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Ver 21.00 — Base Motion 2/17/2020

A steady state harmonic base excitation (motion) can be specified in this Ver 21.00. The
bearings with station J = 0, with the exception of Floating Ring Bearing (see example 5
for more details), are connected to the base and the flexible supports with the non-zero
stiffness and damping are also considered to be connected to the base, as shown in the
Figures 1 and 2, and all the stations connected to the base are subject to the base
excitation if specified. i.e., all the rotor/support stations connected to the ground are now
considered to be connected to the base if base excitation is present. The foundation is
neglected in the base motion analysis.

Fig. 1 — Single Base

Fig. 2 — Multiple Bases

For the steady state harmonic base excitation analysis, the system must be linear and
bearings are linear bearings. This is a linear analysis.
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The base motion inputs are entered in the Base Motion tab under Model — Data Editor, as
shown in Figure 3. The inputs are described below:

Rotor Bearing System Data x

Units/Description ] Material ] Shaft Blements ] Disks ] Unbalance ] Bearings ] Supports ] j
Axial Forces ] Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Forcing ] Hamonics| Base Motion

=l

2. Steady State Base Hammonic Motion: |Exc'rtati0n Frequency is a function of Rotor Speed or a Constant

ser's Elements ]
Torsional /Axial ]

1. Base Type: |Single

=

Excitation Frequency (cpm = wo +w1 “mpm +w2 " pm”2)

Wo:

6000

Wi |0

w2 |0

Amplitude Multiplier (A = Ao + A1 “pm + A2 *mpm”™2)
3. Ao: |1 Al [0 a2 o

Steady State Harmonic Base Mation: q = A" [qc © cos (wexc) +qgs " sin{wexc) |
lgc.gs) are the displacement amplitudes in cos.sin) components

Excitation frequency wexc frad/sec) =cpm * (2°pi/60).  mpm = reference shaft speed, rotor 1 speed

3 Stations connected to the Base: 1,6, 7

Direction | qc - cos | 0z - gin | Comments
L1 #-Dr 0.1 0 For Single Base
2| '-Lhir i i
L3 | Thetax 0 1]
4 Thetav 0 1]

Unit:(1) - Amplitude: inch, radian

Tor K

Save | Save As | Close Help

Fig. 3 — Inputs for Base Motion (Single Base)

1) Base Type: The Base Type can be Single, as shown in Fig. 1, or Multiple as shown in
Fig. 2.

Rotor Bearing System Data >

Units/Description l Material l Shaft Blements ] Disks l Unbalance ] Bearings ] Supports l Foundation | User's Elements ]
Auial Forces ] Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Forcing ] Harrnonics Torsional /Axial ]

Base Type: -

Steady State Base Harmanic Motion: |Exc'rtati0n Frequincy is afundim -

Excitation Freauency lcom =wo +w1 “mom +wZ " om 2}

For a Single Base model, all the stations connected to the same base are subject to the
same base motion. For a Multiple Bases model, the stations connected to the different
base can have different base motion in amplitude and phase, but the base excitation




frequency is the same for all the bases, only the amplitude and phase can be different.
Each base has 4 degrees-of-freedom, as described in the lateral vibration model, i.e., two
translations (X, Y) and two rations (Theta-X and Theta-Y). For a Single Base, the inputs
are illustrated in Fig. 3. Fig. 4 shows a multiple bases model input. There is a “station
reminder” automatically shown above the motion input. It shows the number of stations
connected to the base and the station numbers. For a multiple bases model, the base
motion for all the connected stations must be entered.

Rotor Bearing System Data *

Units/Description ] Material ] Shaft Elements ] Digks ] Unbalance ] Bearings ] Supports ] Foundation ] |Jser's Elements ]
Axial Forces ] Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Forcing ] HarrnonicsTorsionaIfﬂxiaI ]

Base Type: |Mu|tiple j

Steady State Base Hamonic Mation: |Exc'rtatinn Frequency is a function of Rotor Speed or a Constant ﬂ

Excitation Frequency (cpm =wo +w1 *mpm +w2 “pm”2)

Wo: [G000 w1 |0 wz. |0

Amplitude Multiplier (A = Ao + A1 *pm + A2 “pm™2)
Ao: |1 Al [0 a2 |0

Steady State Harmonic Base Maotion: q = A" [qc © cos (wexcl) +qgs * sinfwexc) |
lgc gs) are the displacement amplitudes in (cos,sin) components
Excitation frequency wexc frad/sec) =cpm " (2°pi/60).  pm = reference shaft speed. rotor 1 speed

3 Stations connected to the Base: 1,6, 7

zth | | Mo-cos | Ha-sin | Yo-cos | ¥'z-gin | Theta=c | Thetaxs | Thetav'c | Theta's | Comments -~

11 1 01 I 0 nz 0 0 0 0 For Multiple B azes
(2] & 0.05 0 ] 0.1 ] 0 ] 0 ]
L3l 7 003 1] 1] 0.0a 1] 1] 1] 1]
| 4 ]
| 5 ]
| B |

ri -

e | ——— Unit:(1) - Amplitude: inch, radian

Tor K Save | Save fs | Close | Help

Fig. 4 — Inputs for Base Motion (Multiple Bases)

Note that if the rotational displacements are specified in the base motion, the bearings
connected to the base must have rotational stiffness and/or damping to transmit the base
motion.

2) Excitation Frequency: The base motion frequency (excitation frequency) can be either
a function of rotor speed or a constant frequency, or the excitation frequency varies at a
constant rotor speed.



Rotor Bearing System Data *

Units/Description I Material I Shaft Elements I Digks I Unbalance I Bearings I Supports I i User's Elements I
Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I Time Forcing I Hamonics]  Base Motion | Torsional/Asial
Base Type: ISingIe LI

r is a function of Rotor Speed or a Constant

Excitation F Excitation Frequency is a function of Rotor Speed or a Constant
’7 il ST Excitation Frequency varies at a Constant Rotor Speed

Steady State Base Hamonic Mation:

Wa: |'E'I]-I]-I] Wi |ﬂ w2 Iﬂ

ama A

If the excitation frequency is a function of rotor speed or a constant, the analysis is
performed for a range of rotor speed, as illustrated in Fig. 5. If the excitation frequency
varies at a constant rotor speed, the analysis is performed for a range of excitation

frequency, as illustrated in Fig. 6.

