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1 Modeling and calculation of rotor

1. Modeling and calculation of rotor

1.1 Rotor simulation

Simulate the rotor presented in Fig. 1.1. Table 1.1 shows stiffness coefficients of links.

m=20kg m=30kg m=90 kg
Ix=0.8 kg m2 Tx=1.5 kg m2 =17k
Jz=1.6 k§m2 Jz=3 kgfnz m=3 kg| [Kxx=1e+008 m ;XF;J kgg 2122 Kxx=1e+007 m
) [
) [
NG )
=t — =t
. = oo
é/% time parametr omega_z
L 0 0
200000 20000
150
o0
220
50 /70
350 o0
oo0
900
1800
2000
Fig. 1.1
Table 1.1
Front support Central support Rear support
N/m N/m N/m
Kxx= Kyy 1le+007 1e+008 1le+007

Rotor simulation:

a) When Dynamics R4 is launched, the main window of the program system is opened. To
start the rotor building, the structural unit of the system must be assigned. Because the rotor is the

simplest structural unit in this case, the subsystem (shaft) can be chosen
in the elements library (Fig. 1.2). The element may be added by double
click. The cursor may be also activated, pressing the left mouse button
and transferring it into the area of the 2D model (this principle of
operation may be used for all elements of structure and model).

-l 7 System elements
Bl Assembly
Submodel

—+ Shaft

Fig. 1.2
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1 Modeling and calculation of rotor

b) Simulation. The first section of the rotor is cylindrical.

Des Beaml Designation The (Beam) element must be chosen in the elements bar and
segRef S placed in subsystem. Assign the sizes of the element in
Lot eorrespondence with the drawing.
Tzl U|]| ﬂmr”jif_f“:e‘°°""i"““* The extent of the element may be assigned either by the
a0 o | st amere | €l€ment length of by its start and end coordinates (in the
D1 |50 mm >l owersandamer | coordinate system of the subsystem) (Fig. 1.3). Correspondingly,
matra ke sbysem Tt in the first case the Is parameter is used, in the second one — start
Fig. 1.3 and end coordinates z1 and z2. Inner and outer diameters are

specified in the fields d1 and D1 correspondingly. If the unit is
changed, the automatic conversion of the input value takes place. The rotor is simulated by the [Beam]
and [Disk] elements. New beam elements are created if outer or inner diameter is changed.

c) To model bearings, links must be added into the model. The element [Link] should be
chosen in the elements bar and added into the model. Its geometrical location (either by coordinates
or attach it to link points), stiffness and damping matrixes are specified in the link characteristics (Fig.
1.4).

Des Link 3 Designation
conn_type | via bady j Type of connection
sidel_subs | Shaft.Three support rotor’j Sicle L subsystem
sidel | 200 mmﬂ sidel offset
sided_subs ﬂ Side2 subsystem
trns_exclude |No ﬂ Exclude fram transient analysi
Type Tsotrapic ﬂ Link type
stiff_matrix son
h Extended properties

damp_matrix| ...
' 0 Attach external variable
L

Detach external variable
D 0
B 0 mm ﬂ width

To open the window of editing of the stiffness or damping matrix (Fig. 1.5) the right mouse
button must be pressed in the field [ ... ] of “stiff matrix” “damp_matrix” points correspondingly;
the “Extended properties” point must be chosen in the context menu (Fig. 1.4).

In this example only Kx=Kyy are assigned for stiffness matrixes of links. Let us input the
parameters given in Table 1 into the matrixes of the corresponding supports. Note the necessity of
change in units of input parameters. On default unit of displacement is [mm]. To input Kxx coefficient
click twice the first cell in matrix and assign the value.

® | Matrix

j SYMIm

Fig. 1.5

d) Assignment of the rotor rotation. The element [Kinematic joint] must be added into the
subsystem. Specifying the value in the [omega_z] parameter, the rotation of the subsystem will be
constant. Generally the variable, having function of rotation change, must be assigned. In Dynamics
R4 range of the model operating modes is specified through the abstract parameters t prl and t_pr2
(velocity, experiment time, peak mode percentage). To specify the variable rotation, add

5
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1 Modeling and calculation of rotor

[Variables/Value variables] from the elements library to the model. The command [Extended
properties] must be chosen among the characteristics of the added variable in the context menu of the
[... ] field of the [value] parameter (Fig. 1.6).

Des | Rotationwvar| |Designation

value r

Extended properties
Attach external vanable

Detach external variable

Fig. 1.6

The dialog of the variable editing is opened (Fig. 1.7). The graph is constructed by adding the
intermediate points. Table 1.2 gives the examples of the main variants of rotating speed assignment.

Characteristic curve =
ime 20000 £
parameter Vallie variable E
) ) 17500 =
-_Add E
20000 % 15000 E
© 12500 £
5000 &
Delete: 2500 %
] o o bl el
Timeindepended valus . é\me .
d
Fig. 1.7
Table 1.2
gfggmeter Roatation var [Time parameter] has physical meaning as value of rotating speed
0 0
20000
gfg;mete[ S Percentage from peak regime of 20000 rpm
0 0
FCTRN 20000
- e -
e meler Rotation var Modified rotation
i 1]
R 20000
g;“;mete[ Fiotation var At correspondence of integration time in [Transient response], physical meaning
0 o is considered as time in seconds that the rotor needs to reach the peak mode
ER 0000

The created variable must be added to the parameter in the [Kinematic joint] element. The
command [Attach external variable] (Fig. 1.8) must be chosen in the elements characteristics in the
context menu of the parameter omega_z. The corresponding variable must be chosen the appearing
dialog. Fig. 1.9 gives the model with the added element [Kinematic joint].
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1 Modeling and calculation of rotor

Des Kinematic joint 2 Designation ﬁ ﬁ ﬁ
z al mm j:-:-n-nr-:llnat—; = Han = ‘
amega_z . . . — | [ ( TFE977;,,,,,@,,,,+,,,,,‘_§,‘,,+ 77777 ‘17© 7777777777 = 1
D" 0 Extended properties =
- Attach external varnable ¥
Yisibility |
Detach external variable
Fig. 1.8 Fig. 1.9

1.2  Calculation of [Critical speeds] and [Natural frequency map]
algorithms.

a) Natural frequencies and dynamic behavior of the rotor system are calculated using the
methods of modal synthesis and analysis. The preliminary obtainment of set of frequencies and shapes
of natural oscillations not taking into account damping and rotating speed in certain frequency range
lies on its basis.

Basis calculation is also included into the model on default. Only frequency range (parameter
of R_freq basis) is assigned. To start any calculation, click Start in upper part of the main algorithm
window.

b) To calculate critical speeds, the corresponding algorithm must be added into the model.
Add [Critical speeds] by double click from the library of the elements and algorithms. To start
calculation, click Start.

B) To calculate natural frequency map, the corresponding algorithm must be added into the
model. To start calculation, click Start.

1.3 Results comparison

Compare the obtained results with those presented below. There is basis (Fig. 1.10, for R_freq
= 30000 1/min), critical speeds (Fig. 1.11), natural frequency map (Fig. 1.12).

[Feee | [Csa ][ zes | ur~][m YO ARG T SN I @B

0.0 (0.0Hz,)
0.0 (0.0Hz,)
34206 (570 Hz,)

34206 (5.0 Hz ) ’ l ‘ r

8L (74T Hz, )

18142 (80.2Hz,) " "J' "

43142 (80.2Hz,) = | M| L, = =
108173 (180.3Hz T T T v " '_—%
108173 (180.3Hz i‘i‘,-\ T g m \‘_ |

120423 (2008 Hz,
120423 (2008 Hz,
24156.8 (402.6 Hz
262005 {436.7Hz
[ 1262005 {436.7Hz

=
Le=r
Tl i
' g
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1 Modeling and calculation of rotor

Fieeze Start Bieak

Shaft

0.0 {0.0 Hz 0.00%)

0.0 0.0 He 0.00%)

33882 (565 Hz -0.00%
HBLL (47 Hz -0.00%)
45107 (75.2 He 0.00%)
5039.4 (840 Hz -0.00%)
74720 (1245 He -0.00%)
82269 (137.LHz -0.00%)
194107 (3237 Hz,0.00%

[ur_-Jf= JTE= (AR TE e% b6 E| e

0.000: 3420 627 Natural frequency map

5.3.2013 (16:58)

ardin o matin
fgggg in f/’ ma 342063
15000 / [ ]
17000 o’ o] 3420 63
Des Desianati 16000 P=a et mmm=
&5 eslgnation 15000 e 448113
Steps 200 Steps 14000 i E—
l ' 13000 ol N 2 481422
tpr_l L j Start time parameter 12000 — -
t_pr_2 le+00d ﬂ Stop time parameter c 11000 L ] 4814.24
£10000 T g m—]
sort_type half_frequ Sarting type = 5000 e, 10817.3
min_regime | 10000 ﬂ Iin regime time parai 5000
¢ ¢ 7000 — 10817 4
max_regime | 100000 ﬂ IMax regime time parai 6000
) ) 5000 12043 .2
margin_mazx | 20 %ﬂ Separation margin far A000 I
margin_min | 15 %ﬂ Separation margin far 400d 12043 3
- - 2000 —
1000 £ 01
0 UL DL L DL L .
oo 01 0z 03 04 05 o6 oF 0s 09 10 1.1 12 13 14 15
E 2
E 2
%[E5]

Fig. 1.12

Note: In the section of our web-site you may watch the video of creation and calculation of
the detailed simple model. http://www.alfatran.com/movie.shtml
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2 Modeling and calculation of assembly of rotor and case

2. Modeling and calculation of assembly of rotor and case

On the basis of the presented model from the previous section, according to the given

drawing (Fig. 2.1), the assembly of the rotor with the case should be modeled, critical speeds and
natural frequency map should be calculated. The modeling order is presented below.

2000
40 180 _ . 40
s
20 Jr 880 . &.L._
— o |
A t
Kxx=1e+009 N/m
Kzz=1e+009 N'm
KMyy=1e+009 Nm/rad
KMzz=1e+109 Nm/rad
g2 N SV =
Sk 1 VAN it 2
Kxx=1e+008 N'm
Kzz=1e+008 N/m
EMyy=1e+008 Nm/rad
EMzz=1e+008 Nm/rad
S 5 |
1120
Kxx=1e+007 N/'m
Exx=1e+007 N/m Kyy=5et006 N/'m
Kyy="5e+006 N/m Cxx=1000 Ns/m
Cxx=1000 Ns'm Cyy=1000Ns/m
Cyy=1000Ns/m 200
%/ 220 30
100
50 |
o O o O | O
= 4 O| = _ o
Ol W — — Wi vO
Qs 8w =S Funb=1 gam
Kxx=1et+008 N'm
Cax=500 Ns/m
time parametr omega_z
Funb=1 gsm 0
50 10000
Fphase=210 deg 100 0000
900
Fig. 2.1
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2 Modeling and calculation of assembly of rotor and case

2.1 Modeling

211 Cases modeling

In this model it is enough to use only subsystems as base
units. But for complicated models it is recommended to structure 2 System

the model using the [Subsystem] and [Submodel] elements. Z  Link -front
+ E Assembley - rotor
+ E Assembley - case

For the consecutive spacing of the model, it is recommended X Link - Power case - Rotor
to join the cases subsystems in the [Case] assembly, and the rotor "X Link - Rear {Case-Rator)
subsystems — in the [Rotor] assembly. For this we add two [Bn] Variables
corresponding assemblies to the model. ' Materials

+ Algarithms

The central pin and the case must be modeled in separate
subsystems. For this we built two more subsystems: one — for the Fig. 2.2
case (subsystem [Case]), the other one for central pin (subsystem
[The central pin]) (Fig. 2.2). For easy work with them, the subsystems may be visually spaced using
the [Spaced subsystems] button on the Toolbar (Fig. 2.3). Their spaced position is given in the
window of the subsystem characteristics (Fig. 2.4). In this case all the coordinates and rotation will
be equal to zero.

TRL G @ X [B=|wf@E & ¥

| Spaced subsystems |

Fig. 2.3

Almost all structural elements of the case and the pin must be modeled using the shell element;
meanwhile, long cylindrical elements must be created as compound (consisting from many identical
smaller elements) in order to increase discretization, because the cs parameter (calculation step) in
the window of the subsystem characteristics, that shows the length of the step of our subsystem’s
discretization, acts only on the [Beam] elements.

Des Case Designation

It is not recommended to divide conical shells. |, 0 mm | x coordinate
Note the fact that definition of the shell geometry (Fig. 0 mm |y coordinate
2.5) differs from definition the beam geometry. 0 mm |z coordinate
Consider that the point of the support (link) attachment ~ |epsx 0 deg | Rotation about x axis
to the [Shell] element must be placed at the elements  [epsy 0 deg | Rotation abouty i
junction. So, when modeling the geometry of all === 0 deg | Rotation about 2 i

structural elements of the assembly, provide for |meterl v defined | , JM“E”"' -
junctions in the points of the supports mounting; ; ;';'““11 N/m2 “p“‘f"”'“f“:'“t'"“
- - - ug . OIEE0N & ratio
otherwise, the program gives an error message while = P
I Iat| n rho 7850 kg/m3 Density

calcu g Ln_dec |0 Logarithmic decrement
s mm ﬂ calculation step
Visibility | 0 Element Visibility

Fig. 2.4
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2 Modeling and calculation of assembly of rotor and case

by |XE®) b2
=

DI

I Is =

Fig. 2.5

2.1.2 Links and supports modeling

After definition of the geometry of the
central pin and the case in the corresponding
subsystems, the next step is to superimpose links
onto the model (supports modeling). In the first
part of the task, when modeling the rotor, the
supports were mounted in the corresponding
places with the corresponding values of the
stiffness matrix. Now these supports must be
connected with the case (the subsystem [Case])
and the central pin (the subsystem [The central
pin]) and the missing ones should be completed.

The missing supports are placed into one
of the connected subsystems. In order to connect
the supports with the corresponding subsystems,
for the side2_subs parameter ( [Subsystem for

o Eiﬂm

| Ti-—
d.?‘z

Des Link1
via bodyﬂ

Rotor.5y -

conn_type

cidel _subs

Designation
Type of connection

Sidel subsystem

sidel |

Rotor.System

offset

i The central pin.System
sided subs [yt subsystem

side?_|

offset

trns_exclude | Mo
Type Full
stiff_rmatrix
damp_matrix | ...
d* 0
D* 0
B* 0

=
=]

Exclude from transient analysis
Link type
Stiffness matrix
Damping matrix
mmﬂlnner diarmneter
mm ﬂ Outer diameter
mmﬂ width
Fig. 2.6

section 2 of the link]) of the window of the link characteristics, point the subsystem which must be
connected (Fig. 2.6), give coordinates of the point of the link attachment into the corresponding
subsystem below (parameter side2_l). For the sidel subs parameter ([Subsystem for section 1 of the
link]) the subsystem, where the link was attached initially, is given automatically, in the «sidel I»
line the coordinates of the point of the link attachment in the subsystem are specified.

Then it is necessary to fill the stiffness
and damping matrixes. For this we choose the
link type [Full] in the [Type] line. Clicking by
the right mouse button in the [...] area of the
stiff matrix and damp_matrix parameters,
choose the Extended properties item (Fig. 2.7).
In the appearing dialog of the matrix editing,
filling is done in correspondence with the values
given in the drawing. To input the coefficients,
choose the corresponding field in the matrix by
double click and assign the value. Meanwhile,
dimension given in your matrixes, must
correspond to one specified in the drawing (Fig.

Designation
Type of connection

Sidel subsystern

mm ﬂ sidel offset

Side2 subsystemn

mm ﬂ side? offset

Des Link1
conn_type | via bnd}rj
zidel_subs | Rotor j
sidel | 0
side?_subs | Case j
side?_| 0
trns_exclude Mo j
Type Full j

stiff_matrix r

damp_matrix | .

d”
Dx

Simulation in Dynamics R4 (HowTo...)

Exclude from transient analysis

Link type

cacre

Extended properties

Attach external variable

Detach external variable

mmﬂ width
Fig. 2.7
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2 Modeling and calculation of assembly of rotor and case

2.8). The damping matrix is opened and filled in similar way.

Fx | Fy | Fz | W | My | Mz |
M j M ﬂ M ﬂ M m ﬂ M m ﬂ M m ﬂ
lutx  |m *1e+007 0 0 0 0 0
ut_y 1e+007 a 0 0
mm
ut_z ft i i ] ]
ur_x in ] ] ]
ur_y rad ﬂ ] 0
ur_z rad ﬂ syrmm 0
Fig. 2.8

2.1.3 Rotation assignment

To take into account gyroscopic moments in the analysis results, the rotor rotation must be
assigned. As in the previous section, the rotor rotation must be assigned using the [Value variable];
difference is only that three control points will be used to define the rotor rotation speed (Fig. 2.9).
For this clicking the [Add] button, we add one more line in the left field and change the value in

correspondence with the assignment.

Characteristic curve

time 20000 £
parameter omega 17500 f
° - g
15000 £
50 10000 E
100 20000 o 12500 -
{a)] =
D 10000
£ 2
5000 &
i
2500 F

1 o Lo g

o 0o 20 30 0 5 &0 70 = 20 100

Timeindepended value time
Cancel | | 0K
Fig. 2.9

2.1.4 Unbalances modeling

Note that two unbalances are added into the model. On the elements bar in the [Loads]
section, the [Unbalance] element is chosen (Fig. 2.10) and dragged into the central window to activate
a cursor. After adding unbalance to the rotor, the coordinates of the
point application on the (z1) model axis are given in the log of the ~ ] Loads

elements’ characteristics; F unb- linear unbalance and F phase- phase

of linear unbalance if it is necessary.

- "' Unbalance load
Lo Asal force

When modeling is finished, the model will be the following A Blade loss

(Fig. 2.11).

Simulation in Dynamics R4 (HowTo...)

. A Dynamic load
% Torque load

Fig. 2.10
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2 Modeling and calculation of assembly of rotor and case

-

T Tt \UU\UMUHUM

T

i

Fig. 2.11

2.2  Linear model analysis

Calculate basis (Fig. 2.12), critical speeds (Fig. 2.13) and natural frequency map (Fig. 2.14)
for the built model. Compare the calculated values with those presented below. To remove warnings,
it is enough to add zero rotation speeds.

