Generic 719210 105 145 20

T TN -

< 1 »

Cancel Exit.

Fig. 7.2: MESYS GUI to define the bearing properties
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The MESYS software has a database to select among different sizes and types of bearings.
Alternatively the bearing geometry can be defined. In table 7.1 the available types of bearing and their
boundary conditions are listed.

Table 7.1: Bearing types and their boundary conditions (loads they can take)

Bearing Type

Boundary Conditions

Deep groove ball bearing

Load in radial and axial direction

Double deep groove ball bearing

Load in radial and axial direction

3 Axial deep groove ball bearing Load in radial and axial direction, small radial
load

4 Radial angular contact bearings Load in radial and axial direction

5 Axial angular contact bearings Load in radial and axial direction

6 Double row angular contact bearings Load in radial and axial direction

7 Single row spherical ball bearings Load in radial and axial direction (no
moment)

8 Double row spherical ball bearings Load in radial and axial direction (no
moment)

9 Four point ball bearings considered as radial | Load in radial and axial direction

bearings

10 | Four point ball bearings considered as axial Load in radial and axial direction

bearings

11 | Duplex ball bearings (double deep groove Load in radial and axial direction

ball bearing with axial offset)

12 | Radial cylindrical roller bearings Load in radial direction only (NU,N). Types
with shoulder also in axial direction (NUP, NJ
single direction).

13 | Double row radial cylindrical roller bearings Load in radial direction only. Types with
shoulder also in axial direction.

14 | Axial cylindrical roller bearings Load in axial direction only

15 | Needle bearings Load in radial direction only

16 | Taper roller bearings Load in radial and axial direction. Axial load
is necessary. Its magnitude can be estimated
by setting x1=0.

17 | Spherical roller bearings Load in radial and axial direction (no

moment)

The REB data can be exported to MESYS XML files and loaded from XML files by the context menu
shown in figure 7.3, which is opened with a right mouse click in the GUI.
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B MADYN 2000 - DELTA JS AG - C\Users\Joachim Schmied\Documents\Source code\trunk\tests\examples\reference_special_features

Fjla_Modoal Londe Dot Cos LioL

B REB - REBearing (from: Station 6) = B[S

Created: 29-Sep-2013 20:14:32 Modified: 12-Dec-2013 12:36:00
REBearing Tille:\ \

Radial angular contact bearing

Inner Diameter: 100 mm

Outer Diameter: 140 mm Copy

Paste

Load

| Axially fixed - Save as...

Import MESYS XML file...

ki e e | Exportas MESYS XML file
Cancel Delete

"] Speed-dependent bearing (consider centrifugal forces)

Properties

Fig. 7.3: Context menu to import and export MESYS XML files

In figure 7.4 a system of an induction motor with rolling element bearings is shown. The symbol for this
new type of bearing can be recognised. The REB type in the system is an angular contact bearing,
which can take axial and radial loads.

Induction Motor

X Total mass: 1468.1 kg, CoG: 1390 mm
Polar moment of inertia: 33.8 kg m?
Transverse moment of inertia: 264.27 kg m?
Nominal speed: 49.83 rps, 2990 rpm

04
& &
Q~ 1]
-03- & &
*s'\\'\' *\0
02— ?}\0\\ @S’}\

£ ® 7<V—V—HW
ER > 1
=]
T 01
0.2
0.3 |
0.4 T T T T T 1
0 05 1 15 2 25 3
1-Dir [m]
393 mm 2000 mm 350 mm
21.24 kg 1425 kg 21.61 kg

Total shaft length: 2743 mm

MADYN 2000 v.3.8.development

Fig. 7.4: System with REB

The static load for this system is shown in figure 7.5. The corresponding shaft deformation and shaft
forces can be seen in figure 7.6 and 7.7 for a radial axial coupled analysis. A magnification of the
bending moments at the axially fixed bearing can be seen in figure 7.8.
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System Induction Motor

Static Loads
Load case: StaticLCCom 1
Gravitation:

(Weight and Axial Bearing Forces)

g, = 0.00 /5%, g, = 9.81 w/s”, g, = 0.00 m/s’

Induction Motor

Label

Force 1-dir
F1 5000 N

Fig. 7.5: Loads for static analysis

System Induction Motor

Static Analysis
Load case:  StaticLCCom 1 (Weight and Axial Bearing Forces)
Analysis: 02-Dec-2013 18:18:13 - rel.speed=1

MADYN 2000 v.3.8 development

Bending displacement
— Axial displacement

Result Type: Displacements
-20
m
-100 Induction Motor LL16
B -12
-60 -8
-40 e
20 —— : = -4
: N——= Seeee—
40 - : :
60 8
80 12
100 16
20

Acxial displacement
Value: 19.7477
Axial pos.: 0.3925 m

Fig. 7.6: Static deformation

System Induction Motor

Static Analysis

Load case: StaticLCCom 1 (Weight and Axial Bearing Forces)
Analysis: 02-Dec-2013 18:18:13 - rel.speed=1

Result Type: Forces and Moments

Acxial displacement
Value: 20.6456
Axial pos.: 1.388 m

Axial displacement
Value: 20.6456
Axial pos.: 2.743 m

Bending moments
Shear forces
Axial forces

REB forces

-10.00 ,
e+3 N
5000, 800T y ., -5000
Nm s st N
-4000+ -6.00T Induction Motor +-4000
30001 400+ +-3000
-2000 1 +-2000
ao00f 20T 1 -1000
0+ 0001 agiemmmrtal’ = o1

1000 ! EE ﬁ 11000
2000 ZOT | }

1 ! +2000
3000 4007 ! ; : 43000
4000+ oot | R e 14000
5000 + v2 et +5000

8.00 +
10.00 +

Fig.7.7: Static shaft forces
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Bending moments
Value: -161.772
Axial pos.: 0.3925 m

N

Bending moments

Value: 38.1602

Axial pos.: 0.3925 m

/AL

Fig. 7.8: Shaft bending moments at the axially fixed bearing

The main axial displacement takes place in the fixed bearing as can be seen in figure 7.6. The axial
shaft deformation due to the axial shaft force is much smaller. In figure 7.8 can be recognised, that the
angular contact bearing applies a moment of about 200Nm on the shaft (difference of 38N and -162N).

The stiffness matrices for this load can be seen in the following table.