Rotor Bearing System Data *

Units/Description I Material I Shaft Elements I Digks I Unbalance I Bearings I Supports I Foundation | |User's Elements I
Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I Time Forcing I Hamonics ~ Base Motion |Torsiona|f.ﬂ:ia|

Base Type: ISingIe ;I

Steady State Base Hamonic Mation: it ati equency is a function of Rotor Spee

"E:cﬂahon Frequency (cpm =wo +w1 “mpm +w2 “mpm 2} ——————

wp e

Fig. 5 — Excitation frequency is a constant

Rotor Bearing System Data >

Units/Description I Material I Shaft Blements I Disks I Unbalance I Bearings I Supports I Foundation | |User's Elements I
Auial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing I Hamonics  Base Motion |Torsiona|f.ﬂxial

Base Type: ISingIe ;I

r varies at a Constant Rotor Speed

Steady State Base Harmanic Motion:

"E:cﬂatinn Frequency (cpm)

Start: Iﬂ Stop: I‘ID'D'D Increment. IH}

Fig. 6 — Excitation frequency varies at a constant rotor speed

3) Base Motion: The base motion is described as a steady state harmonic motion.

For the i base: 7, = Ax[ 7, C0S( @) + 2, Sin (1) | )
= Ax|z|cos( @, t —9)
Note that the displacement expression uses a phase lag (-¢#), and the force expression uses
a phase lead.



where A is a speed dependent amplitude multiple. In general, the base motion is speed
independent, therefore A,=1, A;=A, = 0. For a multiple base model, the base excitation
frequency is the same, but the amplitude and phase can be different by specifying
different cosine and sine components (z. and z) of the motion. For every base motion, 4
degrees-of-freedom can be specified: two translations (x,y) and two rotations (6y, 6y).
Since the motion is transmitted through bearings to the rotor system. If rotational base
motion is specified (64, 0y), then the bearing connected to this base must have the
rotational stiffness and/or damping to transmit this base motion to the rotor system.
Otherwise, the rotational base motion will be ignored.

4) Analysis: When performing the base motion analysis, analysis option 23, the rotor
speed input depends on the excitation frequency type entered in the Base Motion Input.
As said before, if the excitation frequency is a function of rotor speed or a constant, the
analysis can be performed in a range of rotor speed, and if the excitation frequency varies
at a constant rotor speed, the analysis is performed at a constant rotor speed, as illustrated
in Fig. 7.

Lateral Analysis Option & Run Time Data g|

Analyziz | = Steady State Harmonic Mation [E xcitation) Trggeinobdns i . i
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Fig. 7 — Rotor speed input for the base motion analysis

The results can be viewed from the Postprocessor in both text and graphic formats.
Several examples are employed to illustrate the use of Base Motion Analysis.
Mathematically, the absolute displacement of the rotor due to the base motion can be
verified using the Steady State harmonic Excitation Analysis. It will be demonstrated in
the following examples.



] DyRoBes Rotor - C:\DyRoBeS2100\Examples\BaseMotion_3a.rot - [m] X
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Example 1 — Single Degree-of-Freedom

For a single DOF system, a mass m is supported by a spring k and a damping c. The
spring and damping connected to the base are subject to a base motion z(t).

A

k

c
Base Motion
Fig. 8 — SDOF model

Base Motion: X

The equation of motion of the mass can be obtained by applying the Newton’s 2™ law for
the absolute displacement x is:

mX=F +F, (2)



where F and F. are the spring and damping forces acting on the mass m.

Fo=—k(x-2)
F,=—c(x-2)
: ms =k (x-2)-c(x-2)

mX+cx+kx=kz+cz
For a harmonic base motion
Z =7, COS( @, t)+Z,Sin (@, t)

exc exc

Therefore, the equation of motion becomes:
m¥ + cX + kx = (kz, + ca, 2, )cosm, t + (kz, —Cam, 2, )sinw, t

Define the relative displacements with respect to the base motion z:

Uu=X-2z = X=U+Z

3)
(4)

9)

(5)
(6)

()

(8)

Substitution of Eq. (9) into Eqg. (6), the equation of motion in the relative displacement

form:
mui +cu +ku = —-mZ

Case 1: BaseMotion_la.rot

(10)

The first case is taken from “Applied Mechanical Vibrations” by David V. Hutton, page

84.
m =28 Lb, k=40 Lb/in,c=0,2z.=0,z;=0.2 in, and
®exc = 115 Hz (6900 cpm = 722.57 rad/sec)

The system undamped natural frequency is:

w, = \E = 84—0 = 43.94 rad/sec = 419.57 cpm
8386088

The frequency ratio is defined as below

y=2oe —16.45

@,



For this high frequency ratio, i.e., the excitation frequency is much higher than the system
natural frequency, the inertia of the mass keeps it from moving much, so that the relative
motion consists primarily of the base motion relative to the mass. The mass steady state
vibration amplitude is 0.00074 in. The mass relative displacement to the base is 0.20074
in.

The related rotor-bearing model and base motion inputs and analysis inputs are shown
below:

Rotor Bearing System Data *
fuial Forces | Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Forcing ] Harmonics ] Base Mation ] Torsional /Axial ]
Urits/Description  § Material ] Shaft Elements ] Disks l Unbalance ] Bearings l Supports ] Foundation l User's Elements ]

System Units: | i ing English (s, in, Lbf, Lbm) ﬂ

D ezcription Context
Test Baze Mation, taken from Dawvid V. Hutton, Page 84
SDOF. m=8 |b, k = 40 |bin, c=0
Syztem natural frequency = 43.94 rad/zec = 419.57 cpm
Baze mation, z=0.2 sinjwt] in, w =115 Hz = 6900 cpm = 722,57 rad/zec
frequency ratio = excitation freq/natural freq = 16,45

= o | ha | —

&
Rotor Bearing System Data >

Puial Forces ] Static Loads | Constraints ] Misalignments ] Shaft Bow ] Time Forcing ] Harmonics ] Base Motion ] Torsional /Awxial ]
Units./Description Shaft Elements ] Disks ] Unbalance ] Bearings ] Supports ] Foundation ] User's Elements ]