Basis:

00 (0.0Hz,)

00 (0.0Hz,)

14821 (247 Hz,
1622.2 (27.0 Hz,
27923 (465 Hz,
34547 (576 Hz,
44811 (747 Hz,
74399 (1240Hz,)
75399 (1257 Hz,)
98156 (1636 Hz,)
114345 (1906 Hz,
11555.7 (1926 Hz,
14224.2 (2371 Hz,
14225.2 (2371 Hz,
16528.7 (2755 Hz,
16536.3 (2756 Hz,
21283.3 (3547 Hz,
21582.3 (3597 Hz,
224925 (3749 Hz,
241568 (4026 Hz,
26504.2 (4417 Hz,
265137 (4419 Hz,

[ A L= e

PR U U S R R U PR T N R

]
I-
n
m
=
E
-

Fig. 2.12
13
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2 Modeling and calculation of assembly of rotor and case

Critical speeds:

0.0 (0.0 Hz,0.00 %)

0.0 (0.0 Hz,0.00 %)
14237 (237 Hz,045 %)
1699.1 (283 Hz,032 %)
27911 (465 Hz,1.56 %)
3455.0 (576 Hz,1.19 %)
44811 (747 Hz,-0.00 %)
5085.6 (99.8 Hz,0.20 %)
7707.7 (1285 Hz,013 %)
98093 (1635 Hz 015%) |
9815.6 (163.6 Hz,0.00 %)
12635.0 (210.6 Hz,0.06 %)
163839 (273.1 Hz,0.01 %)
16464.2 (274.4 Hz 001 %)

Natural frequency map:

Fig. 2.13

0,000; 1482,338

Natural frequency map
183 2013 (13:55)

[ ] [
1482 34 1622 23 27918 3454 68 4481 13 7439 86 7539 89
|| [
9815.6 11434.3 11555.5 14224.2 142252 16528.7 16536.3
40000 -
35000 -=
- //
- il
30000 - ISy / ——
25000 - e
£ -
E

Fig. 2.14
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3 Recommendations for cases modeling using FEM

3. Recommendations for cases modeling using FEM

When modeling cases (pylons, other complex beam elements), it is necessary to take into
consideration unequal change in the beam cross section. For this purpose the model should be divided
into sections. Let this consider by example of a simple beam.

In some standards (for example, API) for modeling of complex section it is suggested to use
beam elements with selected diameter and density for coincidence of mass-inertia characteristics.
Errors on stiffness determination are considered acceptable in this case. It should be noticed that such
methodology gives the minimum error only for bending oscillations.

3.1 Model data preparation

3.1.1 Obtainment of mass-inertia characteristics of detail

It is necessary to model the structure of our interest (in this case it is thin-walled beam of the
rectangular cross section (Fig. 3.1)). If the structure is fixed not only at the boundary parts, it should
be divided into separate sections in the places of additional links connection; mass-inertia
characteristics of these sections halves, at which the beam will be divided, should also be obtained.
In this case the beam is divided into 3 sections (2064 mm, 649 mm, 1980 mm), mass-inertia
characteristics are obtained for halves of every section, Table 3.1. Material properties are: Rho= 4500
kg/m3, Nue=0.3, E= 1.1e+11 N/m2.

Fig. 3.1
Table 3.1
characteristics of 1 section half | characteristics of 3 section half
mass 38.102 kg mass | 36.551 kg
IXx = 14.116 | kg*m2 IXx =| 12.506
lyy = 14.441 lyy =| 12506 | kg*m2
Izz = 1.503 Izz = 1.442
characteristics of 2 section half | characteristics of complete beam
mass 11.981 kg mass | 173.269 kg
IXX = 0.606 | kg*m2 Ixx = | 320.689
lyy = 0.708 lyy = | 322.169 | kg*m2
Izz = 0.473 Izz = 6.837
15
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3 Recommendations for cases modeling using FEM

3.1.2

Stiffness matrixes

Let us consider flexibility matrixes obtainment by example of the shaft section shown in

. To obtain flexibility matrixes it is necessary to import the 3D model in the finite-element system
and divide it into finite elements (Fig. 3.2). For this purpose it is preferable to export the 3D model
from CAD-system into the Parasolid (*.x_t) format, and then import it as a solid body (Solid). The
model should be oriented in correspondence with the coordinate system in Dynamics R4. Material
characteristics are set in the finite-element system. After that it is necessary to superimpose the
detailed finite element mesh for static loading. It should be noticed that for this task it is necessary to
use a hexagonal type of the finite element mesh.

Fig. 3.2

Fixing is done along the whole plane of the left boundary section, the right one is loaded in
turn by unit forces and moments. Planes of loading and fixing are rigid. Fig. 3.3 shows the loading

scheme.

-

Fig. 3.3

Flexibility matrix is obtained for every section separately by successive measurement of
displacements and rotations about all the axes for all loading steps, Table 3.2. The important values
are highlighted in yellow.
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Table 3.2
Flexibility of 1 section (2064 mm)
ut_x [mm] ut_y [mm] ut_z [mm] ur_x [rad] ur_y [rad] ur_z [rad]

Fx [N] 1,4020E-04 -4,9390E-16 | 3,6073E-19 3,0855E-19 9,4016E-08 1,2950E-20
Fy [N] -2,6646E-15 | 2,1661E-04 3,4908E-18 -1,4581E-07 | -1,7622E-18 | -1,8059E-20
Fz [N] 5,5935E-16 -9,2285E-16 | 2,1837E-06 7,3859E-19 3,2864E-19 3,7389E-21
Mx [N mm] 2,4176E-18 -1,4581E-07 | 2,1646E-18 1,4129E-10 2,0042E-21 2,1793E-21
My [N mm] 9,4016E-08 1,8857E-19 7,0670E-22 -2,0509E-22 | 9,1101E-11 1,1165E-22
Mz [N mm] -1,0533E-18 | 3,8615E-19 -9,8697E-22 | -2,4166E-22 | -7,3370E-22 | 1,9845E-10
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Flexibility of 2 section (649 mm)

ut_x [mm] ut_y [mm] ut_z [mml] ur_x [rad] ur_y [rad] ur_z [rad]
Fx [N] 7,4042E-06 | -8,3196E-19 | 2,2237E-20 | 1,4946E-21 | 9,2305E-09 | -1,0930E-21
Fy [N] -2,5318E-18 | 1,1125E-05 | 3,4372E-20 | -1,4280E-08 | -4,6818E-21 | -1,8790E-22
Fz [N] 7,6859E-19 | 1,1723E-18 | 6,8023E-07 | -2,0944E-21 | 1,2572E-21 | 1,5724E-21
Mx [N mm] 9,4846E-20 | -1,4280E-08 | -3,6105E-20 | 4,4007E-11 | 2,6693E-22 | -3,9820E-23
My [N mm] 9,2305E-09 | -4,6074E-21 | -4,8881E-22 | 8,8405E-24 | 2,8445E-11 | 1,8670E-24
Mz [N mm] -4,9498E-21 | -2,3441E-22 | -3,4289E-23 | -1,6717E-24 | -9,9100E-24 | 6,1943E-11

Flexibility of 3 section (1980 mm)

ut_x [mm] ut_y [mm] ut_z [mml] ur_x [rad] ur_y [rad] ur_z [rad]
Fx [N] 1,2458E-04 | -3,5211E-16 | -5,8379E-18 | 2,3012E-19 | 8,6507E-08 | 9,3650E-20
Fy [N] -1,7670E-15 | 1,9242E-04 | -7,4964E-19 | -1,3416E-07 | -1,1185E-18 | -2,4404E-19
Fz [N] 3,0684E-16 | 5,5410E-15 | 2,0944E-06 | -3,6471E-18 | 1,7957E-19 | 4,9371E-19
Mx [N mm] 2,3285E-18 -1,3416E-07 | 1,5128E-18 1,3551E-10 1,7179E-21 1,3087E-21
My [N mm] 8,6507E-08 | -3,3001E-18 | -6,0897E-21 | 2,1482E-21 | 8,7381E-11 | -5,5306E-23
Mz [N mm] -9,6214E-19 | 9,3567E-20 | 1,0536E-21 | -7,0143E-23 | -6,4075E-22 | 1,9035E-10

Flexibility of complete beam

ut_x [mm] ut_y [mm] ut_z [mm] ur_x [rad] ur_y [rad] ur_z [rad]
Fx [N] 1,5475E-03 | -1,4478E-13 | -4,9637E-17 | 4,1640E-17 | 4,8692E-07 | 5,1521E-18
Fy [N] -4,9127E-13 | 2,3995E-03 -9,5813E-17 | -7,5563E-07 | -1,4473E-16 | -8,4326E-18
Fz [N] 1,6749E-13 | -5,4992E-13 | 4,9770E-06 | 1,7779E-16 | 4,7955E-17 | 5,2527E-18
Mx [N mm] 1,1936E-16 | -7,5563E-07 | 1,2867E-17 | 3,2202E-10 | 3,8903E-20 | 1,3052E-20
My [N mm] 4,8692E-07 7,7896E-17 -1,4579E-19 | -2,7019E-20 | 2,0751E-10 -2,1262E-21
Mz [N mm] -1,0487E-16 | 4,6829E-17 | -1,5799E-20 | -1,3606E-20 | -3,1172E-20 | 4,5176E-10

Then it is necessary to invert the obtained flexibility matrixes in order to get the stiffness
matrixes (Table 3.3) — they will be used at links modeling in Dynamics R4. Inversion may be done
in Dynamics R4 matrix calculator: the “Service” menu -> “Matrix calculator”

Simulation in Dynamics R4 (HowTo...)

Table 3.3
Stiffness matrix of 1 section
Fx [N] Fy [N] Fz [N] Mx [N mm] My [N mm] Mz [N mm]
ut_x [mm] | 2,3164E+04 | 5,3118E-08 3,9098E-09 -3,0468E-05 | -2,3905E+07 | 1,1938E-05
ut_y [mm] | 1,7003E-07 1,5121E+04 | -1,5492E-05 | 1,5604E+07 | -2,2628E-04 | -1,6998E-04
ut_z [mm] | -2,3358E-06 | 1,1122E-06 | 457944 -1,2461E-03 | 7,5852E-04 -8,6279E-06
ur_x [rad] | 1,1820E-04 1,5604E+07 | -2,3004E-02 | 2,3182E+10 | -3,3012E-01 | -2,5315E-01
ur_y [rad] |-2,3905E+07 | -5,0987E-05 | -7,5873E-06 | 5,1330E-02 3,5647E+10 | -1,8496E-02
ur_z [rad] | 3,4565E-05 -1,0420E-05 | 2,2776E-06 -2,1349E-03 | 4,9124E-03 5,0391E+09
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Stiffness matrix of 2 section

Fx [N] Fy [N] Fz [N] Mx [N mm] My [N mm] Mz [N mm)]
ut_x [mm] | 226813 -7,5905E-09 -6,0304E-08 4,6194E-06 -7,3601E+07 | 6,2206E-06
ut_y [mm] | -5,7921E-08 154068 2,6458E-06 4,9995E+07 -4,2500E-04 3,2607E-05
ut_z [mm] | -1,2025E-07 -1,1158E-07 1,4701E+06 3,3756E-05 -2,5955E-05 -3,7317E-05
ur_x [rad] | -6,1203E-05 4,9995E+07 2,0647E-03 3,8947E+10 -3,3739E-01 2,5189E-02
ur_y [rad] | -7,3601E+07 | 1,1880E-05 4,4831E-05 -5,5054E-03 5,9039E+10 -3,0782E-03
ur_z [rad] | 6,3495E-06 1,9323E-06 8,1378E-07 1,2403E-03 3,5640E-03 1,6144E+10

Stiffness matrix of 3 section

Fx [N] Fy [N] Fz [N] Mx [N mm] My [N mm] Mz [N mm)]
ut_x [mm] | 2,5679E+04 -4,4694E-07 -2,3412E-09 -8,3072E-05 -2,5423E+07 | -2,0020E-05
ut_y [mm] | 1,6453E-08 16777 -1,1991E-05 | 1,6609E+07 | -1,2808E-04 | -9,2687E-05
ut_z [mm] | -1,5824E-06 -1,5463E-05 477458 -2,4586E-03 5,8537E-04 -1,2384E-03
ur_x [rad] |-1,0267E-04 | 1,6609E+07 | -1,7201E-02 | 2,3823E+10 | -1,5410E-01 | -1,4250E-01
ur_y [rad] | -2,5423E+07 | 6,6777E-04 3,5593E-05 1,2387E-01 3,6612E+10 2,3145E-02
ur_z [rad] | 4,4221E-05 -2,1264E-06 -2,6427E-06 6,1414E-04 -5,2553E-03 5,2535E+09

Stiffness matrix of complete beam

Fx [N] Fy [N] Fz [N] Mx [N mm] My [N mm] Mz [N mm]
ut_x [mm] | 2,4694E+03 3,1968E-07 -1,4511E-07 -5,5372E-05 -5,7945E+06 | -5,5435E-05
ut_y [mm] | 3,3812E-07 1,5964E+03 | -9,6537E-06 | 3,7459E+06 | -3,8220E-04 | -7,8422E-05
ut_z [mm] | -2,7272E-05 4,2575E-05 200926 -1,1031E-02 1,7560E-02 -2,3362E-03
ur_x [rad] | 5,7808E-04 3,7459E+06 -3,0681E-02 1,1895E+10 -9,7379E-01 -2,7373E-01
ur_y [rad] | -5,7945E+06 | -8,6164E-04 | 4,8167E-04 | 2,7258E-01 1,8416E+10 | 1,5276E-01
ur_z [rad] | 1,7340E-04 -5,2660E-05 7,0268E-06 -3,0040E-02 -7,4366E-02 2,2136E+09

3.2 Modeling

Let us build the model in Dynamics R4 (Fig. 3.4). Every section is represented by a link
between two subsystems, each one has mass and link point. For example, if there was one section, it
would be simulated by two subsystems spaced from each other to the distance equal to the section
length. Each subsystem would have mass equal to the half of the section mass and link point. There
would be a link with the given stiffness matrix identical to the stiffness matrix of the complete beam.
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It should also be noticed that at connection of links between subsystems, the loading section
should be attached to the “sidel c point “parameter, fixing section — to the “side2 c¢ point”
parameter.

As in our case the beam has two intermediate sections, to each of which two sections will be
related at once, so characteristics of the lumped mass in this section (mass and inertia moments) must
be summed up from the characteristics of the halves of the corresponding sections (Table 3.4).

Table 3.4
mass characteristics between 1 and 2 sections mass characteristics between 2 and 3 sections
mass 50,083 kg mass 48,532 kg
IXx = 14,722 IXx = 13,112
lyy = 15,149 kg*m?2 lyy = 13,214 kg*m?2
Izz = 1,976 Izz = 1,915

In links between subsystems we set stiffness
matrixes obtained in FEM. Dynamics R4 has the following
feature — if the values in flexibility matrix have high
accuracy (the number of decimal digits more than 4 at
exponential number format), then after setting stiffness
matriX, the repeated opening of the corresponding window
with matrix should be avoided. If it is necessary, the
window should be closed by pressing the button “Cancel”.
Otherwise, Dynamics R4 keeps just 4 decimal digits.

Beak | [UT__<J[@ - TE= w6 %

i H
&
Rotx RotY Zoom

Fig. 3.5

800756 {13346 He. )

After building the model, we calculate basis  (Fig.
3.5). Every unfixed point has 6 freedom degrees, so it may
be necessary to extend the basis range in order to
correspond the frequency number with the number of
freedom degrees. Unfixed generalized element has 2 stations, each one has 6 freedom degrees.
Correspondingly, unfixed generalized element has 12 freedom degrees, fixed one on the left— 6, the
whole section — 18. In this calculation the basis range is up to 200 000 1/min.

3.3 Model check

To calculate flexibility matrix it is necessary to add the “dynamic load” element into the
model, placed it into the subsystem corresponding to the right boundary station as for loading of the
whole beam. As dynamic load we set the unit force along X-axis. When setting the unit moment, it is
necessary to determine dimension (N*mm) in correspondence with dimension set in the FEM-system
and stiffness matrix of links. It is necessary to add [Transient response] in the algorithms, choose
displacement along X-axis and press the button [Start]. When calculation is finished, we choose the
last section [Closing Section], select any point on the horizontal part of the plot and press the “A”
button on the Toolbar — Flexibility of the chosen section depending on the given force in dynamic
loading will be written in the [Log]. The log line, selected in Fig. 3.6, is the first line of flexibility
matrix.
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Fig. 3.7 gives the settings of nonlinear analysis.

Note: when there is no horizontal section on the plot, it is necessary
to vary damping at initial integration time (“init damping” in the

characteristics of [Transient response]).

After obtainment of the first line of flexibility matrix (radial
flexibility relatively X-axis), in dynamic load we zero force along X and set |~
the unit force along Y axis, in transient analysis calculation we change from |
displacement along X to displacement along Y and obtain the next line.
Similar actions are also necessary for flexibility relatively Z axis. In order
to obtain moment flexibility, it is necessary to set the unit moment in | .. ..
dynamic load and rotation about the corresponding axis in transient —[Loomese

response calculation.

yes =l
none |
calculate ¥
none ﬂ
bt |
newton =l

1e-006

To make a conclusion about correctness of modeling and
calculation, it is necessary to compare the flexibility matrixes of the complete beam obtained in FEM
and Dynamics R4, getting error less than 5% (Table 3.5).

nce 16005  mm |
olerance 16006 mm/s |
0 =~
100 =~
1 H lJ
1 s LJ
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Fig. 3.7
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Table 3.5
Flexibility of complete beam (FEM)

ut_x [mm] ut_y [mm] ut_z [mm] ur_x [rad] ur_y [rad] ur_z [rad]
Fx [N] 1,5475E-03 -1,4478E-13 | -4,9637E-17 | 4,1640E-17 4,8692E-07 5,1521E-18
Fy [N] -4,9127E-13 | 2,3995E-03 -9,5813E-17 | -7,5563E-07 | -1,4473E-16 | -8,4326E-18
Fz [N] 1,6749E-13 -5,4992E-13 | 4,9770E-06 1,7779E-16 4,7955E-17 5,2527E-18
Mx [N mm] | 1,1936E-16 -7,5563E-07 | 1,2867E-17 3,2202E-10 3,8903E-20 1,3052E-20
My [N mm] | 4,8692E-07 7,7896E-17 -1,4579E-19 | -2,7019E-20 | 2,0751E-10 -2,1262E-21
Mz [N mm] | -1,0487E-16 | 4,6829E-17 -1,5799E-20 | -1,3606E-20 | -3,1172E-20 | 4,5176E-10

Flexibility of complete beam (Dynamics)

ut_x [mm] ut_y [mm] ut_z [mm] ur_x [rad] ur_y [rad] ur_z [rad]
Fx [N] 1,5443E-03 -2,1577E-14 | -6,5898E-16 | 4,0391E-18 4,8558E-07 4,0274E-19
Fy [N] -2,1580E-14 | 2,3924E-03 2,2961E-14 -7,5282E-07 | -1,3340E-18 | -5,9128E-18
Fz [N] -5,4496E-16 | 1,5252E-14 4,9583E-06 -4,8640E-18 | -2,2283E-19 | 4,9902E-19
Mx [N mm] | 4,0398E-18 -7,5282E-07 | -7,1949E-18 | 3,2081E-10 -1,2667E-21 | 3,4482E-21
My [N mm] | 4,8558E-07 -1,3339E-18 | -2,5753E-19 | -1,2667E-21 | 2,0693E-10 5,8213E-23
Mz [N mm] | 4,0274E-19 -5,9128E-18 | 4,9902E-19 3,4482E-21 5,8213E-23 4,5074E-10
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Comparison

ut_x [%] ut_y [%] ut_z [%] ur_x [%] ur_y [%] ur_z [%]
Fx [%] 0,21 0,28
Fy [%] 0,30 0,37
Fz [%] 0,37
Mx [%] 0,37 0,38
My [%] 0,28 0,28
Mz [%] 0,23

Table 3.6 compares mass-inertia characteristics of the models built in CAD-system and
Dynamics.