Table 7.2: Rolling element bearing stiffnesses

Rolling Element Bearing Properties:

Induction Motor:

Station 6,

Stati

on 6

General Stiffness Matrix:

(Axially fixed REE)

k1 k2 k3

[1/m] [1/m] [1/m]

[N] 244883650.5%15 205%604712.1856 -0.0016
[N] 209598351.4818 442354558.3198 8.2423e-04
[N] 0.0012 -0.0038 455840538.8048
[N m] 0 0 0
[N m] —-5.2250e-05 —-5.2768e-006 14757913.0320
[N m] —-6833611.2173 -12135884.04¢67 -1.1233e-04

Station 6,

Induction Motor:

Station 24,

General Damping Matrix is empty

Station 24

(Axially loose REE)

General Stiffness Matrix:

k1

[1/m]

[N] 0
[N] 0
[N] 0
[N m] 0
[N m] 0
[N m] 0

Station 24,

k2
[1/m]
1]

460541004.6120

-0.0042

0
-3.1760e-04
33781.227¢

k3
[1/m]
1]

0.0036

110128058.8847

0
-26768.1966
3.6671le-05

General Damping Matrix is empty

k4
[1/rad]

cCooooo

k4 k5 ko
[1/rad] [1/rad] [1/rad]
0 -3.7783e-08 —-6842.6132
0 3.5758e-08 -12138.2273
0 14764.3571 5.5050e-08
0 0 0
0 484276.5381 1.6200e-07
0 -3.3242e-06 397147.08506
k5 ko
[1/rad] [1/rad]
0 0
-1.6513e-10 —-49.2777
—-6.9134 5.0506e-10
0 0
7614.3257 3.6664e—-08
—7.6953e-09 52443.7659

The natural modes of the shaft can be seen in figure 7.9. The coupling of axial and bending vibrations
can be clearly seen. The vertical bending and axial direction couple in two modes with different
direction of the axial vibration with respect to the bending direction.
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Relative speed:
Mode:
Frequency:

Damping:

100%

1

44.66 Hz
2679.5 cpm
0.0 %

Whirling direction: -0.08

Relative speed:
Mode:
Frequency:

Damping:

100%

2

45.40 Hz
2723.7 cpm
0.0 %

Whirling direction: +0.03

Relative speed: 100%

Mode:
Frequency:

Damping:

Whirling direction:

3

55.68 Hz
3341.0 cpm
0.0 %

+0.02

Bending displacement
Axial displacement

Induction Moor

Induction Motor

Bending displacement
Axial displacement

— Axial displacement

Bending displacement

Induction Motor

Fig. 7.9: Natural modes of the system with REB
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8. Squeeze Film Damper (SFD)

8.1 Squeeze Film Damper in a Floating Ring Bearing

Setting the ring speed of a floating ring bearing to zero will create a squeeze film damper for the outer
film. Squeeze film dampers are not able to carry a load unless the ring has a tangential velocity, which
creates a radial force. Horizontal rotors with a weight therefore require an analysis considering the
static and dynamic load simultaneously; they cannot be calculated separately and later superimposed,
i.e. a nonlinear analysis is required. In case of a linear analysis the damping coefficients of the
squeeze film damper in centred position are calculated.

The GUI of the floating ring bearing with zero ring speed is shown in figure 8.1. The button opening
the outer bearing (Outer RFBearing) changes to “Outer SF-Damper” in case of zero ring speed. The
GUI for the squeeze film damper is shown in figure 8.2.

FRB - FloatingRing (from: Station 5 Lager V-Seite)

FloatingRing Title:

Created: 03-Jan-2014 15:05:08 Modified: 03-Jan-2014 17:46:57

b= o )

Origin: | User Defined

Floating Ring Mass [kg]
0.232

Ring Speed Ratio Calculation:

Uggefes

loating Ring Speed Ratio [ % ]
0
Title”

Fluid:
Name: -
Qil VG150 - Fluid Data
Type of Analysis:

| 2-phases (Non-linear Analysis)
Heat Flow [Wf°C]
1]

Analysis: |ALP3T_DinTab = | 1 Load Case Variant

< Quter SF-Damper >

— function — =

Inner RFBearing

Cancel Delete

Print Exit

Fig. 8.1: FRB GUI with squeeze film damper

RFB - RFBearing (from: FloatingRing)

RFBearing Title

=] B s

Origin: |User Defined

Created: 03-Jan-2014 17:32:06 Modified: 14-Jan-2014 16:55:45

Diameter D [mm]  Width B [mm]
Geometry: [s1 24.8

w=dRi,[%] Ratiow, =dS/
Clearance: 9.2 1

Title:

Fluid:
Name: Mean Temp. [C]
Oil VG150 v 83

Pad Type

Fixed - 1 Pad

Preload m= (dS—dR)de Adp = Range []

[ define File for Mon-linear Data Import

] 3
Fluid Data
Inlet Press. (Pocket Gauge) [bar] Canting ange
o a
Ambient Pressure for 2-phase flow [bar]
1
Initial Gas Bubble Fraction[ % |
1] | So-similarity
CALC List Resuits
2-phases
| ‘ CALC Nonlin. Data | List Nonlin. Results
2-phases

Cancel

List ALP3T-lin ‘ L\stALP3T7Qp| L\stALPBTfNL‘ Print| Plot Exit®

Fig. 8.2: GUI for the squeeze film damper
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The GUI for the squeeze film damper is shown in figure 8.2. Only analysis type “ALP3T_T=c_ad”
(constant adiabatic) with or without 2-phase flow, which is defined in the FRB GUI, are available. The
analysis is carried out without turbulence (i.e. without Re-number). The load definition does not play a
role, since only the centred position is analysed in case of the linear characteristics. Therefore only
one set of dimensioned damping coefficients is shown under “List Results”. In the nonlinear
characteristics the So-number and the a-angle are all zero, since the SFD cannot create a force
caused by rotation. They are not shown under “List Results”. Two sets of damping coefficients ;" and
Bic are listed and can be plotted. The B;." values apply for a positive radial velocity (movement in
direction of the bearing wall), whereas the B; values are used for negative radial velocity (movement
away from the wall), see figure 8.3.

D= 51.0 mm, B =24.8 mm, ‘¥ city (damping coefficients +)

Beaa® = &5 € VG150, Type o ALB3T b = "pdigan

10000 - : : 5000

8 8
5000 0
g g
a &
-5000L.-
- 200 e 20
L P o R Pt 0
04" T - 100 04 s
06 - % 06 e
08 — - 08
— 100 -
200 -200
gamma gamma
s aps
Beta 23 Bota 22
5000~ : - 10000 ~ .‘:f'
Q o 5000 !
i’ 5
-1 & 0 5,
Ly
50001 . e e 50001 -
0 T - 200 0 el 200
02 . o 0z o
04 — . gt 100 04 — 100
06 — o 06 T o
08 - - 08 —~
. - 100
200 -200
gamma gamma
MADYN 2000 v.3.8. development
D 51.0 mm, B 24.8 mm, ¥ 2.00 %, m 0.000, ¥ 1.00, non-linear ana rce due to Velocity (damping coefficients -)
Gamma a3 = &5 © Fluid: 0l VG150, Type of Ans ase mode] Speed = Sfg it 0
008, 0.02
0.02- 0.01-
a3 8
£ oot E o
E E
= H
I 0+ S 001
0011 o -002:L -
P 200 e - T 200
L T - e o 02 Tl e 0
04 T . L oo 04 T 1o
08 — 0 08 ] 0
08 T — 08 - -
100 T~ -1
200 200
gamma gamma
eps eps
Gamma 23 Gamma 22
002 004
001
a § 002
g o £
£ E Fe
H g 0~
@ 001~ <
002l 0021
0 el . 200 0 el 200
02 i A e 02 e
04 T wr L 10 04 s e ')
P o
e - 0 i 0
08 08 -~
100 — 100
=200 =200
gamma gamma