Material Mo.: |1 - Material: |Typica| Steel j Select

Mazz Density | Elastic Modulus | Shear Modulus | Comments —
1 0 0 i] L urnmy material for Shaft -
2
Rotor Bearing System Data >
Auial Forces ] Static Loads ] Constraints | Misalignments ] Shaft Bow ] Time Forcing ] Harmanics ] Base Mation ] Torsional /Axial ]
Units/Description ] Material | Shaft Elements | Disks ] Unbalance ] Bearings ] Supports ] Foundation ] |User's Elements ]
Shaft: Tof 1 Starting Station #: [1 Add Shaft | Del Shaft | Previous | Next |

Speed Ratio: |1 Pwial Distance: [0 ¥ Distance: |0 Impart * xls ‘ Expaort 'xls|

Comment: |DU|T"'H!-' Shaft

Ele [Sub | Mat] Lev] Length | MassiD | Massop | sfim | sevop | Camments -
111 1 1 o 01 0 1 0 0 Durnmy Shaft
z
Rotor Bearing System Data *

Axial Forces ] Static Loads ] Constraints | Misalignments | Shaft Bow ] Time Forcing l Hamonics ] Base Mation ] Torsional/fxial ]
Units/Description ] Material ] Shaft Elements| Disks Unbalance ] Bearings l Supports ] Foundation l lser's Elements ]

Use Horizontal Scroll Bar to scroll to the right for monre data inputs if necessary, or click the Full Table Full Table

Twpe | Stn |  Mass | Dialnetia | PolarInetia |Skewi<|Skewy] Length | 10 [ 0D | Density | =
1 Rigid 1 a 1] 0 1] 1] nz 1] 1 1] =
2
3




Rotor Bearing System Data *
Axial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing | Harrnonicsl Base Motion I Torsional / Axial
Units/Description I Material I Shaft Elements I Disks I Unbalance Supports I Foundation I User's Elements

Bearing: 1of 1 ™ Foundation

Station 1: |1— J: Iﬂ_

Type: ID— Linear Constant Bearing

Del Brg | Previous | Mext |

Comment: I

Translational Bearing Properties

Kocx: |4ﬂ Ky |ﬂ Cix: |u Cay: |u
Ky Ifi Kyy: I‘i'[i Cyx: Ifi Cyy: Iﬂ

Rotor Bearing System Data >

Units/Description I Materal | Shaft Elements I Disks I Unbalance I Bearings I Supports I Foundation I |User's Elements
Axial Forces I Static Loads| Constraints  § Misalignments I Shaft Bow I Time Forcing I Hamonics I Base Motion I Tarsional /Axial

%, y, theta x, and theta y: Fixed or None (0); Shear/Momnet: Release or Mone (0) Import “xls | Export *xls |
Stn | b | Y | Theta » | Thetay | Shear | i omnent | Comments
1 1 0 Fixed Fixed Fixed 0 0
2 2 Fixed Fixed Fixed Fixed 0 0
3
Rotor Bearing System Data *
Units/Description I Material I Shaft Elements I Disks I Unbalance I Bearnas I Supports I i User's Elements

Axial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing I Hamonics| Base Mation ITorsionaIfMaI

Base Type: ISingIe ;I

Steady State Base Harmanic Motion: itati :quency is a function of Rotor Speed or a Constant

"Excﬁatmn Frequency lcpm =wo = w1 “mpm +w2 “pm™2)————

wp wp wp

"ﬁmplﬂude Multiplier (4 = Ao + A1 *mpm + AZ * pm”2)

Ao |'| Al: ID AZ: Iﬂ

Steady State Hamonic Base Motion: g = A*[qc © cos (wexct) +gs " sinfwexct) ]
lgc.gs) are the displacement amplitudes in {cos sin) components
Excitation frequency wexc (rad/sec) =cpm * (2°pi/60).  pm = reference shaft speed, rotor 1 speed

I 1 Station connected to the Base: 1
Direction | gc - cos | 0z - gin | Comments
1 -0 a nz2
2 -Dhir i 1]
3 Theta I 0
4 Thetay i I




Analysiz: |23- Baze Steady State Harmonic Mation [Excitation) j Transient Analysis Ti r Gravity [d]
ime requency
RPM: (6300 g ‘ 8
Shaft Element Effects Domain Diomiain w0
[v Rotatom Inetia W Shear D efguestion e Grosconi I ] Constant Sneed: BI00 rpr
Base Motion (Excitation) Analysis X — Y |-386.088
Static Deflection [ Mass Unbalance
. . . itati — | Const Unbalance
[~ Constrained Bearing Stations Steady State Base Excitation Z o
| [ ShaftBow '
Critical Speed Analysis FPM-Stating: (X ™ Disk Skew None zero Gz
Spindwthirl Patio: [1 Ending |100 (] 4 J [~ Gravity [%¥) Yertical Rotar
[ Gravity [£)
- | t (10
Ha el e g rErEmen J [ Static Loads
. . : : Deszign
Birg Stiffriess: | Kux hd Cancel e T|rne.Forc:|ng Comparizon
@ et ™ Misalignment
fm: [Fighes B — -El ™ Marine taneuver

Whirl Speed and Stability Analysis Steady State Synchronous Hesponse Analpsis  obeady State Harmonic E scitation

RPt-Starting; |0 FPM-Starting: {100 Effects: RPM-Starting: |0
W

Ending: |0 Ending; |300 Il hizss Linbslares Ending; (100 Run
¥ Const. Unbalance

1} 10 - |10

¥ Chaft Bow Increment:

Mo, of Modes: |8 E wcitation 5 haft; |1 W Disk Skew Excitation Shaft: |1

Aerodynamics - O ¥ &l Synchionized Shafts ¥ Misalignment ¥ Al Shafts with same speed

Steady Maneuvers [Base Constant Translational Acceleration and/ar Turn Rate]
Speed [RPM] |0 Acceleration - |IJ S |IJ Turn Rate - |IJ S |D Ref Pos: |0

—

Increment: Increment:

Cancel

Fig. 9 — Input data for Example 1 Case 1 (BaseMotion_la.rot)

The constraints are used to limit the system to be a single degree-of-freedom in the X
direction only for the purposes of comparison and understanding the base motion.