Parameter Value

Mass 173.269

<Dz lx, kgm” 320.689

O Inertia moments lyy, kgrm? 322.169
Izz, kg*m2 6837

. Mass 173.268

8 Ixx, kg*m2 476016

= 2

§ Inertia moments lyy. kg*m 477.496

3 Izz, kg*m2 6836
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Table 3.6
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4. Recommendations to model section of rotor shaft using FEM

Shaft sections, stiffness characteristics of which cannot be modeled by [Beam] and [Shell]
elements in Dynamics R4, are modeled with the [Generalized element] element. At modeling a body
of rotation with its help it is necessary to take into account the following limitations: the detail should
be isotropic at mass-inertia and stiffness characteristics. It is possible to set only isotropic flexibility
matrix in the element. Orthotropic inertia moments may be also set but such element is impossible to
use at modeling of shafts with rotation.

In some standards (for example, APl RP684) in order to model complex sections it is
suggested to use beam elements with matched diameter and density for coincidence of mass- inertia
characteristics. Errors on stiffness characteristics determination are considered acceptable. It should
be noticed that such methodology is recommended for determination of bending vibrations.

4.1 Data preparation for model

4.1.1 Obtainment of mass-inertia shaft characteristics

A
_|
\ E: . SRS; N ) Hgs 9 |
| A —| 40
Fig. 4.1

Usually initial data for modeling are the drawing of the shaft
and section of the part of interest, Fig. 4.1(grooves of the instrument
entry and butts rounding are simplified).

From these drawings it is necessary to build 3D model of the
central shaft section (Fig. 4.2) in CAD-system and obtain its mass-
inertia characteristics in the centre of mass (Table 4.2), set the
corresponding material (here TStE 420N, Table 4.1). These data
should be used to verify the model.

Table 4.1
Parameter Value
Modulus of elasticity 2.1e+011 N/m?
Poisson's ratio 0.28
Mass density 7800 kg/m?
22

Simulation in Dynamics R4 (HowTo...)



4 Recommendations to model section of rotor shaft using FEM

Table 4.2
Parameter Value
Mass 742.479 kg
I 129.058 kg*m?
Inertia moments lyy 129.058 kg*m?
I, 9.997 kg*m?

4.1.2 Flexibility matrixes obtainment

Let us consider flexibility matrixes obtainment by example of section of the shaft, given in
Fig. 4.1 To obtain flexibility matrix it is necessary to import the 3D model in the finite-element system
and divide it into finite elements, Fig. 4.3. It is recommended to export 3D model from CAD-system
into Parasolid (*.x_t) format and then to import it as a solid body (Solid). The model should be
oriented in correspondence with the coordinate system in Dynamics R4. Material characteristics are
set in the finite-element system. After that the detailed finite element mesh for static loading is
superimposed. In this case there is no task of optimal (speed-accuracy) partition. In this case the
model was divided automatically into 111044 elements. It should be noticed that for such task the
hexagonal type of finite element mesh must be used.

Fixing performed at the whole plane of the left boundary station, right one is loaded in turn

by unit forces and moments. Planes of loading and fixing are rigid. Fig. 4.4 shows the scheme of
loading.

Flexibility matrix is obtained by successive measurement of displacements and rotations along

all axes for all loading steps, Table 4.3. This matrix will be used to check the model in Dynamics
R4.

Table 4.3
ut_x [mm] | ut_y [mm] ut_z [mm] ur_x [rad] ur_y [rad] ur_z [rad]

Fx [N] 1.0241E-05 -1.4373E-10 5.1529E-13 1.6650E-13 1.0510E-08 2.6945E-13
Fy [N] -1.4373E-10 1.0241E-05 2.5419E-13 -1.0511E-08 -1.6650E-13 -1.0717E-12
Fz [N] 5.1530E-13 2.5419E-13 9.9417E-08 -3.5903E-16 7.2782E-16 -1.3094E-21
Mx[N mm] 1.6650E-13 -1.0511E-08 -3.5904E-16 1.4845E-11 2.3517E-16 2.0710E-24
My[N mm] 1.0510E-08 | -1.6650E-13 7.2781E-16 2.3517E-16 1.4845E-11 -1.7502E-24
Mz[N mm] 2.6945E-13 -1.0717E-12 -5.0445E-23 -5.6205E-24 -1.2285E-22 5.2566E-11
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4.1.3 Features of lengthy shaft section

For correct modeling of bending vibrations of lengthy section it is necessary to divide the
whole section into several segments. In this case length of the whole section is 1416 mm, let us divide
it into 12 segments of 118 mm length each one.

We obtain flexibility matrix of the segment, as it was described above. When the segment
model is divided into finite elements, mesh density should be the same as at division of the complete
shaft section. It simplifies verification. The number of finite elements, the model was divided into,
accounted for 9312. Fig. 4.5 shows the segment. Table 4.4 gives flexibility matrix.

~ BN

Fig. 4.5
Table 4.4
ut x [mm] | ut_y[mm] | ut_z[mm] ur_x [rad] ur_y [rad] ur_z [rad]
Fx [N] 3.1937E-08 -1.5548E-13 1.9949E-14 2.4542E-15 6.8619E-11 6.6410E-15
Fy [N] -1.5548E-13 3.1935E-08 1.8739E-14 -6.8620E-11 | -2.4542E-15 -4,1299E-14
Fz [N] 1.9949E-14 1.8739E-14 7.4636E-09 -3.1761E-16 3.3812E-16 | -1.1878E-23
Mx [N mm] 2.4542E-15 -6.8620E-11 -3.1761E-16 1.1631E-12 4.1596E-17 1.2175E-27
My [N mm)] 6.8619E-11 -2.4542E-15 3.3812E-16 4.1596E-17 1.1630E-12 8.8888E-26
Mz [N mm] 6.6410E-15 -4.1299E-14 -1.4249€E-23 -1.1447E-26 1.0925E-25 3.1851E-12

When [Generalized element] is used, there are 2 methods to set mass-inertia characteristics.
When the first one is used, it is enough to know masses and inertia moments in the centre of mass of
the segment (LG is the parameter to set the coordinates of the centre of mass relatively the segment
beginning). It should be used if there is no possibility to use the second method. When the second
method is used, masses and inertia moments are set on the boundary stations of the segment. To
obtain them, it is necessary to model the segment half and to obtain the mass-inertia characteristics
not in the centre of mass but on the boundary section. In our case length of the segment half is equal
to 59 mm. Table 4.5 gives its mass-inertia characteristics.

Table 4.5
Parameter Value Units
Mass (m) 30.937 kg
I 0.244
Inertia moments lyy 0.244 kg*m?
Iz 0.417
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4 Recommendations to model section of rotor shaft using FEM

4.2

Modeling
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Fig. 4.6

We build the new model. Then we add the subsystem (Fig. 4.6), where we create the
[Generalized element] of 118 mm length with mass-inertia characteristics in boundary sections,
obtained before for the segment of 59 mm (Fig. 4.7), and flexibility matrix obtained in FEM for the
segment of the shaft section. Fig. 4.8 shows the schematic diagram of the generalized element.
Copying flexibility matrix, beforehand it is necessary to specify the corresponding size of moment
coefficients (in this case N*mm) in Dynamics.

Note: In Dynamics R4 when editing matrixes cells, rounding up to 4 decimal digits happens.
If data in FEM are obtained with higher accuracy and it is required to minimize error at verification,
this should be taken into account. In dynamics tasks such rounding does not bring any significant
error. In case if it is necessary to look over the matrix and to save accuracy of entry, editing window
should be closed using the “Cancel” button.
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4 Recommendations to model section of rotor shaft using FEM

On the schematic diagram of generalized element Jx1=Jx2, Jyl=Jy2, Jz1=Jz2, m1l=m2 —
inertia moments and segment mass of the shaft section of 59 mm length. Static inertia moments S1
and S2 are used for more detailed specification of mass distribution at the invariable number of
sections. Static inertia moment is equal to product of an arm to mass. The arm may be obtained by
the following way:

1) Indynamics build the new model with the beam segment of 118 mm length, 390 mm diameter, material
- — TStE 420N .

2) Create the log, retrieve static inertia moment (S1 or S2) from it.

3) In calculator divide static inertia moment by the beam element mass (m1 or m2) and obtain the arm of
static moment.

4) Multiply mass of the segment half (Table 4.6) by the obtained arm and write down the result in S1 and

S2 fields in the generalized element.

When the unit generalized element is specified, it is necessary to calculate its basis. If basis is
calculated without mistakes at sufficient frequency range, the generalized element is set correctly.
We copy this element 11 times one by one.

After that we set Rigid link on the left end of the section, on the right— dynamic load of general
type.

We calculate basis. Algorithms using methods of reduction of modal synthesis give maximal
accuracy at basis calculation with the complete set of frequencies. In simple models, used for
verifications, it is possible to get the complete basis. Every unfixed point has 6 degrees of freedom,
SO it is necessary to extend the basis range in order to correspond the number of frequencies with the
number of freedom degrees. The unfixed generalized element has 2 points, each one having 6 degrees
of freedom. Correspondingly, the unfixed generalized element has 12 degrees of freedom, the fixed
one on the left — 6, in this case, the complete section — 72. The basis range of up to 700 000 1/min
was chosen for this calculation.

¥ 920 methodic_generalized_elements.dm:1 X | W¥_ex06 Uniform rotor with pinned-end supportssdmil | ¥ L9 »x
] e— 0.324000 o -
Fresze Start Break | (2D chan v]  Sotby [dbsoltetime v | shaill 0.z7a000 o
- E— 0.414000 [}
[shait1 o[ =] [Displecement v | % % | E2 & | (B30 | Ui 4= | A olasioon o
— . 0.494000 0
000 Rigid link 1 0808; 0.985 Transient response 0.535000 O
0.&57&000 o
004 Generalized clement [shaft 1].[0 0 0 Rigid link 1].[Y].[19.2.2013 (11:14)] 0617000 o
00 118 Generalized element 2 1.0 £ 0.658000 0
E 0.65%000 o
00236 Generalized element 3 0g £ 0.740000 0
00354 Generalized slement 4 as £ 0.78loo0 0
= 0.8zz000 o
00 472 Generalized element 5 07 = 0.863000 o
- " . = 0.504000 [}
00500 Generalized element 6 | _ s E I e 0
00708 Generalized element 7 4} <% E 0.386000 0
. 2 05 E g:o:L
00320 Generalized element § E‘ . E I Caloulation of transient response finished successfully
00944 Generalized element | £ 0.4 £
. =1 E ' 0 0 1418-C1
00 1062 Generalized element 03 £ x=0.605
00 1180 Generalized element 03 £ l'
2 £ o
010 1298 Generalized element E
00 1416 Closing section 01 E 0.000000e+000 -1_5855432-023 0.000000e+000 -5 _3271562-0Z25 0.0000;
g oo A b b o b Loads =
amega_z 0.000000e+000 -3_2022792-008 0.000000e+000 2. 228960e-009 0. 000000=+00C,
S0 075 030 025 000 625 00 075 100 =
z
[5“ 4 [} L
] I » | T Elements  =|log

Fig. 4.9
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4 Recommendations to model section of rotor shaft using FEM

In dynamic load we set unit force along X. When setting unit ~ —
moment, it is necessary to specify the size (N*mm), in ageﬁ e o
correspondence with the size of results obtained in FEM-system. It |z action none |
is necessary to add “Transient response” in algorithms, choose [processaction  calcuiste =
displacement along X axis and press «Starty button. When - |processfiesave  none el
calculation is finished, we choose the last section (“Closing l::::;:zd :::mn ﬁ
Section”), select any point on the horizontal part of the graph and | . ... P
press the “A“ on the Toolbar — in the log Flexibility of the chosen | uipi sbs tolerance 16005 mm
section depending on given force will be written in dynamic load.  |speed_sbs tolerance 16006 mm/s =
The log line highlighted in Fig. 4.9, is the first line of flexibility |t»- L =
matrix. Fig. 4.10 shows settings of transient response. ‘f“ o 5 i
Note: if there is no horizontal part on the graph, it is  |iittime 1 s o
necessary to vary damping in initial integration time II‘P“P ‘1‘;’;00 ;*S!nj
(“init_damping” in “transient response” characteristics). cut—put_:&pj = —
When the first line of flexibility matrix (radial flexibility — |medaldet =
along X axis) is obtained, in dynamic load we zero force along X — Lthownwesh Mo =
and set unit force along Y, in calculation of nonlinear analysis we Fig. 4.10

change displacement along X by displacement along Y and obtain

the next line. Similar steps are also necessary for axial flexibility along Z-axis. To measure flexibility
at angular freedom degrees, it is important to set in dynamic loads the necessary unit moment and in
calculation of transient response — rotation relatively the corresponding axis.

Table 4.6 shows the flexibility matrix of the given model and its comparison with the one
obtained in the 2 point. In this table the corrected torsion flexibility is presented.

Table 4.6
ut_x [mm] ut_y [mm] ut_z [mm] ur_x [rad] ur_y [rad] ur_z [rad]
Fx [N] 1.0241E-05 -1.4373E-10 | 5.1529E-13 1.6650E-13 1.0510E-08 2.6945E-13
;C-_; Fy [N] -1.4373E-10 | 1.0241E-05 2.5419E-13 -1.0511E-08 | -1.6650E-13 | -1.0717E-12
5 g Fz [N] 5.1530E-13 2.5419E-13 9.9417E-08 -3.5903E-16 | 7.2782E-16 -1.3094E-21
;'J: 8 Mx [N mm] | 1.6650E-13 -1.0511E-08 | -3.5904E-16 | 1.4845E-11 2.3517E-16 2.0710E-24
E My [N mm] | 1.0510E-08 -1.6650E-13 | 7.2781E-16 2.3517E-16 1.4845E-11 -1.7502E-24
Mz [N mm] | 2.6945E-13 -1.0717E-12 | -5.0445E-23 | -5.6205E-24 | -1.2285E-22 | 5.2566E-11
Fx [N] 9.6464E-06 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 9.8813E-09 0.0000E+00
S | Fy[N] 0.0000E+00 | 9.6462E-06 0.0000E+00 | -9.8811E-09 | 0.0000E+00 | 0.0000E+00
8 | Fz[N] 0.0000E+00 | 0.0000E+00 | 6.9901E-09 0.0000E+00 | 0.0000E+00 | 0.0000E+00
§ Mx [N mm] | 0.0000E+00 | -9.8811E-09 | 0.0000E+00 | 1.3956E-11 0.0000E+00 | 0.0000E+00
a My [N mm] | 9.8813E-09 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 1.3957E-11 0.0000E+00
Mz [N mm] | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 0.0000E+00 | 3.1204E-12
ut_x [%] ut_y [%] ut_z [%] ur_x [%] ur_y [%] ur_z [%]
Fx [%] 5.802288969 | 100 100 100 5.984791719 | 100
. | FyDel 100 5.805153268 | 100 5.988173229 | 100 100
L% Fz [%] 100 100 7.031154639 | 100 100 100
Mx [%] 100 5.988173229 | 100 5.988320716 | 100 100
My [%] 5.984991523 | 100 100 100 5.984864389 | 100
Mz [%] 100 100 100 100 100 5.936263782
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4 Recommendations to model section of rotor shaft using FEM

Error in modeling of torsion flexibility of the shaft with nonround section is conditioned by
the fact that it is not additive for such crosssection. In order to obtain quite exact result at torsion
flexibility relatively Z axis, it is necessary to do the following: to divide torsion flexibility of complete
shaft section calculated in FEM, into the segments. The obtained value should be included into the
corresponding field in flexibility matrix of the generalized element.

Table 4.7 gives comparison of mass-inertia characteristics, obtained for the complete shaft section
in CAD-system and in Dynamics R4.

Table 4.7
Parameter Value
Mass 742.479 kg
2 ber 129.058 kg*m?
) Inertia moments lyy 129.058 kg*m?
|22 9.997 kg*m?
x> Mass 742.488 kg
8 e 131.472 kg*m?
E *m2
§ Inertia moments lyy 131.472 kg*m
8 12 10.008 kg*m?
28
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5 Conversion of [Rigid link] elements

5. Conversion of [Rigid link] elements

As a result of incorrect modeling in complex
models at active use of the [Rigid link] elements at basis
calculation, shapes can be computed with improper
orthogonality. Quite significant values in orthogonality
matrix (le-5...1) for nondiagonal elements testify this.

This may take place, for example, at refixing in
several stations. Several rigid links match one or close
stations. To check reasons of improper orthogonality,
functionality of automatic conversion of [Rigid link]
elements by equivalent elastic elements [Link] was
included into the program. This allows improving
orthogonality of mode shapes decreasing computational
problems at building systems of equations.

As substitute, an equivalent elastic link is
created. Meanwhile the previous link is deleted.
Deletion of initial rigid links may be cancelled using
Undo/Redo.

Des
conn_type
sidel_subs

sidel_|

Rigid link brng right 3
via bady j
Shaft 1 Lshaft System j

1300

Designation
Type of cannection
Side L subsystem

mm j sidel affset

side2_subs hal Sicde2 subsystem
sice2_| 120 mm j sicle offset
UTzx fixed j Translation in x-direction
UTy fived j Translation in y-direction
UTz fixed j Translation in z-direction
UR:x fixed j Ratation about x-axis
URy fixed j Ratatian about v-axis
URz _IL' Ratatian about z-ams
d 0 mmjlnnel diameter
D 150 mm j Outer diameter
B L] mm j width
[\ ariable defines properties of link abaut Z awis - fied or free

Fig. 5.1

When converting links, their attachment to subsystems is taken into consideration; there are
visualization parameters d*, B*, D* and fixing type (Fig. 5.1).

In an equivalent elastic link the big stiffness is assigned only for those degrees of freedom

which were fixed in a rigid link.

Current elastic link may be replaced using context menu (Fig. 5.2) for the element which is

active in the model tree.

? Spstem

-y shaft

[#]-—f caze

X PRigid link mourt left
"X Rigid lirk brrg left

1 Rigid| & Undo Ctrl+Z
'Y Rigid = Redo Ctrl+Y
- Ma g oo
=[] Algori (41 Copy Ctrl+C
BH*“"E [, Paste Ctrl+V
E Delete
BR ComvertRigidtoSpring |
Visualisation 4

Fig. 5.2

The menu [Service\Convert rigid links by elastic links] may also be used.
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5 Conversion of [Rigid link] elements

— ™
Ilﬁfile Edit  View |[Tools | Window Help Convertn'gidlinkstospringl ﬂ
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=0 shaft F5  Edit Materials DB )
Bl T Figd ink 4 = _ @ Allin current aszembly shaft
Lo BIEINE £ 2 Run with consale
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"X Rigd fink | [f] Matrix calculator
[+-—f |!iha;t Piljk[ E:r Import bearing from table Values
1 ‘g link L= Canvert rigid links to springs ) )
..... Y Rigid link BL= Stiffness Diarnping
1ell I a ,

Fig. 5.3

Meanwhile the dialog window with conversion settings appears (Fig. 5.3).

Using these settings, equivalent stiffness (recommended values 1e10-1e12 N/m) and the type
of the substitute may be set. Besides current link, all rigid links may be converted in the current
assembly or in the whole model.