MADYN 2000 +.3.8 development

Fig. 8.3: Dimensionless damping coefficients p* (Beta) and p~ (Gamma) as a function of the journal
position € and y
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8.2 General Squeeze Film Damper (Standard Bearing)

A general squeeze film damper currently can be created as bearing type “Standard” and imported
dimensionless data. The dimensionless table may stem from the inner film of a squeeze film damper.
This is a temporary workaround, until a standalone squeeze film damper will be available.

9. Improvements and New Features for Fluid Film Bearings
9.1 General Improvements

The speed and convergence of ALP3T bearing analyses have been considerably improved. This helps
for extreme cases such as tilting pad bearing with small preload and central support.

The hydrostatic pocket width can be defined. In previous releases it had a standard width of 98%
bearing width. This feature is implemented since version 3.7.4 and described in the current
documentation 11.6.11

9.2 Closed Cylindrical Bearing

The RFB GUI for the closed bearing is shown in figure 9.1. To model this type of bearing the pad type
“Closed” is introduced. In order to supply fresh lubricant to the bearing an axial pressure has to be
defined for the closed bearing. Closed bearings do not have any pockets. The pad GUI therefore is
simplified. It is shown in figure 9.2.

The analysis types of a closed bearing are restricted to ALP3T_T=c_ad (constant adiabatic) and
ALP3T_T=v_ad (variable adiabatic) with 2-phase flow. This is due to the fact, that closed bearings
mostly run in high ambient pressure and that cavitation in large areas is suppressed, which requires 2-
phase flow for correct modelling.

RFB - RFBearing (from: C\..\RFB_closed_bearing\RFB_Example_lpad_closed_c_ad_p_ambient_100bar_Dp_3bar_low_load_water... E [=] @

Created: 12-Nov-2013 15:30:22  Modified: 12-Nov-2013 15:30:22

RFBearing Title:|1F_Cylindrical, ambient pressure 100bar, low load Origin |yser Defined  ~
Diameter D [mm]  Width B [mm] Pad Type

Geometry: 100 50 Closed - \&/
¥= deM [%] Ratio lPV = dedR Preload m = (dS-dR)de Aer =Range [’]

Clearance: 0.15 1 0 3.00001
Title:

Fluid Fluid Data
Name: Mean Temp. [C] Axial pressure diff. [bar Canting Change
Water > |60 3 :

Ambient Pressure for 2-phase flow [bar]

100

| So-similarity

Analysi 1 Load Case Variant List Results
‘ define File for Non-linear Data Import | lin. Data List Nonlin. Results
2-phases
Cancel List ALP3T.lin | L\slALPBT—Op| L\stALPBTfNL‘ Print| Plot Exit

Fig. 9.1: RFB GUI for the closed bearing
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PDG - PadGeometry (from: RFBearingUserDef) EI =] @

Pad | 1 ~ Title:

Ratio ¥, =dS/ o Preloadm = (dS-dR) ;o pgg Type
Clearance: |1 0 Closed b

| Common Clearance

Pad Angles: | Hgjp~ | Show All \ \ Show Pad Geomeiry \ \ Show Pad Clearance
Ratio ‘PV = dS;fdR Preload m = (dS-dR)/dS
Clearance: 1 0
Start Angle Sector [’] Curvature Center [] End Angle Sector [’]
-180 180 180
Change All Pads...
Cancel | Delete | <Add [ =< | <= | = | - | Ada> | Exit *

Fig. 9.2: Pad GUI for the closed bearing

The static results and coefficients of a cylindrical water lubricated bearing in high ambient pressure for
a rather low load of 100N can be seen in figure 9.3 and 9.4. It can be clearly seen, that the position
angle is 90° even at relatively low speed, that the stiffness matrix at elevated speed (> 50cps) is skew
symmetric (k32=-k23, k22=k33=0) and that the damping matrix is diagonal (d123=d32=0) and equal in
both directions d22=d33). These are typical characteristics for a low loaded closed cylindrical bearing.

1F_Cylindrical, ambient pressure 100bar, low load
D = 100.0 mm, B = 50.0 mm, ¥ = 1.50 %, m = 0.000, ¥ = 1.00,
T = 60 C, Fluid: Water, Type of Analysis: ALP3T_T=c_ad (2-phase mode)
Load Case 1: Speed: 10 - 200 Hz, Force: 100.000 N, Angle: 0.0°

Forces & 200 I B e e N S T D
o 3 s
8100 1
20 s
40 1234567 8 91011121314151617181920
2 MM
60 =
80 8
&
100+ © oY | AN N N S S N S S ST S T S
50 100 11 ? ‘3 Tl ‘5 fS I7 f3 ?1.01,1 1?1:3 1‘41‘51‘61‘71‘81‘920
Displacement 5
o
0 2
= <
=
_§20 =
3 € : =—©— So. from Load
5 40 3 —— ALP3T result
«§ &,05 ==
60 ey 6 11 16

Load number

0 20 40 60
3-Direction [um] MADYN 2000 v.4.0.development

Fig. 9.3: Static results of a closed water lubricated bearing in high ambient pressure (100bar)
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Fig. 9.3:

K [N/m]

d [Ns/m]

1F Cylindrical, ambient pressure 100bar,

-38 -

low load

D= 100.0 mm, B = 50.0 mm, ¥ = 1.50 %, m = 0.000, ¥ = 1.00, ;g
T = 60 C, Fluid: Water, Type of Analysis: ALP3T T=c_ad (2-phase mode) 32
Load Case 1: Speed: 10 - 200 Hz, Force: 100.000 N, Angle: 0.0° 33
x 10 Stiffness
1 1 1
0 20 40 60 80 100 120 140 160 180 200
x 10° Damping
T T T
\
1 1 1 1 1 1 I 1 |
0 20 40 60 80 100 120 140 160 180 200
Speed [cps] MADYN 2000 v.4.0.development

Coefficients of a closed water lubricated bearing in high ambient pressure (100bar)
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10. New Features for Static Analyses
10.1 Alignment Sensitivity Analysis

The alignment sensitivity analysis calculates the sensitivity of the bearing pressures (bearing forces
per projected bearing area) and the shaft stresses at stations in case of a bearing lift of 1mm of each
bearing relative to a base case. Typically the base case is a static load case with a weight and an
alignment load, which represents an ideal alignment. The GUI to define an alignment sensitivity
analysis is shown in figure 10.1. In the GUI the base case must be defined and stations for the
stresses can be selected in “Result Selection”. Bearing loads are always calculated and cannot be
selected. Further analysis parameters are according to the base case.