The reason to run the analysis from 0 to 100 rpm with an increment of 10 rpm is
primarily for the easy presentation of the results. For this simple system, all the system
parameters are not dependent on the rotor speed, therefore the results are also
independent of the speed.

The results, the absolute displacement and the relative displacement of the mass and the
force transmitted to the base, from the Base Motion Analysis are shown below:
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B Amplitude and Phase vs. Frequency — O

Options  Station  X-axis  Absolute/Relative

Bode Plot
Station: 1, Sub-Station: 1

Probe @ 0 deg: Amp = 0.00074223 phase = 270 at 0 rpm
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w180} ]
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B Amplitude and Phase vs, Frequency — O
Options  Station  X-axis  Absclute/Relative
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B ' Transmitted Force Plot - O *
Options  5Station  X-axis
Transmitted Force (semi-major axis)
Bearing no.- 1 at Station: 1
10 Max Forces = 8.0297 at 0 rpm
; I
o I
2 I
£ 6}
= I
@ L
= |
= I
2 4
E +
=
ol
0 20 40 60 80 100
Rotational Speed (rpm)

Fig. 10 — Outputs for Example 1 Case 1 (BaseMotion_1la.rot)

As said that the absolute displacement can be verified by using the Steady State
Harmonic Excitation Analysis according to Eq. (8). The steady state harmonic excitation
is a function of bearing coefficients (k and c) and base motion (z and mey:). However, the
force transmitted to the base through the bearing cannot be verified using this analysis,
since the relative displacement is not obtainable from the Steady State Harmonic
Excitation Analysis without knowing the base motion.

The bearing transmitted force from Base Motion is:

F=k(x—2z)+c(x-2) (12)
The bearing transmitted force from the Steady State Harmonic Excitation is:

F =kx+cx (12)

The input and output for the steady state harmonic analysis are show below. Note that
the force expression uses a phase lead (¢#) and the displacement uses a phase lag.

12



Rotor Bearing Systern Data X

Foundation l lUger's Elements ]
Base Motion ] Torsional /Axial ]

=)

Urits/Description l Material ] Shaft Elements ] Disks l Unbalance ] Bearings ] Suopors |
Axial Forces ] Static Loads ] Constrairts ] Misalignments ] Shaft Bow ] Time Forcing| Harmenics

Steady State Hamonic Bxcitation: |Exc'rtatiu:|n Frequency is a function of Rotor Speed or a Constant
Excitation Frequency {cpm =wo +w1 “mpm +w2 “mpm”™2)
6500 W1 |0 w2 |0
Amplitude Muttiplier (4 = Ao + A1 “pm + A2 “pm~2)
Ao: 1 Al 0 A2 0

Steady State Hammonic Excitation: @ = A ° Q] © cos (wexc't + phase)
Excitation frequency wexc (rad/sec) =cpm * (2°pi/60). and Aisthe Amplitude multiplier

Wo:

rpm = excitation shaft speed. rotor speed where the excitation applied

Elefstr] | sub | Dir | Left Arnp. | Letting | Rightamp.  [Rightang | Comments -
1 1 1 1 g 270 I I ]
2 . . . . 0
3 Force = (k = z5) sinof = (4070.2) sin@f = 8 cos(wi+270)
4
Lateral Analysis Option & Run Tirme Data *,
Bnalysis: Transient Analysis Gravity [g)
: ) Time Frequency
Shaft Element Effects RFM: |£300 D arnain ‘ Damain ‘ v

[¥ Rotatory Inertia [ Shear Deformation W Gyroscopic [ Gz | Constant Speed: 900 rpm

Y. |-386.083

Static Deflection

Critical Speed Map

-

Masz Unbalance

Tirne-Start: |0

14 ]

p : : . . . [ Const. Unbalance
[ Conshrained Bearing Stations Spinwhinl Fatio; |1 - 280382
End. [ Shaft Bow

Critical Speed Analysiz Bearing K, - Min; {1000 Step: |2.12296e-005 [~ Disk Skew Mone zero Gz
SrinAwhin Batic: 11 [ Gravity (.7 Wertical Rotor

= i nae Mpts: |50 gy |1e+003 Suggested Time Step ‘ i

[ Gravity [£)
Mo of Modex |5 .
Sliffress to be varied at Solution kethod ‘ [ Static Loads )
Brg Stiffness: | K v Beafigs |AII | TP———— v Time Forcing Col:r)nT:SEIiﬁgon
= o _ [ Mizalignmert
& rprn; |Highest [ Allow Bearings in Series Initial Cs: ,m [ Marine Manewver

whirl Speed and Stability Analysiz Steady State Synchronous Fesponse Analysis Steady State Harmonic Excitation

RPM-Starting; |0 RPM-Starting; (100 Effects: RPM-Starting; |0

v
Ending: |0 Ending: 300 Bl s Wit s Ending: 100 Run
[v Const. Unbalance
Increment: |0 Increment: |10 ¥ Shait Bow Increment: |10
Mo, of Modes: |B E »citation Shaft: |1 ¥ Digk Skew Excitation Shaft |1
L Cancel
Aeradynamics - 3 W Al Synchionized Shafts W Misalignment ¥ &l Shatts with zame speed

Steady M aneuvers [Base Constant Translational Acceleration and-/or Turn Rate)

Speed [RPM]); |0 Acceleration - % |0

Y |IJ

Turn Rate -4 |0

Ref Pos; |0




B Amplitude and Phase vs, Frequency — O *

Opticns  Station  X-axis

Bode Plot
Station: 1, Sub-Station: 1

Probe @ 0 deg: Amp = 0.00074223 phase = 270 at 0 rpm
270
180 }
90}

Phases (Deg)

0.0010 prrrrrrrrr
0.0008 |
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0.0002 }

O T T e s 00

Rotational Speed (rpm)

Amplitudes

Fig. 10 — Verification of Base Motion using the Steady State Harmonic Excitation
Analysis