Note: such conversion does not eliminate problem in modeling, it helps to localize it. Search
of mistake in modeling should not be stopped by converting rigid links into elastic ones and obtaining
acceptable orthogonality of mode shapes.
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6 Modeling of step change in shaft diameter [Shaft Stepping]

6. Modeling of step change in shaft diameter [Shaft Stepping]

When modeling elements in Dynamics R4, assumption about absolutely rigid sections of
elements is accepted. In some cases it may result in some inaccuracy of calculation. For example, at
torsion of the shaft with step change in diameter there is an effect of penetration of the section with
smaller diameter into the section with bigger diameter. It leads in some cases to difference of torsion
flexibility obtained for beam elements in Dynamics R4 with experiment and FEM calculations at
modeling without such assumption.

According to the requirements of APl 684 standard [1], it is necessary to take into account
penetration factor A (also described as PF — “Penetration Factor”) when calculating flexibility for
shaft torsion. Effect can be taken into consideration through lengthening of the smaller diameter shaft
section with corresponding shortening of the bigger diameter shaft section by calculated A. A is
calculated taking into account smaller diameter and ratio of bigger diameter to smaller one, according
to the Table 6.1. It is reasonable to consider this effect at significant ratio D2/D: (see Fig. 6.2), for
example, D2/D1> 1.7.

Starting from Dynamics R4.8.1 to consider the penetration effect, the corresponding element
[Shaft Stepping] may be used. Fig. 6.1 gives dependence of error in calculation of torsion flexibility
at constant ratio D2/D;.

50,00
45,00
40,00
35,00
30,00
25,00
20,00
15,00
10,00

5,00

0,00

0,001 0,01

e &
"‘-'—H-_._________ \

Error [%)

Ls/Ds

—4— Error eliminated using[Shaft Stepping] element

—m— Calculation error without use of [Shaft Stepping] element

Calculation error with use of [Shaft Stepping] element

Fig. 6.1

In calculations in Dynamics R4 the penetration effect may be taken into account using either
the element [Coupling] or the [Shaft Stepping] element.

6.1 Consideration of penetration effect using element [Coupling]

In Dynamics R4 additional flexibility, appearing at step change in diameter, may be
considered using the following recommendations [1], [2]:
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6 Modeling of step change in shaft diameter [Shaft Stepping]

1) Calculate geometrical parameters of the beam (diameter D. and length L), that is
equivalent (in torsion flexibility) to the shaft section with the step;

2) Obtain torsion flexibility of equivalent beam ur_z. [rad];

3) Calculate difference Aur z [rad] between torsion flexibility of the equivalent beam
ur_ze[rad] and the shaft section with step change in diameter ur_z [rad], consider it
in coupling.

6.1.1 Calculation of parameters of equivalent beam

In standard APl 684 the equation (1) is given that is used to calculate geometry of the
equivalent beam for case of step change in the shaft diameter.
Le = (7 +222) D¢, (6.1)
D1 D2
where L3, L, D1, D2 — geometrical parameters of the step shaft;
Le, De — geometrical parameters of the equivalent beam;

A (Fig. 6.2) —penetration depth of the shaft section of length L1 of smaller diameter D; into
the section with bigger diameter D and length Lo;

Fig. 6.2 and Table 6.1 present penetration factor PF= A /D1 to smaller diameter vs ratio of
bigger diameter D> to smaller one D1 and also pictorial diagram of the penetration effect principle.

0.14
£
Z 0.12
<
S 0.10 T Note: Lambda A represents a
g ' L1 length added to the smaller
$ _ / diameter which will yield the
o© D 0.08 A actual torsional stiffness of a
“g’ 5 / stepped shaft section.
3|2 0.6 e K
TS
5[5 T
? 0.04 //‘ D, Dlz
- 002 7
0
10 12 14 16 18 20 22 24 26 28 3.0
Diameter & i
Ratio p, @m
Fig. 6.2
Table 6.1
D./D; PF
1.00 0
1.25 0.055
1.50 0.085
2.00 0.100
3.00 0.107
o0 0.125

As the condition D1 < D2 should be met, the following new notations are
introduced for ease in perception (Fig. 6.3):

e L;=Ls, D1 =Ds (“S = small” — the parameter concerns to the smaller diameter
section);
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6 Modeling of step change in shaft diameter [Shaft Stepping]

o Lo=L,Do2=D. (“L=1arge” —the parameter concerns to the bigger diameter section).

e Lg, De — length and beam of the equivalent beam correspondingly.

A

A

Q] o] S

Y

A

Y

&
<

Fig. 6.3

Y

It is better to set LE=LS+LL and calculate parameter DE using the equation. Thus, we obtain
the following from (6.1):

L

_ 4 E

Dg = " |i5¥pF 1;-pF (6.2)
4 4
Dg by,

6.1.2 Calculation of torsion flexibility of equivalent beam

To calculate torsion flexibility of the equivalent beam, it is necessary to build the model in
Dynamics R4, presented in Fig. 6.4. Among the subsystem characteristics set the same material as
for step shaft.

The step shaft is considered in this example. Table 6.2 gives its parameters.

Table 6.2

Material Geometry
Parameter p E i Ls | Ds | L. | DL | Le De PF
Value 7850 | 210000 | 0.3 | 100 | 50 | 100 | 50 | 200 |58.2145|0.1
Unit kg/m® | N/mm? | --- mm
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6 Modeling of step change in shaft diameter [Shaft Stepping]

[shatt 1 -
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material Like subsystem ! Material
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red 196 Red color — D
green 196 Green col e
blue 196 Blue colo

Fig. 6.4

After setting all the parameters it is necessary to create the model protocol in order to obtain
flexibility ur_ze [rad] (Fig. 6.5) from it.

»
I il it et bgei] [y mil
. IFIexihiIity matrix
L ut_x [mm] ut_y [mm] ut_z [mm] ur_x [rad] ur_y [rad] ur_z [rad]
Fac [N] 2.27645=-005 0 o} u] 1.689342-007 |0
I Fy [N] 2.376458e-005|0 -1.68934e-007 |0 o
I F= [N] 3.57815e-007 |0 a o
' - M3 [N m] 1.689342-006 |0 0
----- My [N m] 1.68934e-006 |0 g
I
[
) d]/
| ur_z_ [ra
Fig. 6.5

6.1.3 Calculation of Aur_z [rad] and its consideration in coupling
Aur_z [rad] is calculated in the following way:
AUr_Z = Ur_Ze- ur_z (6.3)

When modeling the step shaft in Dynamics R4, it is necessary to insert the [Coupling] element
in the section where change in diameter takes place, insert the value Aur_z in its characteristics into
the dURz/dMz area. Unit to be chosen is 1/N*m (see Fig. 6.6).
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6 Modeling of step change in shaft diameter [Shaft Stepping]
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6.2

Starting from Dynamics R4.8.1 version, the [Shaft Stepping] element may be used to take
into account the penetration effect (Fig. 6.7). Fig. 6.8 shows the element settings.

Use of [Shaft Stepping] element

=

9@ Coupling
@ Trunnion coupling
\..gmhi Shaft stepping

Des Shaft stepping 4

71 50
Ds 50
L 50
DL 100
LL 100

material | Like subsystem j
o 0
Visibility| 0

Designation
mm j Start coordinate
mm j Smaller diameter
mmﬂ Length of smaller diameter section
mm j Larger diameter
mm j Length of larger diameter section
Material
mm j Outer diameter
Element Visibility

\T/
el L D

Fig. 6.7

6.3 Literature

Fig. 6.8
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2. “Teopus xosebanmii”, babakos .M., uzn. “Hayka”, 1968.
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comnpotusiieHus ycraigocty, 01.07.1983.

Simulation in Dynamics R4 (HowTo...)




7 Modeling of disk skew

7. Modeling of disk skew

7.1 Modeling using [Unbalance Load]

When the disk axis does not coincide with the rotation axis of the rotor, additional unbalanced
loads appear in the dynamic system. Noncoincidence of principal axes of inertia with the rotor
coordinate system also influence change in natural frequencies. Because the angles are small, this
influence may be neglected. If it is necessary to simulate the rotor disk skew in Dynamics R4, the

[Unbalance Load] element may be used, where moment load created by centrifugal moment of skew
disk is set (Fig. 7.1).

M unb | 0.024 kg rmm ﬂ unbalance moment

Fig. 7.1

The following data are necessary for modeling:
e m (kg) — disk mass;
e g, Ip (kg*m?) — diametral and polar inertia moments correspondingly;
e t—inclination (skew) disk angle (Fig. 7.2).

Static unbalance (force unbalance) may be also taken into consideration. For this it is
necessary to have disk eccentricity data - € (mm).

>0, 0<0

Fig. 7.2

Moment unbalance given in the element [Unbalance Load] settings is calculated using the
following equation [7.1]:

Mynp = —(Ig — Ip) - sin(7) - cos(7) (7.1)

Because the skew angle is small, product of trigonometric functions may be neglected and
replaced by the angle in radian. Considering the assumptions, the following equation may be used:

Mynp = (I, = 13) - 7 (7.2)

Setting the moment unbalance, it is necessary to use the scheme presented in Fig. 7.3 In the
scheme moment unbalance is presented as a pair of static unbalances modeling moment load. Angle
¢ presents phase (M_phase), given in the element settings [Unbalance Load].



7 Modeling of disk skew

7.2 Example

In [2], [3] the outboard rotor with disk skew is considered, and joint influence on unbalance
behavior of the disk skew and its mass unbalance is taken into account. Fig. 7.4 shows the rotor
model considered in [2], [3] articles, its geometric and mass-inertia parameters and the results of
unbalance behavior calculation (rotating speed is in Hz in X-direction). Fig. 7.5 presents the model
built in Dynamics R4 and the result of calculation of dynamic behavior using the [Unbalance

Response] algorithm. Mass-inertia characteristics correspond to those presented in article [2]. The
obtained unbalance Munb=0.024 kg*m2.

amplitude (m=) . J

fig 7: Some paraxeters of an overhing rotor

with disk zkew

].1 = 2552.5 mm. m = 319.6 kg.

1, = 850.8 mn. 1= 4.07284x10 kg.mm”
a = 101.6 mm. I, = 2.03642x10"kg.m’
k1 = k2 = 1317.111 Njum e = 0.25 mm.

cy = ¢y = 5.128 N.s/mm |t = 0.0684 degrees.
 —

table 1: Rotor parameter values of the overhung rotor

Salomone and Gunter have calculated the rotor responses of five unbalance
cases:

a2 radial unbalance mass eccentricity (+c)

a positive disk skew angle (+r1)

a negative disk skew angle (-t)

both 1 and 2 (+e+r)

both 1 and 3 (4£-1)

L N

fig.8: Amplitude of the transiaticnai motion at the disk

lecation against rotor speed for various unbalances.

Fig. 7.4
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7 Modeling of disk skew
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8 Modeling of bowed shaft [Shaft Bow]

8. Modeling of bowed shaft [Shaft Bow]

When the bowed shaft rotates, the unbalanced forces, which are necessary to take into account
solving the rotordynamics tasks, arise. Bow may take place as a result of breakdown in manufacturing
process, temperature deformations of the shaft. To model, the [Unbalance Load] element, simulating
unbalance load (radial and moment ones), may be used. Unbalanced forces have characteristic
distributed along the shaft length.

8.1 Calculation of unbalance load

Unbalance, set into the element, is calculated using the equation 1:
Funp =M - e, (8.1)
where: M — shaft mass, (kg);
e — eccentricity created by the shaft bow (cm).

Unbalances distribution is set by a user depending on requirements of the specific task. If it
IS necessary, the shaft is divided into several parts, and the [Unbalance Load] element is placed in
calculated centre of mass of every part. Load, set in every element, is calculated separately using the
equation (1), where mass of the chosen section is applied instead of the shaft mass and the eccentricity
of the centre of mass of the chosen section is set.

8.2 Calculation of parameters of shaft section

In order to obtain mass and centre of mass of the shaft section, it is necessary to do the
following:

1) to model the shaft section in Dynamics R4 or copy it from the given rotor model into the
separate model
2) display the model log.

Fig. 8.1 gives the sought model parameters.
¥ File Edit Tools  Win elp

& £
© 4 LEDEY

Hll

—
-

O
£

A L8 8 R R R 2 g

Input

[ system description:

e w—=lInmo:

"'\\‘;r ' T aaaRl

Isystem
Des title name modified x v z m GC_X|eC_Y GC_Z  [3x Jy Iz

[mm] [mm] [mm] [kg] | [mm] [mm] [mm] [kg m2] [kg m2] [kg m2]
26.2.2013 (19:48) |0 ] ] 19.834|0 ] 363.139|0.65690337 |0.65690337 0.01285107
A

i

i

FIENE

mass (M \ center of mass

Fig. 8.1
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8 Modeling of bowed shaft [Shaft Bow]

8.3 Eccentricity calculation

In order to obtain eccentricity in any point, it is necessary to have function describing the shaft
bending shape. Supposing that bending is described by quadratic function, and the function passes 3
points in the Ai(zi;yi) format, where zi — coordinate of section with experimentally obtained
eccentricity, y1 — eccentricity of the given section.

In this case quadratic function is the following:

y = az? + bz + ¢, where (8.2)
Vi z3-(Y2-y1)+22y1-21Y2
— z3—73
a= yZE;Z3_Z2_Z1)+Z]'Z2 (8l3)
b ES ﬁ - a(21 + Zz) (84)
c=20"1Y2 4 472, (8.5)
Z2—2Z1

As a result of substitution of coordinates of the three points and obtainment of function
describing the shaft bending, the eccentricity in the centre of mass of the investigated shaft section
may be obtained. For this it is necessary to make z equal to the coordinate of the centre of mass (Fig.
8.1) and obtain y that is the sought eccentricity.

Generally it is necessary to obtain the equation for the curve approximating the experimental
results, for example, using the least square method.

8.4 Diskinclination at rotor bow

When the disk is fit on the rotor shaft directly and “Shaft Bow” effect appears, disk will be
inclined in correspondence with the shaft axis incline in the disk section, so the “Disk Skew” effect
arises. It is described in the part 5 “Modeling of disk skew of rotor”. In this case the disk inclination
angle may be calculated considering that derivative of the shaft bow function in the specific point is
equal to tangent of inclination angle of the tangent line to the plot of the given function in the specific
point. This gives us equation for the disk inclination angle:

T = arctyg (y/ (ZD)) (8.6)
where:
e vy’ —derivative of function describing the shaft bow;
e zp—coordinate of centre of mass/ hub middle/ section of the disk setting along its axis.
For the quadratic function accepted in this method, there is the following derivative:
y'=2az+b (8.7)

8.5 Example

As an addition to the guide, the example of the abstract rotor with the shaft bow and the disk
inclination appearing as a result is created. Fig. 8.2 gives the result of calculation of unbalance
behavior (X-axis represents frequency in Hz).

Fig. 8.3 shows the model with added unbalance loads and the plot showing the accepted shaft
bow. The model parameters are obtained on the basis of the model log and presented in appendix.
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8 Modeling of bowed shaft [Shaft Bow]
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Fig. 8.3
8.6 Appendix
System description: Modeling of bowed shaft rotor
System
Des title name m GC Z Ix Jy Jz
(kg] [mm] [kg m2] [kg m2] [kg m2]
Example | Shaft Bow | AlfaTranzit | 22.334 | 406.443 | 1.08917505 | 1.08917505 | 0.21289107
Shaft 1
Beam
Des Is z1 z2 di D1 d2 D2 LG
[mMm | [mm | [mm | [mm | [mm] | [mm] | [mm] | [mm]
] ] ] ]
Beam 1 20 0 20 0 55 0 55 10
Beam 13 30 20 50 0 50 0 50 15

Simulation in Dynamics R4 (HowTo...)
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8 Modeling of bowed shaft [Shaft Bow]

Beam 2 30 50 80 0 60 0 60 15
Beam 3 70 80 150 |0 50 0 50 35
Beam 4 15 150 | 165 | O 55 0 55 7.5
Beam 5 35 165 | 200 |O 60 0 60 17.5
Beam 6 300 |200 |500 |O 80 0 80 150
Beam 511 | 35 500 (535 |0 60 0 60 17.5
Beam 412 | 15 535 |550 |0 55 0 55 7.5
Beam 7 100 | 550 |650 |O 50 0 50 50
Beam 8 10 650 | 660 |0 100 0 100 5
Beam 9 30 660 |690 |0 45 0 45 15
Beam 10 50 690 (740 | O 50 0 50 25
Disk
Des Is z1 z2 d_hub* | D_rim* | m type Ix Jy Jz
[mm] | [mm] | [mm] | [mm] [mm] | [kgl [kg m2] | [kg m2] | [kg m2]
Disk 14 | 20 740 760 0.1 200 2.5 | Isotropic | 0.1 0.1 0.2
Unbalance load
Des z1 Funb | Fphase | M unb M phase
[mm] | [gcm] | [deg] [gcm cm] | [deg]
Unbalance load 15 | 10 0.003 | O 0 0
Unbalance load 16 | 35 0.011 |0 0 0
Unbalance load 17 | 65 0.028 | 0 0 0
Unbalance load 18 | 115 0.072 |0 0 0
Unbalance load 19 | 157 0.023 |0 0 0
Unbalance load 20 | 182 007 |0 0 0
Unbalance load 21 | 350 1.2 0 0 0
Unbalance load 22 | 517 003 |0 0 0
Unbalance load 23 | 542 0.007 | O 0 0
Unbalance load 24 | 600 0.026 | 180 0 0
Unbalance load 25 | 655 0.039 | 180 0 0
Unbalance load 26 | 675 0.031 | 180 0 0
Unbalance load 27 | 715 0.095 | 180 0 0
Unbalance load 28 | 760 0 0 11.527 180
Link
Des conn_type | sidel | sidel _subs | Type
[mm]
Link 1 | via body 35 Shaft 1 Isotropic
Link 2 | via body 561.564 | Shaft1 Isotropic
Link 1
Stiffness matrix
Stiffness matrix
Fx [N] Fy [N] Fz [N] Mx[Nm] | My [Nm] | Mz [N m]
ut_x [m] 1e+008 | O 0 0 0 0
ut_y [m] 1e+008 | O 0 0 0
ut_z [m] 1e+008 | O 0 0
ur_x [rad] 0 0 0
ur_y [rad] 0 0
ur_z [rad] 0

Simulation in Dynamics R4 (HowTo...)
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8 Modeling of bowed shaft [Shaft Bow]

Link 2
Stiffness matrix

Stiffness matrix

Fx [N] Fy [N] Fz [N] Mx [Nm] | My [Nm] | Mz [N m]
ut_x [m] 1e+008 | O 0 0 0 0
ut_y [m] 1e+008 | O 0 0 0
ut_z[m] 1e+008 | O 0 0
ur_x [rad] 0 0 0
ur_y [rad] 0 0
ur_z [rad] 0

Simulation in Dynamics R4 (HowTo...)
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9 Critical speed map of two support rotor

9. Critical speed map of two support rotor

9.1 Calculation of critical speed map

In Dynamics R4 the map of critical speeds depending on different nonlinear parameters, for
example, the supports stiffness, may be obtained. For this the [Parameter Analysis] algorithm must
be used.