ASI - StaticAlignInfluence (from: Static) E = @
Created: 21-Jan-2014 14:33:57 Modified: 21-Jan-2014 14:33:57
StaticAligninfluence: | 3 ~| Title:

No results are calculated for this Analysis: | Options

Base Static Result with Alignment load:

17-Dec-2013 18:14:38 - StaticLCCom 2 (Weight and Optimized Vertical Alignment), ri...iv

Result Selection m

Calculate »
Cancel | Delete ‘ <Add ‘ |<<‘ << | B | >3] ‘ Add > | Exit * |

Fig. 10.1: GUI to define an alignment sensitivity analysis

It should be noted, that the shaft stresses for the alignment sensitivity are evaluated at stations, not in
sections. Each station has two adjourning section, with potentially different stresses. The sensitivity is
calculated for the higher of the two stresses in the base load case.

The results of a sensitivity analysis for the example in figure 10.2 are shown in the following. The rotor
has six bearings, i.e. the sensitivity is calculated for six bearing lifts. The base load case and result are
shown in figures 10.3 and 10.4.

Turbogenerator Train

IP Steam .
— -1~ HP Steam Turbine Turbine LP Steam Turbine Generator Exciter
ET[ - Sy
=) o BT WM_—‘ *
o~ 12 | | | L 1 ]
0 5 10 15 20 25 30
1-Dir [m]

MADYN 2000 v.4.0.development

Fig. 10.2: Example for the alignment sensitivity analysis
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Turbogenerator Train
Static Loads

Load case: StaticLCCom 2 (Weight and Optimized Vertical Alignment)
Gravitation:

g, = 0.00 m/s”, g, = 9.81 m/s", g, = 0.00 m/s”

IP Steam .
HP Steam Turbine Turbine LP Stﬁam Turbine
D1 e D2 e TR
L jfiEEee | E=E mr=eeFHHHEHIR o E:
e L =SSl NS e
v2
Label Displ t 2-dir Displ t 3-dir
D1 1700 ym 0 pm
D2 -910.95um 0pm
D3  -7400um 0 um
D4 -11800 pm 0pm
Fig. 10.3: Base load case
Turbogenerator Train
Static Analysis
Load case: StaticLCCom 2 (Weight and Optimized Vertical Alignment)
Analysis: 17-Dec-2013 18:14:38 - rigid support
Result Type: Displacements
1000
.
g P St
00 HP Steam Turbine Turbine. LP Steam Turbine
200 —— o
000) ¢RI
2.00 Tﬁ A A A
4.00
600t Y2
8.00
10.00

Fig. 10.4: Base load displacement result

Generator D3 ExciterP4

MADYN 2000 v.4.0.development

Bending displacement

Generator

=

The alignment sensitivity has only print, no plot outputs. The print can be seen in the following. The
results of the base load and the sensitivities of the specific bearing loads and bending stresses at
selected locations can be seen for the different bearing lifts B01 to B06. For the bearing forces as well
as for the bending stresses the components in two directions are considered. The sensitivities are

calculated from the magnitudes.

Static Analysis:

with selection

Created: 16-Dec-2013 18:04:40
Modified: 16-Dec-2013 18:08:08

System:
Turbogenerator Train
TLA case: [1 0 0 1 0 0]

Analysis Parameters:

The analysis has been carried out with rigid bearings characteristic.
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Resu
Crea

1lt:

ted: 21-Jan-2014 10:58:15

Parameters of the result:
Relative Speed: 100.

0%

Alignment Sensitivity Analysis

Base
BO1
BO2
BO3
B0O4
BOS
BO6

RFB

Stat
S1-0
S1-3
S3-0
S4-0
S4-2
S5-1

[MPa]
MPa/mm
MPa/mm
MPa/mm
MPa/mm
MPa/mm

[
[
[
[
[
[MPa/mm

]
]
]
]
]
]

Specific

ion B
3
4
3
3
3
0

O Wk

- Reference Bearing

- Shaft
- Shaft
- Shaft
- Shaft
- Shaft
- Shaft

Load

ase

.3368 0.
.5099 -0
.8409 0.
.2621 -0
.8451 0.
.3264 -0

Station Stresses

Stat
S1-0
S1-3
S1-3
S2-0
S2-1
S3-0
S3-3
S4-0
S4-1

ion B
4
4
5
4
7
3
7
7
7

Jy
[N, IR RIS OV S © B¢ o)

N -

.6476
.1949 -
.6582 -
.3599
.8426
.6156
.4555 -
L4612
.3802

ase

OO O OO NJR

1

1
3
4
4
5

BO1
1907 -0.4048

(HP Steam Turbine) :
(HP Steam Turbine) :
(LP Steam Turbine):

(Generator) :
(Generator) :

(Exciter): Station 10

B02

.1310 0.4020

0443 -0.2198

.0048 0.0674

0003 -0.0045

.0003 0.0047

BO1

B02

L2690 -2.6944
L0222 14.9104
L7295 13.2082
.8197 -2.8118
.2660 3.2624
.5955 -0.7756
.0264 0.3748
.0177 -0.2506
.0028 -0.0398

10.2 Speed Dependent Loads

Station 3

Stat

Station 34

Stat

Station 23

B03

0
-0.
0.
-0.
0.
-0.

.2385

3827
3212
1794
0465
0484

BO3

-8.
-2.

0.
-3
13.

2

.5872

7835
4517
4172

.2529

4491

.4286
.5740
.4085

-0.

-0.

-0.

Load or Shaft Stress

ion 3

ion 3

(Bearing 1)
(Bearing 2)
(Bearing 3)

(Bearing 4)

(Bearing 5)

B04

0256
L1174
1794
L1726
1039
.2178

B04
L1701
L9411
.2557
.6044
.0504
.3524
.4343
.6899
.1598

(Bearing 6)

-0.
-0.
-0.
-0.

-1.

BOS
.0016
.0072
.0424
.0947
L2128
L1214

BOS

.0104
0576
0156
0370
1866
.3595
.8252
.3844
9283

-0.

-0.

-0.

BO6

0003
.0015
0086
.0388
1512
.6006

B06
.0021
L0117
.0032
.0075
.0380
.0732
.1680
.0356
.7165

In version 4.0 speed dependent loads for static analyses can be defined. This feature is useful for
example for gear shafts, which have a speed dependent mesh force. An example for such a load is
shown in figure 10.5.