Case 2: BaseMotion_1b.rot

Since this simple system has a constant and speed independent natural frequency, let us
consider a wide range of excitation frequency at a constant rotor speed to plot the
response versus the frequency ratio. To limit the response amplitude at the resonance,
frequency ratio =1, let us add a damping coefficients of ¢ = 0.5 in the bearing. Then we

have:

undamped natural frequency = o, = \/E = __4 =43.94 rad/sec = 419.57 cpm
m 8/386.088

damping factor = £ = 5 c _ 80.5 =0.275

Mo, 2y x 43.94
386.088

n

damped natural frequency = @, = m,/1-¢? = 42.25 rad/sec=403 cpm
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The relevant inputs are shown in Fig. 11 below:

Rotor Bearing System Data X

Hxial Farces I Static Loads I Constraints I Misalignments I Shaft Bow | Time Forcing I Hamanics I Base Motion I Torsional /Axial I
Units/Description | Material I Shaft Blements I Disks I Unbalance — Bearings |S|.|pports I Foundation I User's Hements

Bearing: 1of 1 ™ Foundation

Station |- |1_ J: ID_

Type: ID— Linear Constant Bearing

Del Brg | Previous | MNext |

Comment: I

Translational Bearing Properties

Koe: |40 Kory: |n | e |n.5 B |n

Ky ID Kyy: I‘W Cyx: ID Cyy: Iﬂf'

Rotational Bearing Properties

Kaa: I‘:l Kab: I‘:l Caa: I‘:l Cab: I‘:l

Kba: ID Kbb: IO Cha: ID Chb: ID

Unit:(2) - Kt:Lbf/in, Ct:Lbf-s/in; Kr:Lbf4in/rad, Cr:Lbfn-s/rad

Tor K | Save Save As Close Help

Roter Bearing System Data *

Units/Description | Material I Shaft Elements I Disks I Unbalance I Bearings I Supports | Foundation | User's Flements I
Axial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing I Hamonics ~ Base Mation |Torsiona|i’MaI

Steady State Base Hamonic Motion: it ati =quency varies at a Constant Rotor Speed

Excitation Frequency (cpm)
’7 Start: |5— Stop: lr Increment. |5—
Amplitude Muttiplier (4 = Ao + A1 *pm + AZ * pm”2)

’7 Ao: |1 Al Iﬂ AZ: ID

Steady State Harmonic Base Motion: g = A [ge ~ cos (wexct) +gs " sinfwexct) ]
lgc.gs) are the displacement amplitudes in {cos sin) components
Excitation frequency wexc frad/sec) =cpm * (Z°pi/B0).  pm = reference shaft speed, rotor 1 speed

Stations connected to the Base: 1

Direction [ qc - cog [ as - sin [ Commerts
L1 ] HDir a 0.z
|2 | r-Dir a a
13 | Theta- 0 ]
4 Theta-r 1] a

Unit:{2) - Amplitude: inch, radian

Tor K | Save Save As Close Help
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| Analysiz: |23- Baze Steady State Harmonic kotion [E=citation) Transient Analysis Ti = Gravity (g
. ime: TequEncY
Shaft Element Effects RPM: [E300 Dromain ‘ D omain w [0 1
I¥ Rotatory Ineria W Shear Deformation W Guroscopic [ Gz | Constant Speed: 6300 rpm
e |-386.088
Static Deflection Critical Speed Map || Time-Start: |0 [ Mass Unbalance
. - : - oo - L I Caonst Unbalance
[ Constrained Bearing Stations Base Motion (Excitation) Analysis > ]
| [ ShaftBow ’
Citical Speed Analysis Steady State Baze Excitation [ Digk Skew Nane zer0 Gz
Spinwhirl Ratio: |1 [~ Gravity [4.7) Wertical Rotor
RPM-Ratar. (I I g
I~ Gravity [£)
Mo. of Modes: |5 .
E=citation Freq.- cpm o ]- [~ Static Loads Do
. . v Ti ; esigh
Brg Stiffness: |Kuw - Start 5 v Tlfne.Forcmg Commaraan
N ™ Mizalignment
@ rpm: [Highest End: 1000 a I~ Marine Maneuver
1 Cancel =
‘whirl Speed and Stability Analysiz liez 8 State Harmonic Excitation
RPt-Starting: |0 - ST — Ptd-Ratar: |0
Ending: |0 Ending: |300 '_ Eass LT ;elmc:e Excitation Freq.- cpm Rur
v LConst. Unbalance
Increment: |0 Increment: |10 ¥ Shaft Bow Start: §
No. of Modes: |6 Excitation Shaft: |1 W Disk Skew End: 1000
- Cancel
Aerodynamics - 0 W &l Synchronized Shafte W Mizsalignment Inc: &

Steady Maneuvers [Base Constant Tranzlational Acceleration and/or Turn Rate]
Speed [RPM); |0 Acceleration - |0 v |0 Tun Rate -3 |0 v |0 Ref Pos: |0

—

Fig. 11 — Example 1 Case 2: Excitation frequency from 5 to 1000 cpm

The absolute and relative displacements of the mass and the force transmitted to the base
versus the frequency ratio are shown in Fig. 12 below:

1 Amplitude and Phase vs. Frequency — O x
Options  Station  X-axis  Absolute/Relative
Absolute Displacement
Station: 1, Sub-Station: 1
Probe @ 0 deg: Amp = 0.42530 phase = 140 at 0.941439
360 r T T . .
— | | ]
(=] ' ' ]
g " i i E
w ! ! ]
£ 90 | | ]
o , , ]
0 o e
0.50 r T T . .
0.40 : ]
w | |
D ' : ]
E 0.30 | | ]
i H , ]
:f—: 0.20 | .
010 | |
0.00 i j :
0.00 0.50 1.00 1.50 2.00 2.50
Frequency Ratio (Exc Freg/natural Freq)
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Amplitude and Phase vs. Frequency

Options  Station  X-axis  Absolute/Relative

Phases (Deq)

Amplitudes

Relative Displacement
Station: 1, Sub-Station: 1 - relative to the base

Probe @ 0 deg: Amp = 0.37872 phase = 196 at 1.08444

360 prrrrr

o I
270f i
180 f :
90 |

040f
0.30f
020}
0.10}

0.00k

Frequency Ratio (Exc Freg/natural Freq)

0.00 0.50 1.00 1.50 2.00

"250

Transmitted Force Plot

Options  Station  X-axis

Transmitted Force (semi-major axis)
Bearing no.; 1 at Station: 1
Max Forces = 17.700 at 470 rpm

16}

12|

Transmitted Force

20 e T e e

Excitation Frequency (cpm)

Fig. 12 — Base Motion Results for Example 1 Case 2

17



To change the graphic scales and headings, go to Options — Settings and macke necessary
changes. To scale the X-axis from Excitation Frequency to Frequency Ratio (Exec
Freg/natural Freq), multiplying a scale factor (1/Natural Freq = 1/419.57=0.00238) as
shown below.