After adding the algorithm into the model, it must be adjusted (Fig. 9.1). Here (example Ne21)
the rotor on two supports — “Front support” u “Rear support” — is considered. The supports stiffness
is assigned in [Variables]. Link with these variables is defined in the “Parameter analysis” window;
it is output by double click on the [...] field of the parameter [inp_parameters]. To obtain the 2D-
map, all variables must be added into the field “Primary variables”. “Used guide” gives the more
detailed description of the algorithm in the section 15.7 < [Parametric analysis]” or Help.

Element:
Front support " o = Clearance
s Subsystem 1 [ As Map . (T Dry bush
HE?““W’"" Results (& Nonlinear Crack
k’;{nablels 2 Unbalanced Magnetic P
4 Gm:::E B Annular seal
= [T Algorithms _ _ — || Floating Ring
= 4 Basi Seismic excitation
¥ Natural frequencies Front Kyy, N/m 10000 100000 1e+007 oup
& Citical speeds Rear Kyy, N/m 10000 100000 rinbles

Natural frequency map
lafh Unbalance response
Parameter analysis

il Value variable
1l String variable
Number of steps qorithms
5 i+ Basis

# Matural frequencies

2| Natural frequency map

[T]1s Logarithmic

Secondary variables

# Critical speeds
Unbalance response
Transient response

Remove

pnverters

S| Exporter

=] Run script

5] FE data import

Z] Model reduction
1 :

Des Parameter analysis Designation

inp_parameters | N  Inot parameters

algerithm Critical speeds ;I Type of processing algorithm

Mumber of steps
b

Subsystem Subsystem 1.Example 21 ;I Driving subsystem

Is Logarithmic

-

&l

output_type frequencies Type of results

recalculate_basis | yes Is Basis has to be recalculated

Fig. 9.1

To start calculation, the window of the variable choice must be closed clicking “OK” and
“Start” in the upper screen part. Fig. 9.2 gives the result of critical speed map calculation.
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9 Critical speed map of two support rotor

Parametric maps
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Fig. 9.2

9.2 Export of critical speed map

To export the map, the “Export...” dialog may be used. It is available clicking the right mouse
button on the map (Fig. 9.3). Export is possible in three formats: MetaFile, BMP (image), Text/Data
only. There are additional settings for every variant. For the following work with critical speed map
in the word processor like Microsoft Excel it is advisable to choose text export format in the
clipboard.

3,000, 0,000

T 1 ALl CLLICL Y DL1S Select Subsets and Pointz — Export Wwhat
14.3.2013 (11:57) @ Al Data (7 Data @) Data and Labels
Exporting Parameter analysi “M - () Selected Data Data to Export
4 Subszets to Export: (@) ¥ iz Value, ¥ Az Value

Ewpart
() MetaFile ) BMP ) JPG @ Tewt / Data Only

Export Style
O List @ Table
Delimited Fow vs Colurnn
@ Tab () Subzsts/Points

E=part Destination

@ ClipBoard

I Fil i
_ File Browsze Paints to Export:

Cormnma @ Paints/Subsets

Printer

Mumeric Precision

@ Current Precision
F— = . " zpol
() Maximum Precizion P

Lo J

Fig. 9.3

After export in the clipboard certain results must be formatted. For this:
e Paste the clipboard content into the “Excel” table;

e Copy data from the obtained table without upper line (frequencies designations) and
left column (regimes designations) and paste into the “Note”;
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9 Critical speed map of two support rotor

e Replace (the dialog is called by pressing Ctrl+H, use the button “Replace all”) the
elements “, “ (comma with space character) by Tab (beforehand copy the output result
into clipboard when pressing the Tab button);

e Copy the obtained result from the note into the Excel table. It will be pasted in the way
that is appropriate to continue work: with X- and Y-axes values separated in columns.

Using the data obtained in Excel, the critical speed map may be built (the most appropriate
variant is “point diagram with smooth curves and markers™). Fig. 9.4 gives the result of the map
creation.
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Fig. 9.4

9.3 Optimization of calculation of critical speed map

The obtainment of critical speed map by varying stiffness in basis link was presented above.
It leads to necessity to recalculate basis for every point on the map. For complicated models time of
basis calculation may be over a minute. In such cases in order to exclude basis recalculation it is
advisable to use the link that is taken into consideration only in the modal algorithms— [Elastic
nonsymmetric link].

9.4 Superposition of graphs of supports stiffness

When it is necessary to meet the requirements of the API 684 about superposition of graphs
of supports stiffness values on the critical speed map (Fig. 9.5), the map and change in supports
stiffness depending on the regimes (it is especially actual for journal bearings) must be exported in
text format into external word processor (for example, Microsoft Excel), and graphs must be built in
it. In order to obtain data on the bearing stiffness change (if they are set into the model), the dialog
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9 Critical speed map of two support rotor

[Input bearing from table] may be used. It is available in the “Tools” menu.(Fig. 9.6) User Guide
gives more details about the dialog in 14.5 “Import dialog of parameterized data of stiffness and
damping in journal bearings”. Data may be obtained by direct copying of the data table and used to
build the critical speed map Fig. 9.7 presents the result of superposition of the supports stiffness on
the critical speed map. The example Ne45 is used here.

Parameter analysis
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10 Modeling of particular cases of rotors disks

10.Modeling of particular cases of rotors disks

10.1 Modeling of flexible disk

When the disks of the rotor wheels are modeled, using the built-in element “disk”, the disk is
modeled as an absolutely rigid element with two calculated sections not depending on its length along
rotation axis. When it is necessary to simulate the disk as an elastic element (when modeling massive
disks of big diameter, especially being structural elements), the method of the disk modeling by two

point masses may be used.

To simulate the disk using this method, you should know its mass-
inertia and stiffness characteristics. It is also necessary to know mass-inertia
characteristics for two disk halves: inner and outer. Division is done in terms
of the assignment conditions at cylindrical section. For example, one part may
include the hub and half of the disk cloth, the other one — the rim with the
blades fixed on it and the other half of the cloth.

Fig. 10.1 gives the structure of the flexible disk model. It represents
two subsystems (one point mass in each one — “Inner Mass” and “Outer Mass™)
and the elastic link between them. One subsystem must be considered as an
inner half of the disk, the other one — as an outer. In accordance with the
accepted division, mass-inertia characteristics are defined. A link between

? System

T Link
=k Inner Disk
i (D Connection point
e ¥ Inner Mass
-4 Outer Disk
i (D Connection point
. @ Outer Mass
: Variables
‘B Materials
= Algorithms

i Basis

Fig. 10.1

subsystems is simulated by the [Link] element where stiffness (and damping if it is necessary)

characteristics of the disk cloth are assigned, as it is shown in Fig. 10.2.
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Mir. Calculator

In Dynamics R4 it is possible to image the point masses as disks. Here it is reasonable to set
up visualization of one mass as a disk, and make the other one invisible (transparent). In order to
change transparency of the element, you may vary either the “Visibility”” parameters in the element
setup or choose one of three variants (“Visible”, “Transparent”, “Invisible”) in the element
characteristics in the model tree, clicking on it by right mouse button (Fig. 10.3). Fig. 10.4 gives an

example of the settings for “Inner Mass”.
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Fig. 10.4
10.2 Modeling of offset disk

When it is necessary to take into consideration stiffness characteristics of the installation
and/or fixing disk on the shaft (for example, when mounting a disk on the shaft using conical pin),
modeling may be done using the method of the offset disk.

In this method mass-inertia characteristics of the disk and stiffness (when it is necessary — and
damping) characteristics of fixing/ disk support on the shaft are necessary. Disk is simulated in the
subsystem separated from the shaft by the [Disk] or [Mass] element and is attached to it using the
[Link] element between subsystems. Fig. 10.5 gives the model example on the method of the offset
disk.
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Link stiffness is obtained using the method of the corresponding section for case elements (section

4
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11 Modeling of the “squirrel cage” spring

11.Modeling of the “squirrel cage” spring

When modeling elastic-damper support of the rotor, it is important to simulate properly an
elastic element. This example presents the methodology of simulation of the “squirrel cage” spring (
Fig. 11.1). Similar approach may be used when modeling any design elements of the rotor’s supports
if the geometry is complicated and there are specific design decisions which can’t be simulated by
solid of revolution.

Fig. 11.1 Fig. 11.2

One of the simulation options is to create the elastic link between the model’s sections
connected by the elastic part of the support with the stiffness matrix corresponding to the stiffness
characteristics of the Squirrel cage. These characteristics may be obtained using FEM-calculation.
Fig. 11.2 gives the example of simulation of the elastic-damper support of the rotor; stiffness
characteristics of the spring are taken into account using the element [Link].

When modeling in the FEM-system, the "squirrel cage” model must be fixed rigidly to the
flange which connects it with the support and should be loaded by unit forces and moments alternately
along 6 degrees of freedom corresponding to the actual spring’s operation. In the considered example
it is necessary to load the point on the “squirrel cage” axis that is rigidly connected with the surface
which the outer bearing ring is mounted on. Fig. 11.3 presents the scheme of fixing and loading of
this “squirrel cage” of this example. The restraint (a rigidly fixed surface with no possibility to move
and rotate at all freedom degrees) is denoted by hatching; the loading surface that is rigidly connected
with the loading point placed on the axis -- by the thick line; alternate application of unit loads at 6
freedom degrees — by the vector F.
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Il

{|
\

i

Fig. 11.3

Flexibility matrix (Table 11.1) should be the result of FEM-calculation. It represents the
matrix 6x6, where the rows correspond to deformations along 6 freedom degrees, columns — applied
loads.

Table 11.1
Flexibility
ut x [mm] ut y [mm] ut z [mm] ur_x [rad] ur_y [rad] ur_z [rad]
Fx [N] 2.3239E-05 | -2.4061E-08 1.3254E-10 | -2.0582E-11 | -6.1731E-09 3.1495E-10
Fy [N] -2.4061E-08 2.3268E-05 4.8544E-10 6.1983E-09 2.0744E-11 | -3.5339E-10
Fz [N] 1.3254E-10 4.8545E-10 8.2392E-07 6.0184E-12 | -9.4609E-12 | -5.0732E-13
Mx [N mm] -2.0582E-11 6.1983E-09 6.0184E-12 2.7413E-10 4.6970E-14 | -3.0982E-13
My [N mm] -6.1731E-09 2.0744E-11 | -9.4609E-12 4.6970E-14 2.7410E-10 | -2.7865E-13
Mz [N mm] 3.1495E-10 | -3.5339E-10 | -5.0733E-13 | -3.0982E-13 | -2.7865E-13 2.9879E-09

To obtain stiffness matrix, you must invert flexibility matrix. For example, the matrix can be
inverted easier in the DYNAMICSR4 matrix calculator, using the function «C=Invert (LA)» (Fig.
11.5). Flexibility matrix obtained before in the FEM-system should be pasted as the matrix “A”. After
that you should click the button corresponding to the inversion operation («C=Invert (LA)»). The
inverted matrix (stiffness matrix in this case) appears as the matrix “C” in the calculator.

Note: Matrix calculator can be launched from the menu “Tools” — “Matrix Calculator” (Fig.
11.4)
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11 Modeling of the “squirrel cage” spring

File Edit View [Tools| Window Help
8 Options
o Validate

== Protocol

[ Edit Materials DB
@28 Run with console
“Eté_] Matrix calculator
[f@ Import bearing from table

2 Convert rigid links to springs

e e

Fig. 11.4 Launch of matrix calculator

-2.0582E-11

3.1495E-10 |-3.5339E-10 |-5.0733E-13 |-3.0982E-13 :-2.7865E-13 2.9879E-09

Matrix C

432002 432601 418763 2099.74 974945 -4466.9 mtla | rows 6 cols diagonal O
432601 43238 -18.3622 -977637 212581 5007.79
418763 -18.3627 121371e+006 -262379 419931 204.66
200974 077637 262379 367001e+009 508256 264647 [c=mmvert@a) | [ c=Transpose 0a) | [ tastax | x= 1
974945 |-212581 41993.1 508256 367026+009 239222

-44669 |5007.79 | 204.664 264647 239222 3.34684+008 SegenpasitA) Cogenvalsés)

[ c=am [ copwawmr | [ cmv(a) | [mR] [ms ] (m-]

[ completeta | [ B=Rotation Mtrx... |

Help:

LA -last active matrix

InitLA -initilize the last active table with the matrix of rows*cols. Diagonal elements
are set to diag

"C=", "B=", "LA="—means that the result of operation will be stored in the specified
table

For additional information press the '?' button in the dialog caption

b1 @5 (O F FIMIANME O =i MIRCTE S 2 2 F g ST

Fig. 11.5 Operation in matrix calculator

You must insert the obtained stiffness matrix as the stiffness matrix of the link simulating “the
squirrel cage” (Fig. 11.6). At this stage it is imperative to take into account measurement units in the
FEM-system. So, if millimeters are used then it is necessary to set preliminary millimeters as the units
to measure both deformations and unit moments. That is, when obtaining flexibility matrix,
deformations of 4, 5 6 freedom degrees were obtained at loading by the moment of 1 [H*mmM], S0 it is
necessary to get displacements in [mm], and to use stiffness in [mm] after that. If loading accounts
for the moment of 1 [H*M], you must use meters.

Important: DYNAMICSRA4 takes into consideration the measurement units. So, if you change
measurement units after defining the numerical values (in this case after pasting stiffness matrix), the
displayed numerical values will change in correspondence with dimension change.
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11 Modeling of the “squirrel cage” spring

Des Peccopa THA
conn_type | via connection point

sidel_c_point _ THA Kopnyc nogwmnHuk...

side2_c_point‘ CP kopnyc gemndepa 2.K...»
trns_exclude No

Type Full

stift matric | r"|-|II

damp_matrix | ...

d*

D*

B* ! | Fx Fy Mx

N TIN Nm o

l‘ 4.329e+007 -0 0 . 0 ‘ 974950
. 4.3238e+007 7 0 ‘ -977640 0

1.2137e+009 0 0
3.67e+006 0
3.6703e+006

Mtr. Calculator

Fig. 11.6

There is an alternative variant how to take into account stiffness characteristics of the elastic
element of the support - to use radial link considering only radial stiffness (axial and moment stiffness
are not taken into account). In this case it is possible not to use FEM-simulation, but use analytical
calculation of radial stiffness of the elastic element of the support in the DamperR3.1 program (Fig.
11.7). The calculation methodology is given in the part “3.3.2 Flexible element analysis” of the
“DAMPER SUPPORTS” document.

(i@} 1195_PD14 TND-support.
1 File View Help

D@ui@\@“e] 07 [ Coloulate> |

B4 Input data
. L.y System parameters
%% Damper layout Load
. .4 Flexible element
B Output data = Name
H Pressure distribution N @ Support weight [N]
Ii Process dynamics at Q @ Radial clearance [mm]
li K.C=f(e) ’1 @ Length of bar [mm]
| K. C=fltheta) g @ \yidth of bar [mm]
@ Height of bar [mm]
@ Number of bars
@ Module of elasticity [N/m"2] 1.978e11

Flexible element ISquirteI cage

Name ] Value
@ Stifriess [N/m) 4.23564e+007
L4 Dynamical stress [MPa] 274.0
@ Deflection [mm] 0.142
@ Statical stress [MPa) 388.2

Rectangular bar

Fig. 11.7 Calculation of elastic element of support in DamperR3.1

Itis also possible to calculate stiffness coefficient directly using the analytical formula, which
is used in DamperR3.1. Fig. 11.8 gives the extract from the part “3.3.2 Flexible element analysis” of
the document “DAMPER SUPPORTS” with description of the formula.
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11 Modeling of the “squirrel cage” spring

An FE stiffness can be calculated by

_ nEab(a’ +kb*)

2r

K

where
n - number of bars;
a, b, 1- width, thickness and length of a bar accordingly;

E - Young module of the bar material at operating temperature.
1

2\"% '

k=

- - correction coefficient, depending on the flexible
I 1+

web dimensions

Maximal alterating stress in the bar

Aol 2 \
3ES| , = : |
Oj= B { k3bcos@+asing |,

where

a .
@=arctan—s+n7; N=0 or 1

b3

o - radial clearance

Static displacement under the support weight G loading
o= G/K
Static stress in a bar under the weight loading

o".',l
%659 %

o

Fig. 11.8 Analytical calculation of characteristics of the elastic element of the “squirrel cage”
support

Adding of calculated radial stiffness into DYNAMICS R4model

Fig. 11.9 gives examples of the stiffness matrixes of the link simulating the elastic element
of the support with the defined radial stiffness that is calculated in DamperR3.1 or analytically. The
upper table shows stiffness matrix of the “Isotropic” type, lower — the “Full” type.
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11 Modeling of the “squirrel cage” spring

Fx

N

T 4.23564e+007 Attach extemal v...

Detach extemal ...

Mtr. Calculator

Fy
N
Y 14.23564e+007 _0 _
-4.23564e+007 . Attach extemal v...

Detach extemal ...

Mir. Calculator

Fig. 11.9 Use of stiffness coefficient calculated in DamperR3.1 or analytically in stiffness
matrix of link simulating elastic element of support

Simulation of mass-inertia characteristics of elastic element of support in DYNAMICS
R4 models

In order to consider mass-inertia characteristics of the “squirrel cage”, it is necessary to obtain
mass and inertia moments in the CAD/CAE — system relatively to the coordinate system placed in
the loading point of the “squirrel cage” with the axes location consistent with DYNAMICSRA4.

The obtained mass and inertia moments must be assigned in the element [mass] in the
DYNAMICSR4 model. The element is inserted in the subsystem of the outer bearing ring with
assignment of the centre mass coordinate of the elastic element as the coordinate of Z-element (Fig.
11.10). It is important to define mass in this subsystem in order to have natural frequencies of the
outer bearing ring being in the calculation range of the basis. It is necessary for obtainment of correct
values of the reactions forces in the supports. If there are not these oscillations in the basis, value of
reactions in the support may be incorrect.
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11 Modeling of the “squirrel cage” spring

-] Bearings
.| B~ Bearing Case
: iEag Beam 1
() Bearing Case

i " @K Flexible Element

. X Flexible Element

Variables

- P Materials

=-[78] Algorithms

-t Basis

Des Flexible Element Design *
a |3 mm x| start c|
m 1.856 kg L] Mass |
type Isotropic Ll Type
) 0010635 kgm2 | |
Jz 0.010921 kg m2 L] Jz =
D* 10 mm l] Outer
Visas  default Lj Elemer|
Visibility |0 Elemer|
red 199 Red co
green 145 Green

Fig. 11.10 Taking into consideration of mass-inertia characteristics of elastic element
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12 Simulation of bevel gear set

12.Simulation of bevel gear set

Gear sets are simulated using a linear link [Gear Set]. The following data needed to simulate
a bevel gear set in Dynamics R4:

e Parameters of gear sets (the teeth number, module, contact angle, helix angle (for bevel
gear sets), helix angles of pitch cones)

e Geometrical parameters of the gear set that are necessary to reconcile subsystems.

The feature of simulation of bevel gear sets in Dynamics R4 is necessity to reconcile
subsystems where shafts with gear sets are simulated. The position of the gear set in the subsystem is
defined by the coordinate of the connection point [Connection Point], corresponding to the given gear
set (it is defined in the settings of the [Gear Set] element). The connection point should be at the
distance equal to the half of the reference diameter of another gear set (if rotation axes cross at right
angle). If rotation axes of the gear set are not perpendicular, it is necessary to use trigonometric
functions to find the coordinates of the connection point. It must be calculated considering the
subsystem offset if it takes place (defined in the subsystem settings). Fig. 12.1 presents the scheme.