The GUI to define this speed dependent load is shown in figure 10.6. The speed dependence is
defined by one or several functions, which are created in the function GUI shown in figure 10.7. The
GUIl is called by the highlighted button in figure 10.6. Defined functions can be assigned to forces in
the load GUI by the drop down menu next to the edit field to define force values (marked in red). The
forces are multiplied by the function values.

The further procedure to carry out a static analysis with speed dependent load is similar to any static
analysis in a speed dependent system. Analyses with rigid supports, which are normally speed
independent, become speed dependent.
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System from Pinion
Static Loads
Load case: StatieLC 1 (Mesh Force,

f(n) til 100%), speed-dependent

Pinion -
k1
F,=-83371 N
57305 N
F,= -83370.5N B\ =
J=-303446N [
7 N
\- N\
-1
a3
~
5
{ iy
| N
|
i
v2

MADYN 2000 v.4.0.development

Fig. 10.5: Pinion with speed dependent mesh force

81 SLC - StaticLC (from: Static) [F=RE=R <"
Created: 19-Oct-2012 10:56:20 Modified:
StaticLC: | | 1 ~ | Title: Mesh Force, f(n) til 100%
No results are calculated for this Load Case: | Opfions
Type of Load: Force [N] Speed Dependence:
Forces and Moments v  Direction1: o Constant -
Load Location Direction2: -83370.5 Function 1
Select Shaft:
Shaft 1 (Pinion) . Direction3- |-30344.6 Function 1
Station: Moment [N m]
EEEEE ~|  Direction 4: =
Station 4 (Sensor 3) o Constant
Station 5 (Bearing 3) = A
Station 6 5 Direction 5 o Constant =
Statien 7
Station 8 Direction & o Constant -
Station 9
Station 10
* Station 11 (Centre of Mesh (3)) Add - Show Loads ,
Cancel Delete <Add ‘ |<:<:| > | 5| ‘ Add > ‘ Exit |

Fig. 10.6: Load GUI to define a speed dependent load

SLC - Relative Force as a Function of a Relative Speed

1

B FRC - Function (from: StaticLC 1 Mesh Force, f(n) til 100%) = B 08} 1
Created: 28-Oct-2013 14:67:54  Modified: 08-Nov-2013 16:35:32 =
1 | e g oo} 1
g o
w
o
Relative Speed [-]: Z 04l |
0.1 : 0.1 : 1 e
4
Relative Force [-]: >
02t > 1
0.01 0.04 0.09 0.16 0.25 0.36 0.49% 0.64 0.81 1 /
0 ] 1 L
Cancel Delete Plot| <= | > ‘Add‘ Exit ‘ 0 02 04 06 08 1
—— Relative Speed [-]:
MADYN 2000 v.4.0.development

Fig. 10.7: Function GUI to define speed dependence with corresponding plot
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11. Extension of Modelling Objects
11.1 General Spring (with off diagonal elements)

Until the last version the general spring GSP could only contain diagonal stiffness and damping
values. In version 4.0 a full 6x6 matrix including off-diagonal elements can be defined as general
spring.

The GSP GUI is shown in figure 11.1. As in previous versions it contains edit fields for the diagonal
elements. Additionally it contains the highlighted buttons, which opens the GUI in figure 11.2 to define
a full stiffness and/or damping matrix. The matrix can be saved to a text file and loaded from a text file.
In case of loading the file must contain 6 rows and columns.

B GSP - GSpring (default) =] B[]

Created: 21-Jan-2014 16:18:14 Modified: 21-Jan-2014 16:18:14
General Spring Title:

Diagonal Stiffness:

K11 [N/m] K22 [N/m] K33 [N/m]
translational 0 0 0

k44 [N m/rad] k55 [N m/rad] k66 [N m/rad]
rotational 0 0 0
Diagonal Damping:

d11 [N s/m] d22 [N s/m] d33 [N s/m]
translational 0 0 0

d44 [N m sfrad] d55 [N m s/rad] d66 [N m s/rad]
rotational 0 0 0

< Off-diagonal Stiffness Off-diagonal Damping
[ Notset | | Notset |
\

Cancel Pt | |t
Fig. 11.1: GUI for the general spring GSP

GSP - GSpring (from: Station 4 BEARING, PULLEY SIDE, 6207) = @ [

General Siiffness Matrix:

dir.l [1/m] dir.2 [1/m] dir.3 [1/m] dir4 [1/rad] | dir.5 [1/rad] | dir.6 [1/rad]
dir.1 [N] 34400000 -35600000 -930000 0 -6960 392000
dir.2 [N] -35600000 203000000 -2860000 0 -21100 -1140000
dir.3 [N] -930000 -2860000 240000000 0 1480000 21100
dir4 [N m] 0 0 0 0 0 0
dir.5 [N m] -6960 -21100 1480000 0 13300 157
dir.6 [N m] 392000 -1140000 21100 0 157 11400
| LoadDafe.. | | SaveData..

Cancel Exit™

Fig. 11.2: GUI to define the full GSP matrix

It should be noted, that the full GSP matrix can be varied in stiffness and damping variation. This
allows for example simulating a cross coupling stiffness variation for lateral stability analyses as it is
required in API. A corresponding full GSP matrix is shown in figure 11.3. The result of the variation for
the example in figure 11.4 for the 1% forward whirling bending can be seen in figure 11.5.

MADYN 2000, New Features in Versions 4.0 January 2014



B3 GSP - GSpring (from: Station 13 Middle)

General Stiffness Matrix:

dir.1 [1/m] dir.2 [1/m] dir3 [1/m] | dir4 [1/rad] | dir5 [1/rad] | dir6 [1/rad]
dir.1 [N] 0 0 0 0 0 0
dir.2 [N] 0 1.0000e-04 1 0 0 0
dir.3 [N] 0 -1 1.0000e-04 0 0 0
dir4 [N m] 0 0 0 0 0 0
dir5 [N m] 0 0 0 0 0 0
dir.6 [N m] 0 0 0 0 0 0
[ Load Data... ] [ Save Data.