B Base Motion - Amplitude and Phase vs, Frequency Unknown x
Options | Station  X-axis  Absolute/Relative
- iHe:  |Abzolute Displacement
Redraw Absolute Displacement | 1" | F
Station: 1, Sub-Station: 1 . abel |Frequenc_l,J Ratio [Exc Freq/Matural Fraq) Cancel
Print D 0 deg- Amp = 042530 phase =14 ‘-Label [Ampliudes
Print to File | o Z-Label: |F'hases [Deq)
Export Dat : ;
— e ! ! Station: |1 Sub: |1 Felative to Statior: |0 Sub: [0
§ 180 I Frobe Angles [deg] - ¥ (1): [0 Frobe 'y [2]: |0
2 90 [ |
o : : Operating Speed Range: |‘I to |1-414
0 | |
Safe Margin Speeds: |U |U
0.50
0.40 Label Amplification Factar: [ [ Major fwis 2] [ Mark AF lines

Phase Dizgplay: ™ Academic  © Instrument [ADRE]
0.30

[ Peak -Peak  Phase Shift -<[1] |D T2 |n

020
[~ CurveFit I Symbol v MajorGrid [ MinorGrid [ Test Color

IV Manual ® Scale: [0.00238 I Ampltude Scale: [1

|
0.00 0.50 1.00 1.50 Manual Scaling Oata
Frequency Ratio (Exc Freg/Naturs Hin: |0 Ymin: |0 Zrin: |0
Hmax |25 Ymax: |05 Zmax: 360
#Div: |9 YDiv: |5 Zhiv: |4

Decimal Places for the Responze Graphic Printout

Amplitude: |auto default - Phase: |0 - Integer -

Amplituces

0.10
0.00

As expected, the absolute displacement starts with the base motion at y =0 and reaches
the maximum absolute displacement before the resonance y =1, and the absolute
displacement equals to the base motion of 0.2 inches at » =0, and /2 . The absolute
displacement decreases as the frequency ratio increases after the resonance. The relative
displacement starts from zero and reaches the maximum relative displacement after the
resonance and approaches to the base motion when the frequency ratio is very high. At
very low frequency ratio, i.e., the excitation frequency is much less than the system
natural frequency, the mass vibrates with the base and there is little relative motion
between the mass and the base. At very high frequency ratio, the mass is nearly
stationary and the relative motion is primary the base motion.

Again, the maximum absolute displacement, 0.4253 inches at 395 rpm can be verified by

using the steady state harmonic excitation analysis. The excitation frequency is 395 cpm
(41.36 rad/sec) and the excitation force, according to Eq. (8), is:
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kz +c2 =k (z, COS @, t + Z, SiN @, t ) + Cv,,., (Z, COS W, t — Z, SiN @, 1)

exc

=40(0.2sin @ t)+0.5xM(

exc

0.2cos @, t)

=85iN @t +4.13643C05 @,,,t =9.00611 03 (.t ~62.659°)
=9.00611 cos( e, t +297.341°)

The input and output are shown below:

Rotor Bearing Systemn Data X
Units/Description ] Material ] Shaft Elements ] Disks ] Unbalance ] Bearings pporis oundation ] User's Elements ]
Auxial Forces ] Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Forcing Base Motion ] Torsional /Awxial ]

o T e =l a Ly el = e oo Wl (Excit ation Frequency is a funiction of Rotor Speed or a Constant -

pm =wo +w1 “pm +w2 “pm”2)

Wi |0 W2 |0

Amplitude Muttiplier (4 = Ao + A1 *mpm + A2 *mpm"2)

Ao: 1 Al [0 Az D

Steady State Hamanic Excitation: G = A * 3] * cos (wexct + phase)
Excitation frequency wexc (rad/sec) =cpm * (2°pi/60). and Ais the Amplitude multiplier

pm = excitation shaft speed, rotor speed where the excitation applied

Y

ElefStn] | Sub | Dir | Lettamp. | Leiténg, | RightAmp. | RightAng | Comments
1 1 1 5.00611 297.341 0 0

Amplitude and Phase vs. Frequency — O >
Options  Station  X-axis

Absolute Displacement for Steady State Harmonic Excitation @ 395 cpm
Station: 1, Sub-Station: 1

Probe @ 0 deg: Amp = 0.42530 phase = 140 at 0 rpm
150 /7 e p
140 :
130
120
110
100
0.50

Phases (Deg)

0.40
0.30
0.20
0.10
0.00

Amplitudes

i 20 40 B0 80 100
Rotational Speed (rpm)

Fig. 13 — Steady State Harmonic Excitation at 395 cpm for Example 1 case 2



Example 2 - 2 Degrees-of-Freedom

The second example is a 2 DOF system, as shown below. For more details, see
“Structural Dynamics” by Roy R. Craig, Jr., page 240.

X3
mo | m;=8 Ib, ky = 40 Ib/in, ¢; = 0.2 lb-sec/in
l m,=15 Ib, k, = 100 Ib/in, ¢, = 0.1 Ib-sec/in
k1 |_|_|

€1 base motion: z; =0, z; = 0.2, wexc from 5 cpm to 1000 cpm

Base Motion

Fig. 14 — Two Degrees-of-Freedom System

The equation of motion:

IR R ] S R S RO RS

Define the relative displacements with respect to the base motion z:

e = el oo

Substitution of Eq. (14) into Eq. (13), the equation of motion in the relative displacement

form:
I 1 A ] s R

The response can be solved in either coordinate system (absolute or relative
displacements). For a single base model, it is convenient to solve the equation of motion
in the relative displacement, Eq. (15). However, for a multiple bases model, will be
presented later, the absolute displacement, Eq. (13) will be used.