CP1
\\ 200,
/

z

cp1

Fig. 12.1

Note: it is necessary to take into account that spur and helical gears are calculated using
different equations, particularly their reference diameters. If the other parameters are equal, a helical
gear has bigger reference diameter than a spur one.

Calculation Gear type spur helical
Reference diameter d=2z*m dy, =2z* M
cosf
spur ‘ m,, — hormal module
Module m, is chosen from (see State Standard
standard ones 9563-60), is chosen
from standard ones
— Rm
my, =me R—e, Rm
m, — heel end module, M = Mn =
Average module equal tom ¢
bevel R,, - mean cone distance,
R, — outer cone distance
Average reference d =z-m
diameter m m
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12 Simulation of bevel gear set

!

]

w

\

Fig. 12.2
12.1 Stiffness characteristics of gears

As opposed to spur gears, stiffness characteristics of gear journals are very important. It is
particularly urgent if a journal is of an evident conical type (Fig. 12.3).

Siesic 8

Fig. 12.3

In order to take into consideration stiffness and/or flexibility of the journal, you must use one
of two variants:

e simulation using [Generalized Element];
e simulation using elastic-damping link [Link].
12.1.1 Simulation using [Generalized Element].

Let us consider simulation of bevel gear when one of gears is modeled by the [Generalized
Element] element. Fig. 12.4 shows the shaft subsystem built using this method.
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12 Simulation of bevel gear set

T Trunnion-Shaft 1
—|-— Shaft-Gear 2

----- Gear 2 -

- Connection Point to Gear Set
@ %
\ Generalized Element

Fig. 12.4

m
il
o
3
_
=
m

----- CP - Rear Support
..... X Rigdlink 5
..... [Bn] Variahle:

In this case stiffness characteristics are defined in the [Generalized Element] settings as the
flexibility matrix obtained in FEM by the method of consecutive measurement of displacements and
rotation angles of the loading point relatively to the fixing point as a result of loading by unit forces
and moments. Loads should be applied to the surface of the gear inner cone (the gear is simulated
without teeth - they are considered in [Gear Set]). Fig. 12.5 gives the scheme of fixing and loading.
Mass-inertia characteristics, which may be obtained in the CAD-system, are also assigned in
[Generalized Element]. Inertia moments should be obtained in the centre of mass of the simulated
element. The centre mass coordinate of the [Generalized Element] element is defined in its settings
and counted from its last section on the left (z: coordinate). Fig. 12.6 gives an example of settings of
the [Generalized Element] parameters.

Boundary Condr';f'on:
Utx=Uty=Utz=Urx=Ury=Urz=0.

ot

sl
N

ARTHnnw
|
|

Fig. 12.5
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12 Simulation of bevel gear set

Des Generalized element 3 Designation
segRef zl and 22 ﬂ Measurement
Is 78.4865 mm j Length of element
z 47.28 mm ﬂ Start coordinate |
z2 125766 mm j End coordinate []]
type general j Type of element - g
type Orthotropic j Type H
inertia_cos  center of mass =l Coordinate system for inertia properties
m 220245 g | Mass
LG 2794 mm j Center mass coordinate
e 371484 [ =
Yy 3714.92 kg mm2 =] Jy

ﬂ ‘ ut x | ut_y | ut z | ur_x ‘ ury ‘ urz
Iz 5346.67 kg mm2 ¥z
e ot I B L L R PV I
D+ 24,006 mm j Outer diameter j 5.88086e-006 1.62442e-009 5.87253e-011 1.79845e-011 -8.14102e-008 9.79743e-012
Ln_dec 0 Logarithmic decrement > 6.59034e-006 4.83381e-011 |8.14106e-008 -1.7581e-011 8.26997e-012 HAttach extemal v.
Vis as file j Element Visualisation as... Fz |N j 3.84259e-007 4.85865e-013  -4.32609e-013 -1.65458e-013
Diim* |0 mm | Rim outer diameter x| N e | 111036009 -2.09108-013 721777014 |  Detachedemsl.
L 0 mm =l Disk length Vy N mm 1.11042e-009  -11605e-013
file_model  EM\AaTranzit\Metogukm... Element 3D Model file path vz N mm j symm 981761e-010
to_m_factor 1 To meters scaling factor
Visibility 0 Element Visibility
red 100 Red color component
green 200 Green color component
blue 255 Blue color component

Fig. 12.6

Note: When using visualization of generalized element with help of external 3D-file (in the
VRML-format, for example) you must take into account that the origin of the coordinate system will
be placed in the element section with z1 coordinate.

Note: The peculiarity of the [Generalized Element] is possibility to place point elements
(mass, connection point, unbalance, etc.) only in boundary sections.

12.1.2 Simulation using elastic-damping link [Link]

This method is urgent if it is necessary to consider the journal damping abilities and if the
centre of mass of the journal is unknown. In this case the gear is simulated in the other subsystem
separated from the shaft and consisted of the point mass [Mass] and the [Connection Point].Mass and
inertia characteristics of the journal is assigned in the [Mass] element, its stiffness characteristics — in
the [Link] element connecting the gear subsystem (connection point placed together with point mass
that simulates the gear mass-inertia characteristics) and the shaft subsystem. The connection point in
the shaft subsystem must be placed either in the boundary section (as in the given example) or at the
centre of the surface where the gear if fastened (for example, in the centre of spline coupling). This
is conditioned by passage of force loads appearing in gearing and transmitting onto the shaft supports.
Fig. 12.7 gives the example of the model.

Gear Connection Point
and Mass
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12 Simulation of bevel gear set

12.2 Results of simulation

Fig. 12.8 presents the results of calculation of the [Basis] algorithm for the model of the gear
simulated using the both methods (the blue gear is simulated using the element [Generalized
Element], the green gear — by the point mass [Mass]).

3 o Turrion O G 1-¢ (Feee | [ ] tea [ S0 o] TE=IE@@EGE TP ¢85 EFEMe @ |8
X Support - Front Shaft 1 Gear 1 System
‘X Support - Rear Shaft 1
X Rigdlink & 329128 (5485Hz,)
ok Gearset 1 329130 (54856 Hz, )
ot Shaft 1
- Gear 1 701454 (11691 Hz, )
_4{ Shaft Gear 2 1272789 (21213 Hz,)
Rigid ik 5
Varnbles 1274896 (21248 Hz )
& WMaterals 2200549 (36676 Hz, )
Algorithms 2200549 (36676 Hz,)
i+ Basis
2248431 (3474 Hz )
2397040 (39966 Hz, )
2575022 (42017 Hz, )
3924360 (65406 Hz, )
« i v |3926366 (65439 Hz,)
4483843 (74731 Hz,)
Des 4483035 (74732 Hz,
R_freq 14006 Umin | [4777006 (79618 e,

)
)
ort_warning | 1e-006 5384576 (89743 Hz,)
save No = 5505347 (91756 Hz, )

5505347 (91756 Hz,)

5859416 (97657 Hz,)

5850416 (97657 Hz,)
7703739 (128396 Hz, )
8649227 (144154 Hz )
8640227 (144154 Hz )
9673898 (161232 Hz,)

Fig. 12.8
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13 Simulation of shell shaft with a section of local flexibility

13.Simulation of shell shaft with a section of local flexibility

This methodology is suitable to simulate shafts with flexibility section of any geometry such
as the cavity, the cross bore, the groove, etc. This example considers simulation of a shaft with a
section of complex shape given in Fig 13.1. The shaft material is steel with density of 7850 kg/m?,
modulus of elasticity of 2.1e+005 MPa, Poisson's ratio of 0.3. This design solution may be used to
lower critical rotating speed at bending mode shape.

Fig 13.1 Geometry of flexible section of shaft

In order to simulate the shaft with complex geometry, you should use the element [Generalised
element] to simulate this section. In the elements parameters you must define the section length, its
mass, the coordinate of the mass centre, inertia moments calculated relatively to the mass centre and
flexibility matrix of the section.

To obtain the flexibility matrix of the section, you may use the FEM system. For this you must
build the FEM-model of the section (it is recommended to take into account certain length of the shaft
of simple geometry in order to identify influence of boundary effects and stress raisers on the shaft
flexibility with higher accuracy). Fig. 13.2 shows the FEM-model of the considered section built
using the shell elements.

Fig. 13.2 FEM-model of flexible section of shaft
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13 Simulation of shell shaft with a section of local flexibility

Flexibility matrix of the section is calculated as measurement of displacements and rotation
angles at all freedom degrees of one boundary section at its alternate loading by unit forces and
moments at all freedom degrees when fixing the other boundary section. Fig. 13.3 gives the scheme
of flexibility matrix obtainment.

7

Fig. 13.3 Scheme of boundary conditions of FEM-model

As a result of FEM-calculation, the full flexibility matrix of the section must be obtained
(Table 13.1) and pasted in the corresponding dialog window at operation with parameters of
generalized element simulating the shaft section in the DYNAMICSR4 model (Fig. 13.4).

Table 13.1
ut_x [mm] ut_y [mm] ut_z [mm] ur_x [rad] ur_y [rad] ur_z [rad]

Fx [N] 1.45E-05 1.43E-18 1.28E-13 -6.32E-21 6.78E-08 -1.15E-18
Fy [N] -9.33E-18 1.45E-05 9.74E-17 -6.78E-08 -2.87E-20 -2.21E-14
Fz [N] 1.28E-13 3.95E-17 1.26E-06 1.34E-20 8.06E-16 1.17E-20
Mx [N mm] -5.92E-19 -6.78E-08 4.53E-19 3.76E-10 -3.33E-21 -8.77E-19
My [N mm] 6.78E-08 2.66E-19 8.06E-16 -1.31E-21 3.76E-10 -6.26E-21
Mz [N mm] -1.16E-18 -2.21E-14 7.95E-21 -8.77E-19 -6.17E-21 1.13E-10
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13 Simulation of shell shaft with a section of local flexibility

T Link 1 ==
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Fig. 13.4 Setting of parameters of generalized element

In this example cylindrical sections of the shafts represent thin shells of the constant diameter
and thickness in correspondence with the boundary of complex section. The length of every
cylindrical section is 1500 mm.

In order to validate simulation correctness, calculation results of natural frequencies of the
given shaft in DYNAMICS R4 are compared with those in FEM-system at rigid restraint of the shaft
boundary sections. Table 13.2 and Table 13.3 give the results and show high accuracy of similar
geometry modeling in DYNAMICSRA4.

Table 13.2

Frequencies (Hz) i
Shape Comparison (%)
DYNAMICS R4 MKD
1 flexural 89.5 91.522 2.2
2 flexural 292.2 293.05 0.3
3 flexural 409.9 445.83 8.1
1 torsional 480.2 482.39 0.5
2 torsional 884.2 890.82 0.7
3 torsional 1416.2 1447.20 2.1
1 axial 759.3 768.94 1.3
2 axial 1187.2 1191.10 0.3
3 axial 2212.8 2291.70 3.4

Simulation in Dynamics R4 (HowTo...)

66




13 Simulation of shell shaft with a section of local flexibility

Table 13.3
Shape DYNAMICS R4 FEM

1
flexural

2
flexural

3
flexural
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14 Simulation of influence of axial load on natural frequencies

14.Simulation of influence of axial load on natural frequencies

Axial loads in rotating machines may influence flexural stiffness of shafts. Axial force acting
on compressing decreases natural frequencies of the shaft (lowers stiffness). On stretching —
increases. Let us consider simulation by example of cantilever rod of length 8 m, diameter 0.3m.
Automatic division of the model into sections, parameter cs = 50 mm.

2 _Sfﬂem Freeze
[ Rigid Link:
__.|_ Subsystem Subsystem |System 'I T L‘\\s pl{:}t| * |
L B Beam
[
o ¥
@ Materials I —
..... =] Groups =$ = 1,
4--- Algorithms ¥ GC
—+}HR‘ Basis =
g Natural frequencies
Des Des
segRef | length ﬂ conn_type | via body
Is 8 m | sidel_subs | Subsystemn.System
7l 0 mm sidel | 0
z2 8000 mm side?_subs
Type cylinder ﬂ UTx fixed
dl 0 mm UTy fixed
D1 03 m | UTz fixed
material | user defined j URx fixed
E 21e+011 N/m2 | URy fined
MNue 03 URz fized
rho 7850 kg/m3
Ln_dec O

Fig. 14.1 — Model of cantilever rod

Influence of axial load on natural frequencies is simulated by [% system
the element [Axial load] (Fig 14.2). Coordinates given in the | X Rigd Link
element’s settings assign loaded section of the rod. Constant type of | =-—# Subsystem
loading means that diagram of strains is constant, even, as fora | |

coupling bolt. Positive sign of force means stretching, negative —

compressing. For more obvious display of the effect, force should be ;aa':::::

comparable to critical load (Euler force) for the present rod. As it is | . & Groups

necessary to take into consideration that the given element does not | =.[Tg] Algorithms

influence calculation of [Basis] algorithm — natural frequencies with -l Basis

axial load consideration should be calculated using the [Natural g Natural frequencies

frequencies] algorithm.

Des

type linefconst) ﬂ

71 a mim j
2 8000 mm 7
Fz1 2.2e+007 M ﬂ

Natural frequencies of the simulated rod without load, with
load on stretching and compressing are given in the table 1.1.

Fig 14.2 — Element [Axial load]
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14 Simulation of influence of axial load on natural frequencies

Table 14.1 — Natural frequencies of cantilever beam in Dynamics R4

frequenc frequency after applying load
applying load, ] on ] ]
Hz on stretching . on stretching at compression
compressing
1 flexural 3.40 8.30 0.00 144.1 100.0
2 flexural 21.10 30.40 6.20 44.1 70.6
3 flexural 58.60 67.80 47.80 15.7 18.4
1 torsional 100.20 100.20 100.20 0.0 0.0
4 flexural 113.50 122.20 104.00 7.7 8.4
1 axial 161.60 161.60 161.60 0.0 0.0
5 flexural 184.70 193.00 176.10 4.5 4.7
6 flexural 271.00 278.80 263.00 2.9 3.0
2 torsional 300.70 300.70 300.70 0.0 0.0
7 flexural 370.80 378.20 363.30 2.0 2.0
8 flexural 482.60 484.90 475.60 0.5 1.5
2 axial 484.90 489.60 484.90 1.0 0.0

To validate operation of the element, FEM —simulation of the identical model is carried out.
The model is built using beam quadratic elements which consider shift. Division into elements is
similar to the Dynamics R4 model — length of every separate element is 50 mm. Material parameters
of both models are also similar. Boundary conditions are fixing at six freedom degrees from one end
and loading by axial force from the other one — correspond to the Dynamics R4 model. Table 14.2
gives the obtained results and their comparison with Dynamics R4 results

%%%

o
chvc;,,%

o e, /

Figure 14.3 - FEM-model of rod

To estimate influence of axial force on the beam natural frequencies, you may compare acting
force with Euler force. Euler force (1) is critical force of axial compression at which first natural
frequency is equal to zero. Frequencies of other mode shapes also decrease, but to a lesser degree. In
the considered case critical Euler force is ~3.33E+006 N (for E = 2.1E+05 MPa, J = 3.976E-004 m*,
| =8 m, 1=3.142)

(1
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14 Simulation of influence of axial load on natural frequencies

Table 14.2 — Natural frequencies of cantilever rod, FEM - calculation, comparison with
Dynamics R4

frequency frequer;.c%/EaIge&apr?Iﬂgg load comparison with Dynamics R4, %
shape befo_r ¢ . at at
applying . on without . .
load, Hz on stretching compressing loading stre';chm compg;essm
1 flexural 3.39 8.28 0.00 -0.3 -0.2 0.0
2 flexural 21.14 30.41 6.10 0.18 0.0 -1.6
3 flexural 58.74 67.99 47.71 0.24 0.3 -0.2
1 torsional 100.24 100.36 100.12 0.04 0.2 -0.1
4 flexural 113.88 122.88 104.05 0.33 0.6 0.0
1 axial 161.63 161.51 161.75 0.02 -0.1 0.1
5 flexural 185.71 194.44 176.51 0.55 0.7 0.2
6 flexural 272.99 281.47 264.20 0.73 1.0 0.5
2 torsional 300.72 301.07 300.36 0.01 0.1 -0.1
7 flexural 374.39 382.65 365.91 0.97 1.2 0.7
8 flexural 488.52 484.53 480.29 1.23 -0.1 1.0
2 axial 484.89 496.59 485.25 0.00 1.4 0.1

In general case equation to determine critical load is of the form (2) (Feodosiev V.I. Strength of
materials: Institute textbook. — 10-nth edition, revised and complemented edition— M.: Bauman
Moscow State Technical University Press,1999. — 592 p.). Here pu=1/n is the value which is
reciprocal to the n number of half-waves of sinusoid at which the rod bends (Fig14.4). Constant p
is called length coefficient and product ul — effective rod length. Effective length is length of half-
wave of sinusoid at which this rod bends.

(2)

Figl4.4 — Bending of rod
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15. Defining geometry of the rotor system by line elements

15.Defining geometry of the rotor system by line elements

Dynamics R4 interface has various functionality created to simplify building of the model and
the following work with it. In this part, possible variants to work with line elements (two nodal
elements having the ‘length’ parameter) of the [Beam], [Shell], [Generalized element] type are
considered. Ways to add the elements into the model, their editing, etc. are described. Methods are
shown on the example of the [Beam] element, but the other similar elements may be also applied.

15.1 Variants to add elements into the model

1) Double click on the elements panel

Create the new model (menu File/New) By double click on the elements tree on the right
create the new shaft. Go to the parameters of the Beam element (in the left panel) and change value
of parameter segRef from "z1 and z2" into "length".

Double click on the element of interest on the elements panel — and it will be added into the
model with certain set of parameters “on default”. The element will be added on the right from active
element (Figure 15.1) and will become active itself. (The active element in the visualization area is
highlighted by red contour)

The element which was
“active” before adding
the new one

Inserted element
«activey

M

¥

GC

Figure 15.1 - Adding new element by double click

2) Context menu of the elements panel (“Append to model”)

The method is similar to the previous one. At right
click on the element, context menu appears with the only
button “Append to model” (Figure 15.2), at left click the Hepats L2

=}~ ? System elements

element on the right from active element will be added. |# Bl Aczembly

The added element will become active automatically. =

-y
=16<am|

g Append to model

£} Abstract element
= @) Coupling
@) Trunnion cou pling
i Shaft steopina

Figure 15.2 Menu “Append to model”
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15. Defining geometry of the rotor system by line elements

3) Dragging from the elements panel , “drag-and-drop” ( cursor activation for this
element)

The method is convenient if several one-type elements should be added. Parameters of each
one may differ from each another.

Click by left mouse button on the element in the elements panel on the right and pressing the
mouse button, drag it in 2-D area of the model visualization and after that release it. Then the mouse
cursor “arrow” will be replaced by cursor typical of the chosen model element (Figure 15.3), which
testifies activation of the regime of the adding of this element into the model. In this regime at left
click on the visualization area the element will be placed where cursor points.