Cancel

Exit

Fig. 11.3: GSP full matrix for lateral cross coupling variation to assess the rotor stability

X Total mass: 804.89 kg, CoG: 1198 mm
Polar moment of inertia: 11.082 kg m?
Transverse moment of inertia: 234.24 kg m?
Nominal speed: 130.00 rps, 7800 rpm

Compressor Shaft

ODm main
IDm main
ODs main
IDs main
OD add mass/inertia

0.4

0.3

&
&
N £
02— '@&W !&.z. ijz@
S S 9 &

0.1 7 &
E L] ° &l
2 T &
2 0 R |
3 2 2| |24
-3 18

0.1

02| (IS

0.3

04 T T T T 1

0 05 1 15 2 25
1-Dir [m]
220 mm 2015 mm 175 mm
35.29kg 754.2kg 1539 kg

Total shaft length: 2410 mm

Fig.11.4: Example rotor for cross coupling variation

Compressor Shaft with Bearings

Parameter Variation Analysis
Type: Variation Stiffness
Rnalysis: 21-Jan-2014 17:15 - VSD, 11 factors

(5e-05...2.5e+07) -(Variation

Compressor Shaft: Station 13 (Middle), for GSP (variation)

Relative Speed: 1.000

100 T

GSP with cross goupling s

80

60

40t

Natural Frequency [Hz]

05 1

Damping Ratio [%]
o
T

5 L I

05 1

15 2

Factor for Bearing Characteristics [-]

Fig. 11.5: Result of cross coupling variation to assess the rotor stability (also see APl 617)
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11.2 Flexible Coupling Damping

The GUI for the modelling of a flexible coupling in version 4.0 is shown in figure 11.6. The new edit
field to define a damping coefficient for the coupling is highlighted. The dimensioned damping
coefficient is directly used in the eigenvalue analysis and thus influences eigenvalues and mode
shapes, whereas the “Damping Ratio” or “Dynamic Magnifier” calculates the effect of the coupling
damping ratio on the damping ratio of a natural mode by multiplying the coupling damping ratio with
the ratio of the deformation energy in the coupling to the deformation energy of the complete rotor.
The shapes are not influenced by this value.

FCP - Coupling (from: System Motor Gear Compressar) EI =] @
Created: 21-May-2004 16:45:51  Modified: 10-Dec-2013 15:01:17
Coupling: | 1 ~ Title: LS Coupling
Length [mm] Nonlinearity:
Geometry: 1078 Linear v
Torsion: Bending:
1 Dir. Linear [N m/rad] Left [N mirad] Right [N m/rad]
Stiffness: 6. 6e+086 0 0
Damping Ratio [ % ] Dyn Magnifier Q=1/(2D) Masses:
Damping: |2 25 ‘ Left ‘ | Right |
Damping Coeff. [N m sirad Total Mass = 2405 fkal
8500 Total Polar Moment = 4.41 [kg mz]
OrqueT
Limits: Inf ‘ Flexible Coupling Connection |
Cancel Delete print| Piot| <Add ‘ << ‘ << | == > Add>| Exit ‘

Fig. 11.6: Flexible coupling GUI with edit field for a damping coefficient

12. Improved Loading of Fluids

Fluid data of several fluids, which are in form of a table in text files can now be directly loaded to
shafts. Until now the loading of such fluids to a shaft required several steps invoked from the menu
item “Input FDC from File” of the menu “Extras”. The new shaft GUI with the highlighted button to load
fluids is shown in figure 12.1. For the content of the text file the same rules apply as in previous
versions.

SFT - Shaft (from: System System from KIKEH RB28-7 (HP), Level I Stability) = @ &S
Created: 20-Aug-2012 18:39:37 Modified: 21-Jan-2014 18:40-07
Shaft: | | 1 +| Title: Shaft Speed:224.28  Cps
Material with: [ 70 Stations | & [ 69 Sections |

Denotation” Steel Load Material

. 2 , 3
Properties: Young's mod. [N/m~] Poisson’s Ratio Density [kg/m™] C Load Fluids ™
2.05%e+11 e —

0.3 7850

add Active System
Strength: \ge\d S. [bar] lgmmate S. [bar] ‘ ‘

The direcfion of rotation is:

Reduce Shaft Shaft color J 3
TLA case:-—=>DoF=[100100] +

4y ... - nmmmal -8 - _____ FREE ( * ) - 2

Cancel Delete MM <Add | <[ = | == [ 2/ Ada> | Exit*

Fig. 12.1: Shaft GUI with button to load fluids
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13. Improvements in Plots
13.1 Plot Editing

Plots can be edited, i.e. labels, legends ... by activating a button in the menu of each plot. The menu
is shown in figure 13.1. The button for editing is highlighted in the figure.
Structure of Shaft

File Window MADYN
Iﬂ @ w5 éfr? I*E E‘IH L_|_I T EJ
M

Fig. 13.1: Menu item for plot editing

13.2 Model Plots

In figure 13.2 a shaft plot is shown. The plot has the following new features:
e Station labels appear on the plot,
¢ solid sections are filled with a colour.

Controls for the appearance of the plot are shown in figure 13.3. The items “Fill Solid Sections” and
“Show Station Labels” are new. The colour to fill the solid sections can be defined in the shaft GUI, by
clicking on the corresponding symbol (see figure 13.4).

X Total mass: 2804.7 kg, CoG: 1779 mm Steam Turbine ODm main
Polar moment of inertia: 116.28 kg m? IDm mailn
Transverse moment of inertia: 1291.5 kg m? —— ODs m.aln
Nominal speed: 123.55 rps, 7413 rpm IDs main
-0.8 — OD add mass/inertia

Radius [m]

08 T T T T T T 1

0 05 1 15 2 25 3 35
1-Dir [m]
383 mm 2595 mm 415 mm
47.60 kg 2627 kg 129.8 kg

Total shaft length: 3393 mm MADYN 2000 v.4.0.development

Fig. 13.2: Shaft plot
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Structure of Shaft

File Edit View Insert Tools Desktop Window Help Window | MADYN

|| AR0RQL- SO 2RhG-B

X Total mass: 2804.7 kg, CoG: 1779 mm
Polar moment of inertia: 116.28 kg m?
Transverse moment of inertia: 1291.5 kg m?
MNominal speed: 123.55 mps, 7413 rpm

Show Section Number:
Show Station Labels
Fill Solid Sections
Show Sector Masses
Add shafts to the plg

08
o
(_ﬂQ'D
0.6 &
Y &
& VQ/G r
L )
-0.4 &% Y 3
s ¥ &
&
C . L)
A
0.2 Q,(ﬂ . . 25 B i B
= Y 0 _ I GIRE 27 EE;
NG N AREINE E
2 AL . 1 | Al : 2

Fig. 13.3: Shaft plot controls in the MADYM menu

B SFT - Shaft (from: System Steam Turbine)
Created: 23-Jul-2004 11:17:18 Modified: 22-Jan-2014 11:15:27

= =

Shaft: | 1 ~| Title: Steam Turbine Speed:[123.55 | cps
Material with' | 73 Stations | & | 72 Sections

Denotation: Steel

Density kg/m’]
7850

Young's mod. [Nim?]  Poisson's Ratio

Properies: ) o01as11 0.3

Load Material
Load Fluids
add Active System

Strength: ‘ge\d S_[bar] l;mmale S.[bar]
The direction of rotation is
["J Reduce Shaft Shaft color |7 (3
TLA case:—>DoF=[100100] +
4) aea.... - materal 1-23 - ..... FREE ( * ) - 2

Cancel Delete

an| Plot ‘ <Add | << ‘

<< ‘ 35 ‘ >>| ‘ Add > ‘

Eatt |

Fig. 13.4: Shaft GUI with controls to select the colour of the shaft plot.