Again, this is also a simple model and the system parameters are independent from the

rotor speed. The system natural frequencies are constant and not varied with the rotor
speed.
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The system natural frequencies and damping factors can be obtained from the whirl speed

analysis:

kkkkkkkkkkkkkkkkkk** Whirl Speed and Stability Analysis *kkk*kkkkkkkkkkkkkkk
KAKN A AN A XA AA A AR A A XAk A A AKX A XAk kK Precessional Modes KAKN ARk KA KA A AA A A A A A A ARk A AKX A A kK%

kkkkkkkkkk k% Frequency RO R IR IR gk b gk b 3k 2 g 4 Damplng Log' Damplng

Mode rpm R/S Hz Coefficient Decrement Factor
1 321.291 33.6456 5.3549 -1.556 .291 0.046
2 628.304 65.7958 10.472 -7.131 .681 0.108

KA AR A AR AR A A A A A A AR A A A A A A A A A A A A A A AR AR A IR A A A AR A A A A A A AN A A A A A A AR AR AR A A AR A A A kA Ak kK

Undamped Natural Frequencies:

®,, = 33.58 rad/sec = 320.67 cpm
®,, =66.38 rad/sec = 633.8 cpm

Damped Natural Frequencies and Damping Factors:

®,, = 33.65 rad/sec = 321.29 cpm ¢, =0.046
®,, =65.80 rad/sec = 628.30 cpm ¢, =0.108
Lateral Analysis Option & Run Time Data X
PR /il Sneed & Stability Analysis | [ Transient Analysis - - Giravity (3]
ime Tequency
RPM: |B300 . ‘ p
Shaft Element Effects Dormain Damain s ’70
[V Rotatory Inertia W Shear Deformation W Gyroscopic [ Gz | Constant Speed: 6300 rpm
Y. |-386.088
Static Deflection Critical Speed Map Time-Start; |0 [ Mass Unbalance
A g g . . ) [T Comst Unbalatice
[~ Constrained Bearing Stations Spinw/hirl Ratio; |1 ) ’7
P End |2.80362 [ Shat Bow 0
Critical Speed Analysis Bearing K. - Min; | 1000 Step: |2.12296e-005 [ Disk Skew Mare zero Gz
SninAwhil Fatio 1 [ Gravity [.Y) “Wertical Rotor
pin i Fato Mpts: |50 b ax: Te+003 Suggested Time Step i
Mo, of Had : [ Gravity [2]
0. of Modes: )
Stiffness to be varied at Solution Method ‘ [ Static Loads Do
Bro Stiffness: | K v Bearings: |21 | Mewmark-beta W Time Forcing EomT:S;ﬁgon
= - ) [ Misalignment
@ pr: |Highest [~ Allow Bearings in Series Iitial Cs: [Ma *| I Marine Maneuver
Whirl Speed and Stability Analysis Steady State Synchronous Responee Analysis Steady State Harmonic E seitation
FPt-Starting: |0 RPM-Starting: (100 Effects: RPM-Starting: |0
Ending: 1000 Ending: 300 ¥ Mass Unbalance Ending: 1000 Flun
[¥ Const. Unbalance
Increment: (100 Increment: (10 ol S B Increment: (100
Mo. of Modes: |B Excitation Shaft: |1 ¥ Disk Skew Excitation Shaft: |1
L Cancel
Aerodynarmics - ¥ Al Spnchronized Shaft: ¥ Misalignment ¥ Al Shafts with same spesd

Speed [RPM); [0 Acceleration - % |0

Steady Maneuvers [Baze Constant Tranzslational dcceleration and/or Turn Rate]

A |D

Turn Rate -%; |0 o |0

Fef Pog: |0
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B Whirl 5peed Map
Options

Whirl Speed Map

1000 prrrr—r

800

600

400 |

200

Damped Natural Freguencies (rpm)

Rotational Speed (rpm)

B Stability Map
Options

0.150 P

D125t

Stability Map

0100

0.075}

Damping Factars

0.050

0.025}

0000 b !

Rotational Speed (rpm)
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Case 1: BaseMotion_2a.rot

The relevant inputs are shown below in Fig. 15. Note that in this model, the support
stiffness and damping are entered as a bearing.

Rotor Bearing System Data *

Axial Forces | Static Loads ] Constraints ] Migalignments ] Shaft Bow ] Time Forcing ] Hamonics ] Base Motion ] Torsional /Axial ]
Units/Description | Material ] Shaft Elements ] Disks ] Unbalance ] Bearings ] Supports ] Foundation ] User's Elements ]

System Units: j
Description Context
1 | Two degrees-of-Freedom System
2 |RayR. Craig, Jr., Page 240,
3 |ml=8 b, k1=40 b/in, 1=0.2 lb-z/in
4 |m2=15 b, k2=100 b/in, c2=0.1 Ib-s/in
5 |m2 iz connected o the baze and subject ta the basze motion 2
§ |zc=0, 28 =02, excitation frequency fro, B cpm to 1000 cpm
7 | The system undamped natural frequencies: 321, B34 cpm
8 | The systern damped natural frequencies: 321, 628 cpm
9 |Damping Factors: 0.04E and 0,108
10
Rotor Bearing System Data *

Axial Forces ] Static Loads ] Constraints ] Migalignments ] Shaft Bow ] Time Forcing ] Hamonics ] Base Motion ] Torsional /Axial ]
Units/Description ] Material ] Shaft Elernerrts Unbalance ] Bearings ] Supports ] Foundation ] lJser's Elements ]

Use Horzontal Scroll Barto scroll to the right for more data inputs f necessary, or click the Full Table Full Table
Tupe | Stn | Mass | Dia.lnertia | Paolar Inertia |Skew><| Skew“f| Lenath | o] | u]n] | D engity | —
1 Rigid 1 a 1] 0 a 0 0z i 1 i
5 —
3
Rotor Bearing System Data >