+ + + + + + + +
4 © @ | I @& m g
Beamn Connection Coupling Disk Link Mass Shaft Shell

Point

Figure 15.3 Examples of cursors of Dynamics R4 elements

4) Adding intermediate sections

The element may be divided into two ones adding intermediate section. For this it is necessary
to click twice on the element in the area of the model visualization by cursor “Pointer) (“arrow”).
After that the dialog of correcting Z coordinate of the added section appears(Figure 15.4). On default
the coordinate of the section which a user pointed at by cursor is defined. Press the button «OK».
Active element will be divided into two elements.

oot 1 ) (Smon IR, 0@ X E=M0% % & T F
Coordinate (Local)
Y 235.937
Coordinate (Global)
235 537

Figure 15.4 The section adding

5) Copying of the previously created element

It is convenient to use such technique for shaft or case consecutive
modeling if the right section of i-element has the same geometry as the left
section of i+1-element (Figure 15.5). You can copy the active elementby | | )
three methods : ¢ Z

e To press the button “Copy” on the toolbar ; V

e To click by right button in the model tree on copied

element and choose “Copy” in the appearing menu (Figure GC
15.6):

—
=1
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15. Defining geometry of the rotor system by line elements

e Press standard combination Ctrl+C on the keyboard.

Figure 15.5

W File Edit View Tools Window Help

NEenlsERlesl k] E0N

? System [ copy I
= Shaft 1 Copy the selection and put it on the

E Beam Clipboard

£2 Beam2
£ Beam 3
- Beam 4
1=

V &, Undo Ctrl+Z
- z ~» Redo Ctrl+Y
# 5% Cut Ctrl+X [
Ilj] Copy Ctrl+C
[ Paste Ctrl+V
17 Delete
o Validate

Convert Beam to Shell

{&3t  Get Global Coordinates

Visualisation >
I

Figure 15.6 — Copying of the element

To paste the copied element, you may also apply one of the three methods

e Press the button «Paste» on the instruments panel;

e Click by right mouse button in the model tree on the copied element and choose [Paste]
in the appearing context menu (Figure 15.6).

e Press standard combination Ctrl+V on the keyboard.

As opposed to copying, the element is not inserted immediately; regime of paste of this
element is activated. Methods to work with it are similar to the previously described method of
dragging elements “drag-and-drop” with the only difference that when pasting the copied element,
its parameters are saved and the element becomes the copy of the previous one except the coordinates
of its positioning depending on the active method of the element positioning.

15.2 Methods of the element positioning

When adding into the model elements having the length and at their removing from it, it is
necessary to consider active method of the element positioning. As you can see in screenshot, there
are two methods: «length» and «z1 and z2» (Figure 15.7).

Des Beam1

Designation

segRef |l1.§nd 12 _VI Measurement
I Ienith imm L’ Length

mm L] Start coordinate

z1 U =
z2 100 mm _'_] End coordinate
Type  cylinder _'_] Type
I | | ¥
dl 0 mm Inner start diameter - v
D1 50 mm _'_] Quter start diameter
material Like subsystem l.l Material
Vel ' N Clawvammd Vimilailie . 3

Figure 15.7 — Methods of element positioning
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15. Defining geometry of the rotor system by line elements

When working with active variant “length” a user can’t change coordinates of boundary
sections of the element z1 and z2 — and can change only the parameter Is — “The element length”.
When adding and removing the elements, the principle to save the length of every element works—
right boundary section of the whole model changes correspondingly.

Let us examine this in details. For this purpose we create the model with two beam elements
(Figure 15.8- A). To visualize, their geometry is changed in comparison with the variant “on default”.

Let us make the left element as active one and add one more beam element by double click.
It will be pasted between the previously created elements, i.e. on the right from the one which was
active (Figure 15.8-B). Inserted element will have the length of 100 mm (on default), and the right
one will move to the right, and its geometry will remain the same — length, diameters and the other
parameters will not change.

Des Beamn 1 Designation
1 S il [ength IL‘ Measurement
| 70 mm | Length
7l ] mrﬂjStart coordinate
72 70 Frm j End coordinate -
Type Cone ﬂ Type
dl 30 rm j Inner start diarneter
o 50 mm ﬂ Cuter start diameter
d2 50 Frm j Inner end diameter
D2 70 mm ﬂ Cuter end diameter

A) materal ke subswstern ™ | bAaterial
Des Beamn 3 Designation
segRef IL| Measurement
I 100 mm j Length
7l 70 mmﬂ Start coordinate
z2 170 mm ﬂ End coordinate - E;Z - -
Type cylinder ﬂ Type
dl 0 mmﬂInner start diameter
D1 50 mm ﬂ Outer start diameter ¥

B) material | Like subsystem j Material

Figure 15.8 — Paste of element of the positioning way “length’ (A-before paste, B-after paste)

When working with active way of positioning «z1 and z2» a user can’t change directly the
parameter s («Length of the element») — he may edit the parameters z1 and z2, representing the
coordinates of the boundary sections of the elements. It is also necessary to take into account that the
parameter z2 of i-element corresponds to the parameter z of 1 i+1-element, i.e. the section between
two neighboring elements belongs to both of them. It means that at this way of positioning «z1 and
z2» a user edits not the elements but coordinates of the sections.

Let us consider the example. We create the model with two beam elements (Figure 15.9Figure
15.8 - A).

We make the left beam element as active one and increase its parameter z2. As a result you
can see that the section between the elements of the model has moved to the right, and boundary
sections stayed as they were (Figure 15.9- B).
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15. Defining geometry of the rotor system by line elements

If at this way of positioning the new element is added by double click — it will be added into
the model with zero length (Figure 15.10).

If by dragging “drag-and-drop” — the coordinate z2 and the beam element diameter will
depend on cursor position (Figure 15.11).

A)

B)

Des Bearn 1 Designation

seqgRef |L| Measurement

| 70 mmﬂ Length

pa 0 mmﬂ Start coordinate

z2 70 mrm ﬂ End coordinate -
Type Cone ﬂ Type

dl 30 mmﬂlnner start diameter
D1 50 mrm ﬂ Outer start diameter
d2 50 mmﬂlnner end diarneter
D2 70 mmﬂ Outer end diameter
material |ike spyhsystem ¥ | Iaterial

Des Bearn1 Designation

segRef |I1and 2 ﬂ Measurement

| 120 mmﬂ Length

Fil 0 mmﬂ Start coordinate

2 _ mm ﬂ End coordinate -
Type Cone ﬂ Type

dl 30 mmﬂlnner start diameter
01 50 mm ﬂ Outer start diameter
d2 50 mmﬂlnner end diarmeter
D02 70 mm ﬂ Outer end diameter
material | ike sybeystem "l Iaterial

Figure 15.9 — Change in section coordinate at the way of positioning “z1 and z2” (A - before

change, B-after change)

Freeze

[ Shat 1 v || System
&= Beam 12

; @ Materials
E| Algorithms

Ll Basis
Des Bearn 3 Designaticn
segRef |1 and I2 j Measurement
| 0 mmﬂ Length
Fal 120 mmﬂ Start coordinate
72 _ A j End coordinate -
Type cylinder j Type
dl 0 mmﬂlnn&r start diameter
01 50 mrm ﬂ Outer start diameter
material  Like subsystem j Material
Vicihilit 1) Elernamt Vicihility

Figure 15.10 — Result of adding element [Beam] by double click at active positioning method

“z1 and z2”
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15. Defining geometry of the rotor system by line elements

I

GC

Figure 15.11 — Adding of the element [Beam] by the way “drag-and-drop” at active way of
positioning element “z1 and z2”
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16. Gas turbine engines

16. Gas turbine engines model structure

16.1 The model structure

[ 17|

T
T

YN
o

—/
Figure 16.1 Gas turbine engine model

Figure 16.1 gives the model of single shaft gas-turbine engine including the compressor
rotor, the turbine rotor and the stator part (the case, the supports) . When building the model it is
recommended to work out the model structure thoroughly using not only subsystems but the
elements [Assembly]. This element gives an opportunity to structure the model better gathering
inside itself subsystems, links between them, variables related to the given subsystems and links .
Also several similar links such as those simulating bearings or engine mount/ pylon may be
included into the assembly.

The element [Assembly] Bl assembly js used to unite [o=  Rotor ‘]Dw"ém”
several submodels, subsystems, etc. into an assembly which |* =
will be a part of the whole model of the investigated object as i B 2 coorinte

deg LI Rotation about x axis

a separate structural unit. The assembly may be edited only -
being the part of the whole model. It is assigned by the name i :z ii:ﬁf:

and pOSition Of Its Iocal Coordinate SyStem in the gIObaI one Imkeccpe Defines of scope for link connections
belonging to the whole model, Figure 16.2 local |

o o o o o o

parent
global

The parameter [link scope] defines the visibility scope
of the links connection points in the combo box in the links Figure 16.2
characteristics (linear or non-linear). It is possible to choose:
local — on default, typical behavior as in previous program versions. Only links’ points in the current
and nested assemblies are output. parent — you can also observe links’ points from the assembly that
is a level higher, global —you can see all links points in the model.

Figure 16.3 presents the structure of the gas turbine engine using assemblies.
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16. Gas turbine engines

=] Turbine rotor
& Rigid Link 5
-~ Sleeve Stub Shaft
'? 0T-3 model +—l|- Turbine disks
+ Rator +-—sf Stub shaft
+E Stator +_.|_ Couplerfemale
+E Bearings +-—#f Turbine shaft
+E Mourmts | i il X Rigid Link 6
- % COuPLNG "X Rigid Link 1
----- -‘5-_ Rear engine conectonte PT7) | il 'g_ Rigid Link 7
----- Varables 2 0T3medel | |i b -g_ Rigid Link 4
+@ Materials _E Roter | | - -g_ Rigid Link 3
_... Agorithms - G-Eg] Tubinerotor | |1 - ‘X Rigid Link 2
2) Lol Basis b) . [-H] Compressor rator c) +-[By] Variables
-] Compressor rotor
+-—#f Stages 8-10
+-—s Drum- rotor rear -] Stator
+—||- Ring support assy-inner race +—lI- Front_1
+-—F Drum-otor front 11— Front_2
+—||- Stages 1-7 +—l|— Frort Bearing Case
- Compressor shaft +—l|— Intermediate Bearing Case
----- -‘5-_ Link 7 +—l|— Rear Bearing Case
----- -‘5-_ Rigid Link 7 +—l|— Turbine casing
..... ¥ Rigid Link 4 +|-— Stator casing
..... X Rigid Link 5 - % FRONT SUPPORT
..... X Rigid Link 2 - % INTERMEDIATE SUPPORT
..... E Rigd Link & - & Link 2
----- X Rigid Link 3 -~ Link3
..... "X Rigid Link 8 - % Turbine frame
..... "% Rigid Link 9 - % REAR SUPPORT
d) +-[By] Variables e) -[Bn] Variables
-] Bearings
----- z Turbine bearing —E Mourts
. X Front bearing . .~ X FRONT ENGINE MOUNT RIGHT
f) . X Intermediate bearing 9) . X FRONT ENGINE MOUNT LEFT

Figure 16.3 — Structure of gas turbine engine model; a) general model structure; b) “Rotor”
assembly; c) “Turbine rotor” assembly; d) “Compressor rotor” assembly, e)” Stator”
assembly; f)”Bearings” assembly; g) “Mounts” assembly

As the presented above model structure shows, subsystems related to the same structural unit
— for example, the turbine rotor subsystems, are united into the corresponding assembly «Turbine
rotor». Links connecting subsystems inside one assembly are also distributed among assemblies. For
example, there are the subsystems “”’Stages 1-7” and “Stages 8-10” in the subsystem “Compressor
rotor”. Division of one rotor into subsystems is usually related to division into modules and mass-
inertial validation of the model. The link connecting these two subsystems are also added into the
assembly “Compressor rotor”. Links used to connect subsystems into different assemblies are on
more general level of the model structure — for example, link «COUPLING», simulating coupling of
joint between the compressor rotor with turbine rotor.

Links simulating bearings (Figure 16.3 — f) and a mount (Figure 16.3 — e) are placed in
separate assemblies. It is also done for more convenient and clear model structuring. However, trying
to unite links into a similar assembly a user can face the problem that in the list of connection points
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16. Gas turbine engines

of a link attachment (edit link connection) there is nothing. This is related to the {Assembly} element
settings on default, specifically with the parameter link_scope — it is responsible for visuability of
links points of different levels in links settings in this assembly(see above).

Due to such structuring, several engineers can work easier with the model, it is simpler to find
needed element at the model editing and variation of some parameters.

This functionality of Dynamics R4 gives also opportunity to space models not only at
subsystems but at assemblies in the area of visual displaying (Figure 16.3). Figure 16.4 compares
both variants of the model spacing.

ol (50| T W

| Expand assemblies |

Figure 16.4 — Functionality “expand assemblies”

i

h
-5 - — { s S e pe i e -—-—-—-%%%Ei =- %
L

E £
2) B | b
Figure 16.5 — Variants of spacing models at structural units: a) spacing at subsystems, b)
spacing at assemblies

For example, the variant to space at assemblies is convenient to describe the model in the
report documentation: the models of the compressor and turbine, the case model and links between
them are highlighted separately.

The option of spacing at subsystems is convenient at work with separate assembly. In order
to make spacing at subsystems for specific assembly it is necessary to use functionality with the sign
“Filter” and choose the assembly of interest in it (Figure 16.5).
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? OT-3model -
&l Rotor B |
P s L T 'T P@o| X B~ 4% % ¢ &
gic Lin
-—af Sleeve Stub Shaf
-~af Turbine disks
-~ Stub shaft =
-—sk Couplerfemale y _
_-g Riﬁnlj skhzﬂ [ & Parent subsystem selectio
gic Lin
~'% Rigid Link 1
~'% Rgdlnkd -Fad Rotor U
~X Rigd Link 3 [
-~ % Rigid Link 2 [ Compressor rotor
-[B] Varizbles E Stator
-Fa] Compressar rotor -5l Bearings
Bl Stator Bl Mounts
Bl Pasiee T i E COUPLING
< i | » .’ Rearengine consctionto PT
Des OT-3model
title
description
— -4
name
modified 23.7.2015 (13:10:)
X 0 E
¥ 0
z 0
eps.x 0
epsy 0 4
epsz 0
« [ o

Figure 16.6 — Spacing of assembly “Turbine rotor” at subsystems

Functions “Active subsystem” and “Active assembly” (Figure 16.7) allow to work with the
complex multilevel model. Shows only the structural unit which is being worked with at the moment.

)= [ 0% i i |[@®

I Selected subsystem l [ Selected assembly ]

Figure 16.7 — Functionality “Selected subsystem” and “Selected assembly’
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17 Simulation of non-synchronous excitation in the linear analysis

17.Simulation of non-synchronous excitation in the linear analysis

17.1 Simulation principles

The non-synchronous excitation is the excitation with a frequency not equal to the rotor
rotation frequency. In the Dynamics R4 linear analysis all unbalances must act in sub-systems with
equal rotor’s rotations. This assumption means that in a multi-rotor system with different rotation
speeds the [Unbalance Load] elements may be applied only to rotors with equal rotation speeds. The
elements may be added or removed with the [Group] element (ref. User Manual Item 12.1 “Groups
of elements [Group]”. The non-linear algorithm [Transient Response] this requirement is absent, the
multi-rotor systems may have different rotation speeds, including the rotors counter-rotation, any
rotor may have unbalance loads. On the other side the [Non-linear Analysis] of complicated systems
with numerous sections and links may need larger resources and time. Thus it is reasonable to
simulate the so-called “rotors sliding” in the linear analysis.

The linear analysis of a rotor with the non-synchronous excitement requires two linear
calculations, one for the rotor unbalance loads and the second for the non-synchronous loads. The
analysis results are combined, the Dynamics R4 allows results export in the convenient Microsoft
Office Excel format.

The example below is the non-synchronous excitement of a rotor with a mid-span disc. The
model and its parameters are shown in figures 17.1 to 17.6. The system model consists of two sub-
systems, the rotor with a mid-span disc on flexible supports [Shaft] and the non-synchronous
excitement model [Sliding]. The link between the sub-systems is absolutely rigid. The both sub-
systems accelerate, the rotor from 0 to 10000rpm, the [Sliding] sub-system from 0 to 20000rpm.

?  Jeffcott Rator - Sliding Freeze

4 Siiding Shaft |E::ample'3r '| T g
----- Kinematic joint 3

E iy w20 ) g

§ Disks

_—

----- f Unbalance load &

----- EY Beam 3

..... Input speed 1
..... "\ Rigid link

..... z Lirnk: 2

= Variables

[ Rotating Speed (Shaft) Link 1

.[2 Rotating Speed (Sliding) igid Li
..... s %C Rigid Link
- [ Groups S

+ [+] Rotor Unbalances
+ [+] Sliding Unbalances .
+ Algorthms o

Figure 17.1 - Dynamics R4 rotor model

ap
Lyl
d

)

i /("ﬂ I 1

Link 2
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17 Simulation of non-synchronous excitation in the linear analysis

Attach esdemal v...

Detach extemal ...

Attach exdemal v...

rad/s
radss

Detach extemal ...

Figure 17.3 — Damping matrix of the rotor supports [Link 1] and [Link 2]

Des Designation

segRef | length LI Measurement

Is 20 mm ;I Length of element Des m Designation

zl 200 mm LI Start coordinate 7l a mm LI Start coordinate
z? 220 rnrm LI End coordinate 0y 0.001 kg LI Mass

rm 15 kg LI Mass type Isotru-picLI Type

K 0001  kgm2 7|k ke 0.001 kg m2 = 1

Iz 0.002 kg m2 LI Iz Iz 0.001 kg mELI Iz

Figure 17.4 - Disc and lumped mass parameters in the [Sliding] sub-system.

Des Designation

71 220 mm LI Start coordinate

Funb 20 gcm ;I unbalance force

F phase |0 deg LI unbalance force phase
Munb |20 g Cm cm LI unbalance moment

M phase |0 deg LI unbalance moment phase

Figure 17.5 - Rotor unbalance load parameters in the [Sliding] sub-system.
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17 Simulation of non-synchronous excitation in the linear analysis

ves  ENCENEEE
raterial | user defined ﬂ
E 21e+011

Mue 0.3

rho 7850

Ln_dec |0

Cs 25

Designation
Material
Mima2 ﬂ Medulus of elasticity
Poisson's ratio
m j Density
Logarithmic decrement

mrm T calculation step

Figure 17.6 - Rotor sub-system parameters.

17.2 Linear calculation of non-synchronous excitement

It is mentioned above that it is necessary to carry out two algorithms [Unbalance Response]

and combine the calculation results. The first calculation considers the rotor unbalances. The
[Rotor Unbalances] group must be in the “Enable” state and the [Sliding Unbalances] group
“Disable” (Figure 17.7). The result will be the Magnitude-Frequency chart produced by the rotor
internal unbalances (Figure 17.8).