[E=N EE =5

~

—— ODm main

"""" IDm main

— ODs main

"""" IDs main

= 0D add mass/inertia

&
ij‘*’
Q
&
S
| &
Q@
EHEITER
[ B S Ny |

Shaft plots are now possible for several shafts, i.e. shafts of a system can be added to the plot. The
shaft plot can also be called from the system plot as shown in figure 13.5. The corresponding plot is
shown in figure 13.6. In case the system has shafts with different axes, the summary of data (inertias
and speeds) is shown for each axis separately. Shafts can be added or eliminated from the plot by the

controls shown in figure 13.7.
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SYS - System (from: C:\..\Torsional\SYS_Motor_Gear_Compressor.md3)

Fig. 13.5: Controls to call

ESEn>c

System =====>> System: [ show | [ Print | [ Edit |
Static
" Motor Gear Compressor
Eigenvalue
An. Param. 1. Shaft: System Geometry Plot (Standard)
Results Motor Shaft System Geometry Plot (Options)
BETILATE 2. Shaft: =T T
Transient
Loads Wheel Shaft
An. Param. 3. Shaft: [ show | [ Print | [ Edit |
Restts Pinion Shaft
Parameter Variation : -
Optimization 4. Shaft: [ Shnw] [ Print ] [ Edit ]
Compressor Shaft
1. Gear: [ show | [ Print | [ Edit |
1. Coupling: I Shnw] [ Print ] [ Edit ]
LS Coupling
2. Coupling: [ show | [ Print | [ Edit |
HS Coupling

a shaft plot of the system

Motor Shaft, Wheel Shaft

X Total mass: 4446 kg, CoG: 2158 mm
Polar moment of inertia: 264.64 kg m?
Transverse moment of inertia: 8477.6 kg m’
Nominal speed: 29.75 rps, 1785 rpm

Motor Shaft, Wheel Shaft, Pinion Shaft, Compressor Shaft

2

Pinion Shaft, Compressor Shaft

X Total mass: 929.74 kg, CoG: 6837 mm
Polar moment of inertia: 11.532 kg m?
Transverse moment of inertia: 860.53 kg m’
Nominal speed: 129.91 rps, 7795 rpm

2

05 5

Distance [m]

——— ODm main
IDm main
— ODs main
IDs main
OD add mass/inertia

OD add. mass not valid for
polar and trans. inertia.

1-Dir [m]

Fig. 13.6: Plot of a system with all shafts

B structure of Shaft

File Edit View Insert Tools Desktop Window Help Window | MADYN

FERREEY A E I S

Motor Shaft, Wheel Shaft

X Total mass: 4446 kg, CoG: 2158 mm
Polar moment of inertia: 264.64 kg m?
Transverse moment of inertia: 8477.6 kg m?
Nominal speed: 29.75 rps, 1785 rpm

Pinion Shaft, Compressor Shaft
X Total mass: 929.74 kg, CoG: 6837 mm

Polar moment of inertia: 11.532 kg m?

Fig. 13.7: Controls to add

Symbols Help
Show Section Numbers
Show Station Labels
Fill Solid Sections
ShoSamimmerEees
Add shafts to the plot } ¥ Motor Shaft
¥ Wheel Shaft

¥ Pinion Shaft

¥ Compressor Sha

Motor Shaft, ft, Compressor Shaft

v
v
v

or eliminate shafts
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13.2 Shape Plots (data cursor)
Data cursors can now be added to shape plots in a similar way as to diagram plots. An example is

shown in figure 13.8. Moreover the data cursor now contains information about the meaning of the
values.

Steam Turbine

Static Analysis

Load case: Gravitation 1 Bending moments
Analysis: 26-Sep-2012 14:29:04 - rigid support e Shear forces
Result Type: Forces and Moments RFB forces
g, = 0.00 m/s, g, = 9.81 m/s°, g, = 0.00 m/s
-20.00 b b
e*3N RFB forces
Dir_.2: -14803.1 N
-16.00 + Steam Turhine Axial pos.: 2.978 m
-10.00 | ane B
F3Nm Bending moments PR M
8.00+12.00 A Value: -10308.1 pst®
Axial pos.: 1.7865 m
-6.001 oo+ B
400+ e
-4.00 + A .
-2.00+ - J H
_ [:7 - T F =
0.00+ 0.00+ <s%5§-4§;jzfﬁ Eiin Il N
200+ i H % = I ———=la == i
4.00 X s =
4.00+ : vt
8. Shear forces oo
6.00T ™ value: 122206 et
Axial pos.: 0.383 m T -
8.00 1 12 gy ! et 3
10.00 + :
16.00+ v 2
20.00 +

Fig. 13.8: Shape plot of shaft forces with added data cursors
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14. Improvements in Prints

14.1 System Print

The system print now contains the following auxiliary data of each shaft as shown below for the

system in figure 13.5:

Length

Centre of Gravity (CoG)
Mass

Weight

Polar moment of inertia

Torsional stiffnesses from end to end, left end to CoG, CoG to right end

System:

Motor Gear Compressor

Created: 23-Jul-2004 11:29:
Modified: 22-Jan-2014 11:44:
Length = 8373.78 mm
Mass = 5661.48 kg
Weight = 55520.19 N

The system consists of
components:

4 Shafts

1.Motor Shaft

Created: 23-Jul-2004 11:28:
Modified: 22-Jan-2014 11:44:
n = +1785.00 rpm
Length = 3164 mm
CoG = 1456.7 mm
Mass = 3415.4 kg
Weight = 33493 N

Polar Moment of Inertia =
Torsional Stiffness:
end to end
left end to CoG
CoG to right end

2 .Wheel Shaft

Created: 23-Jul-2004 11:29:
Modified: 22-Jan-2014 11:44:
n = +1785.00 rpm
Length = 1384.2 mm
CoG = 710.19 mm
Mass = 1030.7 kg
Weight = 10107 N

Polar Moment of Inertia =
Torsional Stiffness:
end to end
left end to CoG
CoG to right end =

39
17

the following

40
15

212.96 kg m"2

7155.1 kN m/rad
16148 kN m/rad
12848 kN m/rad

16
17

51.677 kg m"2

479.08 kN m/rad
7187.3 kN m/rad
513.29 kN m/rad

MADYN 2000, New Features in Versions 4.0

3.Pinion Shaft

Created: 23-Jul-2004 11:29:
Modified: 22-Jan-2014 11:44:
n = -7794.61 rpm
Length = 1014.3 mm
CoG = 462.63 mm
Mass = 108.63 kg
Weight = 1065.3 N

Polar Moment of Inertia =
Torsional Stiffness:
end to end
left end to CoG
CoG to right end

4 .Compressor Shaft

Created: 23-Jul-2004 11:28:
Modified: 22-Jan-2014 11:44:
n = -7794.61 rpm
Length = 2485.1 mm
CoG = 1248 mm
Mass = 821.11 kg
Weight = 8052.4 N

Polar Moment of Inertia =
Torsional Stiffness:
end to end =
left end to CoG =
CoG to right end

23
17

0.25736 kg m"2

1512.4 kN m/rad
5943.3 kN m/rad
2028.6 kN m/rad

53
16

11.274 kg m*2
486.05
1570.2
703.96

kN m/rad
kN m/rad
kN m/rad
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14.2 Print of Radial Fluid Film Bearings

Since version 3.6 the thermo-elastic deformation of pads in tilting pad bearings can be considered in
RFB analysis type “ALP3T_T=v_ad”. These deformations now appear separately in the print as shown
below for the bearing in figure 14.1. The thermal and elastic deformation for each pad are shown for
each load case.

5 Tilting Pad Bearing Thermoelastic Deformation

-1r %
190.2180.0169.8
-0.81 5 Tilting Pad B(-zarinq4 0
D =100.0 [mm]’
06} B =60.0 [mm]
psimin =1.80 %o

04 2418 psiv =2.00 1182

) ¥ preload m = 0.500 %

252.0 108.0
02+ 4
262.2 97.8

of 3 1

/ |
289.0 730
0.4 ) p
061 313.8 46.2 1
-36.0 36.0
08r X 258 258 _* 1
1.0
B '\/
-1 -05 0 05 1

MADYN 2000 v.4.0.development

Fig. 14.1: Example bearing for the print of the thermo-elastic deformation

Thermal Deformations

speed

Pad d(psiv) Pad

1
1

6.000e+02

.000e-03 2 5.

1.200e+03

.295e-02 2 8.

1.800e+03

.092e-02 2 1.

2.400e+03

.690e-02 2 1

3.000e+03

.163e-02 2 1.

3.600e+03

.811e-02 2 2.

4.200e+03

.242e-02 2 2.

4.800e+03

[rpm] F [N] Angle [0]

d(psiv) Pad

4.000e+03

000e-03 3 2.

4.000e+03

976e-03 3 2.

4.000e+03

395e-02 3 4.

4.000e+03

.794e-02 3 7.

4.000e+03

995e-02 3 7.

4.000e+03
583e-02 3 1

4.000e+03
888e-02 3 1

4.000e+03

d (dR)

0.000e+00

000e-03 4 1.

0.000e+00

994e-03 4 1.

0.000e+00

981le-03 4 1.

0.000e+00
951e-03 4 2

0.000e+00

025e-03 4 1.

0.000e+00

.381le-02 4 4.

0.000e+00

.304e-02 4 2.

0.000e+00
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[um]
d(psiv) Pad d(psiv)

Pad d(psiv)

-2.990e-01
000e-03 5 1.000e-03

-7.721e-01
000e-03 5 1.994e-03

-1.326e+00
000e-03 5 2.990e-03

-1.903e+00

.968e-03 5 3.984e-03

-2.521e+00
049e-03 5 4.000e-03

-3.220e+00
889e-03 5 4.972e-03

-3.861e+00
115e-03 5 5.000e-03

-4.588e+00
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.012e-02 2 3.380e-02 3 1.

9 5.400e+03 4.000e+03
.609e-02 2 3.684e-02 3 1.

6.000e+03 4.000e+03
.367e-02 2 3.986e-02 3 1.

6.600e+03 4.000e+03
.720e-02 2 4.094e-02 3 1.

7.200e+03 4.000e+03
.610e-02 2 4.669%9e-02 3 2.

Elastic Deformations

speed [rpm] F [N] Angle [0]
Pad d(psiv) Pad d(psiv) Pad
1 6.000e+02 4.000e+03
1 1.300e-02 2 1.000e-03 3 0.
2 1.200e+03 4.000e+03
1 1.300e-02 2 1.000e-03 3 0.
3 1.800e+03 4.000e+03
1 1.300e-02 2 1.990e-03 3 0.
4 2.400e+03 4.000e+03
1 1.300e-02 2 2.000e-03 3 9.
5 3.000e+03 4.000e+03
1 1.300e-02 2 2.975e-03 3 1.
6 3.600e+03 4.000e+03
1 1.300e-02 2 3.000e-03 3 1.
7 4.200e+03 4.000e+03
1 1.300e-02 2 3.000e-03 3 1.
38 4.800e+03 4.000e+03
1 1.300e-02 2 3.000e-03 3 1.
9 5.400e+03 4.000e+03
1 1.300e-02 2 3.947e-03 3 1.
10 6.000e+03 4.000e+03
1 1.300e-02 2 4.000e-03 3 1.
11 6.600e+03 4.000e+03
1 1.300e-02 2 4.000e-03 3 1.
12 7.200e+03 4.000e+03
1 1.300e-02 2 4.000e-03 3 1.

-52-
877e-02 4 6.805e-03 5 5.961e-03

0.000e+00

-5.228e+00

711e-02 4 3.214e-03 5 6.000e-03

0.000e+00

-5.952e+00

795e-02 4 3.000e-03 5 6.000e-03

0.000e+00

-6.507e+00

706e-02 4 1.714e-04 5 6.000e-03

0.000e+00

-7.208e+00

174e-02 4 2.845e-03 5 6.000e-03

d (dR)
d(psiv)
0.000e+00
000e+00 4 O.

[um]

0.000e+00
000e+00 4 O.

0.000e+00
000e+00 4 O.

0.000e+00
838e-04 4 9.

0.000e+00
000e-03 4 1.

0.000e+00
000e-03 4 1.

0.000e+00
000e-03 4 1.

0.000e+00
000e-03 4 1.

0.000e+00
000e-03 4 1.

0.000e+00
000e-03 4 1.

0.000e+00
000e-03 4 1.

0.000e+00
948e-03 4 1.
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Pad d(psiv)

Pad
0.000e+00
000e+00 5 1.

0.000e+00
000e+00 5 1.

0.000e+00
000e+00 5 2.

0.000e+00
838e-04 5 2.

0.000e+00
000e-03 5 3.

0.000e+00
000e-03 5 3.

0.000e+00
000e-03 5 3.

0.000e+00
000e-03 5 3.

0.000e+00
000e-03 5 4.

0.000e+00
000e-03 5 4.

0.000e+00
000e-03 5 4.

0.000e+00
000e-03 5 4.

d (psiv)

000e-03

994e-03

000e-03

984e-03

000e-03

000e-03

000e-03

961e-03

000e-03

000e-03

000e-03

000e-03
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