The second calculation considers unbalances of the sub-system that produces the non-

= E“[] Groups

: EI - [+] Rater Unbalances
P b "' Unbalance load &
EI - [] Sliding Unbalances

e "' Unbalance load 2

= =i Groups

' EI - [#] Rotar Unbalances
. e ® Unbalance load 5
EI - [] Sliding Unbalances

b f Unbalance load 2

Des | [+] Rotor Unbalances | | Designation Des | [-]5liding Unbalances | | Designation
Status | enable * | | Status Status [disable v] Status
enable enable
disable I disable '

Figure 17.7 — Changes of [Group] elements status

Simulation in Dynamics R4 (HowTo...)

synchronous excitation. So the groups’ status must be changed to the opposite [Rotor Unbalances] to
“disable” and [Sliding Unbalances] to “enable”. The result will be the Magnitude-Frequency chart
produced by the external excitation, in our example by the non-synchro rotation of the sub-system
[Sliding] (Figure 17.9).
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Unbalance response
[Shaft].[0 0 0 Link 1].[Y].[29.10.2015 (17:23)]
900
800 -
700 -
600 / \
T 500 / \
5400 - / \
. \ / 1\
200 -+ / \\
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Figure 17.8 - Calculation results of [Unbalance Response] with rotor unbalance enabled.

Unbalance response
[Shaft].[0 0 0 Link 1].[Y].[29.10.2015 (17:37)]
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Figure 17.9 - Calculation results of [Unbalance Response] with sub-system [Sliding]
unbalance enabled. The results are shown for the rotor rotation speed (sub-system [Shaft])

The results may be combined with the export function (ref. “User Manual” chapter 14.6
[Unbalance response]). The combined results will be show later together with the non-linear
calculation results.

17.3 Non-synchronous excitation Non-linear calculation

The Dynamics R4 unsteady analysis does not limit application of [Unbalance load] elements
with different rotation speeds. Thus it is possible to switch all groups with the [Unbalance Load]
elements to the “Enable” and carry out the [Non-linear analysis].

NOTE: This calculation example does not consider weight loads.
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17 Simulation of non-synchronous excitation in the linear analysis

Figure 17.10 shows the non-linear analysis resylts as a displacement vs time plot. The
complcated dynamic behaviour is explained in figures 17.11 - 17.15 that show this relation with
extended time scale.

Transient response
[Shaft].[0 0 0 Link 11.[¥].[29.10.2015 (17:55)]
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Figure 17.10 — Non-linear analysis results, 0-10000rpm speed range.

Figure 17.11 shows the transient response in the 1050rpm-1400rpm speed range. The
displacement signal shows a deep low frequency magnitude modulation and a small 2X component.

Transient response
[Shaft].[0 0 0 Link 1].[Y].[7.11.2016 (12:13)]
300 £ I ( 1
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-300 ; | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
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Figure 17.11 - Non-linear analysis results, 1000-1400rpm speed range.
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17 Simulation of non-synchronous excitation in the linear analysis

Figure 17.12 also shows in the 2100-2350rpm speed range a modulation but the 2)X component
IS more visible.

Transient response
[Shaft].[0 0 0 Link 1].[Y].[7.11.2016 (12:13)]

/

| 2

400 ~

300

2

200

100
-100 \
-200
-300 Hﬁ
-400 ¢

| | | | | | | | | | | | | | | |

2100 2150 2200 2250 2300 2350
[1/min]

—

[mm/s]

Figure 17.12 - Non-linear analysis results, 2000-2400rpm speed range.

In Figure 17.13 the 2X influence is distinctly seen as the ~15% deep 2X modulation.
(Obviously, the RMS presentation of this case gives only the mean values, the modulation view is
lost.)

Transient response
[Shaft].[0 0 0 Link 1].[Y].[7.11.2016 (12:13)]
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Figure 17.13 - Non-linear analysis results, 2700-2900rpm speed range.
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17 Simulation of non-synchronous excitation in the linear analysis
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Figure 17.14 - Non-linear analysis results, 6000-6100rpm speed range.
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Figure 17.15 - Non-linear analysis results, 9400-9500rpm speed range.
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17 Simulation of non-synchronous excitation in the linear analysis

Mean value (Root mean square )
[Shaft].[0 0 0 Link 1].[Y].[29.10.2015 (17:59)]
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Figure 17.16 - RMS values of the [Non-linear analysis] calculation

Waterfall diagram
Shaft 29.10.2015 (18:3)

180.0
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50

Figure 17.17 - Waterfall diagram

17.4 Results comparison

Figure 17.18 shows the both calculation results, linear and non-linear. One may conclude that
the linear analysis with combined calculation results shows all resonance frequencies which is
confirmed by the non-linear analysis. The magnitude differences are caused by specific features of
the non-linear analysis.
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17 Simulation of non-synchronous excitation in the linear analysis

1000 ——Unbalance response - [Rotor Unbalances]
900 — Unbalance response - [Sliding Unbalances]
~—Transient response - Mean value
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Figure 17.18 — Comparison of the linear [Unbalance response] and non-linear [Transient
response] analysis
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18 Application of command simulation interface, to automatic data table input for a model creation

18. Application of command simulation interface, to automatic data table
input for a model creation

User manual, clause 20 “Simulation command interface”: Command interface extends user’s
capabilities in models creation and parametric studies. It allows writing converters from
simulation formats, or external codes formats, to the Dynamics R4 format. Table form data may
be input automatically. Also a user may create so-called “calculators”, or small codes for
calculation of elements’ performance.

Converters. Sometimes the input data for model creation are presented in table forms. The data
may be data of external codes, or drawing dimensions, or results of bearing stiffness related to
its operating mode. Manual input of large data tables is labor consuming and may cause input
errors. The Simulation Command Interface helps this work.

The example shows creation of a rotor model and a script tuning. The model parameters are input
in the form of Microsoft Office Excel table. Table 18.1 shows an example of rotor elements
parameters.

All parameters are described in the first column “A”. Here one box, not one line, corresponds to
one element. The element parameters are split with blanks.

Similar parameters in different elements may have different meanings. In the example parameters
#4 and #5 in the element [Beam] describe inner and outer diameters, in the [Shell] element they
reflect the shell mean diameter and wall thickness.

The table is saved in the .csv format.

Al - Jfx | station type L 0/Dmid d/b  E Rho  Mue
A B C
1 [station type L D/Dmid d/b E Rho MNue Comment !
2 1 beam 100 a0 0 2.1e11 7830 0.3
3 2 beam 100 80 0 21ell 7850 0.2 brng
4 3 beam 100 100 50 2.1e11 7830 0.3
5 4 beam 100 100 50 21211 7850 0.3
6 5 beam 100 100 50 2.1e11 7830 0.3
7 6 beam 100 100 50 21211 7850 0.3
8 7 beam 100 100 50 2.1e11 7830 0.3
9 8 beam 100 80 0 21211 7850 0.3
10| 9 beam 100 80 0 2.1e11 7830 0.3 brng
11 | 10  shell 100 96 2 2.1=11 7850 0.3
12
12

Fig. 18.1 — Rotor parameters in Microsoft Office Excel

Dynamics R4 cannot operate directly with the .csv tables, but it operates Python language scripts
that may use the table data. The simulation script interface is described in details in the special
note (18.3). Below is shown code of the script tuned for operating the mentioned table.
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18 Application of command simulation interface, to automatic data table input for a model creation

File Edit Format Run Options Windows Help

# -#- coding: utf-g -*-

from dynlib import * Creation of new [Assembly] for the created model

G e e e Path to the .csv file with the model elements description

root=document.getRootCbhject ()
D RodcIhn TacIiDa (toot) Input of the [Sub-system] material

obj_ System=bldr.asgembly(u"Example",0,0,0,0,0,0) (keaﬂonof[Subﬁyﬂem]

f=open {'D:\\&1faTranzit\\temp\\Parsing\\test2.csv', 'r')
f.readline () #=kip the firstc

bldr.secCurrentMacerial (7850,2.1e+011,0.3,0) -
obj shaftl 2=bldr.shaft(u"shaftl 2",0,0,0,0,0,0,0.05) @ —
counter=0

mm2m=1le-3 Description of a [Beam] type element
for lime in £:

cols=line.split () Description of a [Shell] type element
#trace (stricols))
bldr.clearCurrentMaterial ()
bldr.setCurrentMaterial (float | s[6]),float (cols[5] ), float (cols[T7]),0.)
counter=counter+l
if(cols[l]=="beam"): <—
bldr.beam(u"Beam "+=2tr (countgr) ,float (cols[2]) *mmem, float (cols[4] ) *mmdm, float (cols[3]) *mm2m)
elif 1 : ——

1 "+=str({counter), float (cols[2]) *mm2m, float (col=s[4]) *mmZm, float (col=s[3]) *mmZm)

trace (u"Script finished")

Ln: 16/Cok: 53

Fig. 18.2

This code includes creation of [Beam] and [Shell] elements but Dynamics R4 functionality
allows creation with scripts of all system elements. Additional creation of an element needs two
lines and is similar to the [Shell] creation but with the parameters format described in the Note.
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18 Application of command simulation interface, to automatic data table input for a model creation

W¥ File Edit View Tools Window lHeIp]
AR =Nl AN AR T 'Ll; (i) Help Topics Dynamics R4.9
2 System /%3 Simulation interface script reference I
EIE Example @), UserGuide -
- sk shaftl 2 @), How To... =
- Eog Beam 1 —
...E5} Beam 2 & Examples
5 Beam 3 About Dynamics R4.9... e
| S MUy IR Jy=URy 97 g

| %) Simaulation Sommand Interfac N
& = 5

Haiima Haszan Brepen MNevaTs

=]

M=
CrpeITe

=l
MNapameTpel

Copzpa¥anie |£K33E|Tenb I I'Iunc:il

Mass

@ Mandatory lines

@ General notes
= I:Q Addition of elements

@ Structural elements

= [H] Subsystem elements
E Beam
2] Shell
E Shell with flange
E Disk isctropic
] ass|
E Generalized element
E Generalized element
E Generalized element
E Generalized element
E Generalized element
E Coupling
E Ruotating speed (Kine
E Varable speed
@ Bearings (Links)
@ Loads

Monlinear elements
@ Warables

mass( designation, m, Jx, Jy, Jz, D,z1)

Returns object of type: mass

Parameters description

e m, Jx, Jy, Jz - mass and inertia moments

= 71 - optional, start coordinate of
element. In the absence thereof the
element is added to the end of subsystem

Description:

Add  [Mass]
[Shaft]

element into the current

~Example

@ Audliary functions
@ Model examples
@ Functions Reference

hldr mass
("*.10.0,01.0,01.0.02.0,012)

hldr . mass

(", 10.0.01.0.01.0.02.0.01.0.13

1| 1] [

Fig. 18.3 — Call of a reference on the simulation command interface

After the .csv table with the model parameters is tuned and the Python script with descriptions
of all elements in use and a reference to the .csv table in use it is necessary to call in Dynamics
R4 running this script (18.4 - 18.5).
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18 Application of command simulation interface, to automatic data table input for a model creation

#[ File | Edit View Tools Window Help
“h MNew Ctrl+ M
=] Open... Ctrl+ 0

9
Cloze

|-

Save Ctrl+5

Save As...

TE DL

=

|ﬂ Run script
7 Exportto script

Fig. 18.4 — Command “Run script” in the code menu

YnopagouwTe ¥ Hoean nanka

E Bugeo - Aram [ata nzmeHeHna
@ JokymedTsl
[ VzoBpaxennn
J? My3kika

@l CHumato

 parsing.py 02.11.201514:13 Python Fi|

*d Jomawnas rpynnz

18 KomneioTep
a NokaneHeli grce
s JloKaNBHBIA guck
B EOSDIGITAL (Hi + | |

Mma daiina: parsing.py - lethon Files (*.py) VI

| owpers | | Omena |

Fig. 18.5 — Script selection

T
B shaft] 2 shaft1 2 |System 7k o)

..... System.Example
S Beam2 | =0m, GCy=0m, GCz=0.456012m, sizeZ=1m
m=39.377kg, Jx=2.61001kg m2, Jy=2.61001kg m2, Jz=0.0498434kg m?2

----- B3 shell 10 i
----- Warables GC
----- @ Materials

El--- Algorithms

Fig. 18.6 — Script operation result
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19 Modeling of a rotor with a bearing misalignment

19. Modeling of a rotor with a bearing misalignment

The displacement of the bearing housing in the three-support rotor leads to a change in the
line of static deflection and the redistribution of reactions in the support of the rotor. Unlike rotor
misalignment, such a displacement does not lead to a change in the vibrations of the linear rotor
system, but can affect the dynamics of the nonlinear system. This can occur if the stiffness of the
supports depends on the load. For example, in hydrodynamic dampers in the gap, the rotor
eccentricity can change, which will lead to a change in the damping in the support.

The modeling procedure is presented on the example of non-stationary analysis of a linear

system.

Figure 19.1 shows a rotor with three bearings. Support nodes are modeled by isotropic linear
elements of “Link” type. The stiffness of the support nodes is presented in the table 19.1

System

GCx=0m, GCy=0m, GCz=1.11162m, siz
m=233.236kg, Jx=122.382kg m2, Jy=122.3

eZ=2

m
B2kg m2, Jz=9.7194kg m2

= =
e e @ e
a = =

.

GC(z):1.11

Figure 19.1 Rotor system model

Table 19.1
Stiffness matrix Front support Middle support Rear support
coefficient N/m N/m N/m
Kxx 1e+007 1e+008 1e+007
Kvy 1e+007 1e+008 1e+007

The static deflection line of the rotor under the action of gravity is shown in Figure 19.2. The
basis used in the calculation is limited by the frequency R_freq = 30000 1/min.

Simulation in Dynamics R4 (HowTo...)
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19 Modeling of a rotor with a bearing misalignment

[mm]

[} 100 200 300 400 500 600 700 8OO 900 1000
mode shape, z, [mm]

1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Figure 19.2 The static deflection line of the rotor

The calculated reactions in the supports are shown in the table 19.2

Table 19.2
Support number 1 2 3 Sum
Support 372.951 1202.63 701.635 2277.216
reaction, N

It should be noted that the total mass of the rotor is 233.236 kg, which corresponds to the
total weight: F, = 233.236 - 9.81 = 2288.0452 N. Thus, it is possible to determine the error in

calculating the total reaction in the supports as & =
( — RF—W) - 100%, where R,, - The total reaction in the
supportBs calculated in DYNAMICS R4. In this case, the
calculation error R, is € = (1 — 2277'216) -100% =

2288.0452
0.473%.

The order of modeling the displacement of the
support:

a) It is necessary to create a quasilinear element
«Elastic nonsymmetric link» with the same stiffness and
damping parameters as the existing link and replace the
existing linear link with it, the latter can be deleted or
disabled in the group.

b) The created quasilinear link must be switched
to the mode «nonlinear» see Figure 19.3, which makes it
possible to set the misalignment of the housing. At this
stage, it makes sense to calculate the reactions in the
supports in the task of calculating the static deformation
under the influence of the force of weight. The results
obtained should coincide with a similar calculation with
a linear relationship.

¢) To enable the ability to set the misalignment of
the support, it is necessary to switch the “misalignment
switch” to “yes”. This action activates the ut x and ut y

Des Censk cp Keasu JTun Designation
conn_type  wvia connectien point ﬂ Type of connecti
sidel_c_point TC cpean onopa.PoTo.. ﬂ Sidel connectior
side?_c_point ﬂ Sided connectior
stiff_matrix stiff_matrix
damp_matrix | . damp_matrix
Type modal v Maodal or nonline
d* modal mmﬂ Inner diameter
Do* Mmmﬂomer diarmeter
B 0 mm _*| width
Figure 19.3
Des Ceaze cp Keazn fun Designation
conn_type via connection point ﬂ Type of connectiol
sidel_c_point TC cpear onopa.Poto... j Sidel connection
side?_c_point ﬂ Side2 connection
stiff_matrix stiff_matrix
damp_rmatrix damp_matrix
Type nonlinear ﬂ Modal or nonlined
Type 22 ﬂ Matrix content
misalignment switch U Use misalignment
ut_x 0 mmj Displacement in ¥
ut_y 0 mmﬂ Displacement in y
ut z 0 mmﬂ Displacement in z
d* 0 mmﬂ Inner diameter
D* 0 mmﬂ QOuter diameter
B* 0 mmﬂwidth
Figure 19.4
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19 Modeling of a rotor with a bearing misalignment

fields. (see.Figure 19.4), which allow you to set the offset of the support, respectively, in the XY
plane.

After replacing a linear link with a quasilinear one, the reactions are calculated under the
influence of the force of weight. The result of the calculation of the reaction for the average support
in the case of the use of quasilinear coupling is 1220.67 N, which is 18 N more than in the case of
linear communication.

The offset of the middle support is set to 50 um in the —Y direction. The results of calculating
the elastic line of rotor deformation under the action of gravity are presented in Figure 19.5, other
model settings are not changed.

IMPORTANT!!! Provided that the first connection node is connected to the rotor, and the
second to the housing, the offsets ut_x and ut_y are set with the opposite sign.

It can be seen from the results that the elastic line of the rotor has changed: an additional
displacement of 50 um appeared in the middle support.

The calculated support reactions are presented in table 19.3. The support reaction in the
displaced support was expectedly reduced, and the reactions in the other supports were redistributed
accordingly. Inthis case, the total reaction was 2286.703 N, that is, the error in calculating the reaction
decreased toe = 0.06%. Error reduction is associated with the use of quasilinear link.

0.00
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-0.04

[mm]
jf

-0.05

-0.06

’\.\0\

-0.07

-]
e
-0.08 \.\‘

—
L‘HD—O—/"’/.A
-0.09 NI N N NN NN |

/

o
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mode shape, z, [mm]

Figure 19.5 The static deflection line of the rotor under the action of a gravity load with a
misalignment of the support by 50 pm

Table 19.3
Support number 1 2 3 Sum
S“pportNreaC“O”' 484.566 1011.01 791.127 2286.703

To assess the effect of the displacement of the rotor support on the dynamics of the rotor
system, the RMS of the rotor vibration velocity in the cross section of the second support is calculated
while run up from 0 to 10,000 rpm in 5 seconds. The RMS calculation time intervals were 0.02 sec.
External loads are weight force and unbalanced force from rotor imbalance. The results for centered
supports are shown in Figure 19.6, the results for the case of the middle support misalignment by 50
um in the —Y direction are presented in Figure 19.7.
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19 Modeling of a rotor with a bearing misalignment
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Figure 19.6 — RMS of the rotor vibration velocity in the cross section of the support 2 in the Y
direction, support offset 0 pm
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Figure 19.7 — RMS of rotor vibration velocity in the cross section of the support 2 in the Y
direction, support offset S0 pm

From the results of Figure 19.6, Figure 19.7 one can conclude that the shift of the average
support by 50 microns did not affect the dynamics of the rotor system. Due to the fact that due to the
displacement of the support, the stiffness characteristics of the rotor system have not changed, the
inertial characteristics also remained the same.

In a real rotating system, a change in bearing load affects the stiffness and damping of bearings. To
a lesser extent, the effect is observed in rolling bearings, to a greater extent in sliding bearings. In
plain bearings, the limit of stability loss can also change. In general, an increase in load leads to an
increase in the stiffness of the support. In hydrodynamic dampers, the eccentricity of the orbit of the
rotor precession in the gap is of importance. In this case, a decrease in the eccentricity in the gap
can lead to the reduction of damping and an increase in vibrations. An increase in eccentricity can
lead to a sharp increase in damping and freezing of the support (the damper will turn into an
absolutely rigid support), which will lead to a change in the dynamic system of the rotor and a shift
in the resonances of the system.
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