Axial Forces l Static Loads ] Constraints l Misalignments ] Shaft Bow ] Time Forcing | Hammanics l Base Motion ] Torsional/Axial ]
Units/Description l Material l Shaft Elements ] Disks l Unbalance ] Bearings | Supports | Foundation l lser's Elements ]

Support: 1of 1 Add | Delete | Previous | Mext |

Station |: [E

Comment: |SL||:||:u:|rt Mass only, the K and C are included in the bearing 2

i | Hy | e wy
I 15 1] 0 15
C i i 0 0
K. I] I] 0 0
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Rotor Bearing System Data

Bearing: 1of 2

Station |: I'l_ J: |3_

™ Foundation

Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I
Units/Description I Material I Shaft Elements I Digks I Unbalance

Time Forcing I Hamonics I Base Motion I Torsional/Asial
Supports I Foundation I lJser's Elements

Del Brg | Previous |

X

Ned |

Type: ID— Linear Constant Bearing

Comment: I

Translational Bearing Properties

] —

e |n.2

Cay: |0

Koy ID Ky I‘“]

Cy: ID

Rotational Bearing Properties

Rotor Bearing System Data

pes

Auxial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I me Forcing I Hamanics I Base Motion I Torsional /Axial
Units/Description I Material I Shaft Elements I Disks I Unbalance Supparts I Foundation I User's Elements

Bearing: 2of 2

[~ Foundation

AddBg | DelBrg | Previous |

Station | |3_ J: Iﬂ_

Angle: ID_

Type: ID— Linear Constart Bearing

=

Comment: ISuppprt K & C which is connected to the BASE

Translational Bearing Properties

Kocx: |1DD Ky |ﬂ Cxx: |D.1 Cy: |u
Koy ID Koy I'H}D Cyx: Iﬂ Cyy: ID.1

Rotor Bearing System Data

Axial Forces I Static Loads| Constraints

x, v, theta x, and theta y: Fixed or Mone (0); Shear/Momnet: Release or None (0)

Units/Description I Material ? Shaft Hlements I Digks I Unbalance I Bearings I Supports I Foundation I lJser's Elements I

Migalignments I Shaft Bow I Time Forcing I Hamonics I Base Motion I Torsional /Axial

Impart * xls | Export * xls |

X

e B L=l (S B (TR e Ce

Sth | ¥ | y | Theta » | Thetay | Shear | toment | Comments
1 0 Fixed Fixed Fixed 0 0

2 Fixed Fixed Fixed Fixed 0 0

3 0 Fixed Fixed Fixed I 0
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Rotor Bearing Systern Data

Units/Description I Material I Shaft Blements I Disks I Unbalance I Bearings I Supports I Foundation | User's Elements
Auial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Farcing I Hamanics orsional /Axial

Base Type: ISingIe j

Steady State Base Hamonic Motion: IExcﬂatinn Frequency varies at a Constant Rotor Speed ;I

"E:dtation Frequency (cpm)

Start: |5 Stop: 1000 Increment. |5

Amplitude Multiplier (A = Ao = A1 *pm + A2 “pm”2)
’7 Aa: I'I Al: ID AZ: ID

Steady State Hammonic Base Motion: g = A" [qc © cos (wexct) +qs * sinfwexc) ]
lgc . gs) are the displacement amplitudes in {cos sin) components
Excitation frequency wexc frad/sec) =cpm " (Z'pi/60).  mpm = reference shaft speed, rotor 1 speed
1 Station connected to the Base: 3

Direction | gc - cos | 0z - 8 | Comments
1 =-Dir 0 nz
2 “r'-Dir 0 1]
3 Theta- I i
4 Thetay I ]

Unit:(2) - Ampltude: inch, radian

pes

JorK | Save | Save fs | Close

Help

Fig. 15 — Inputs for Example 2

Disk
n -
k ¢
3 M1, Support
k c,

Base Motion- X

25




Mass m; absolute and relative displacements (station 1)

B Amplitude and Phase vs. Frequency —

Options  Station  X-axis Absolute/Relative

Absolute Displacement
Station: 1, Sub-Station: 1

Probe @ 0 deg: Amp = 2.9182 phase = 171 at 320 rpm

500
400
300
200
100

Phases (Deg)

4.00
3.20
240
1.60

Amplitudes

0.80

0.00 0 200 400 600 800

Excitation Frequency (cpm)

1000

B Amplitude and Phase vs. Frequency -

Options  Station  X-axis  Absolute/Relative

Relative Displacement
Station: 1, Sub-Station: 1 - relative to the base

Probe @ 0 deg: Amp = 2.8924 phase = 175 at 320 rpm
400 T r .

320

240
160
a0

Phases (Deg)

320

240

1.60

Amplitudes

0.80

0005 200 400 60 800

Excitation Frequency (cpm)

~ 1000

Fig. 16 — Displacements for Mass m;
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Mass m; absolute and relative displacements (station 3)

B Amplitude and Phase vs, Frequency

Options  Station  X-axis  Absolute/Relative

Absolute Displacement
Station: 3

Probe @ 0 deg: Amp = 1.2969 phase = 158 at 320 rpm

380
300
250
200
150
100

Phases (Deg)

50

1.50 Py
1.20
0.90
0.60

Amplitudes

0.30

0.00 0 200 400 600 800

Excitation Frequency (cpm)

1000

B Amplitude and Phase vs, Frequency

Options  Station  X-axis  Absclute/Relative

Relative Displacement
Station: 3 - relative to the base

Probe @ 0 deg: Amp = 1.2370 phase = 167 at 320 rpm

380
300
250
200
150
100

Phases (Deg)

50

150 "
1.20
0.90
0.60

Amplitudes

0.30

0.00 0 200 400 600 800

Excitation Frequency (cpm)

1000

Fig. 17 — Displacements for Mass m;
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The transmitted forces for bearing 1 and bearing 2 are shown below. The force
transmitted through bearing 2 is acting on the base.

B ' Transmitted Force Plot — O
Opticns  Station X-axis
Transmitted Force (semi-major axis)
Bearingno.. 1 at Station . =1,1:=3
Max Forces = 68.420 at 325 rpm
BD [T Trrrrrrrrr Trrrrrrrrr Trrrrrrrrr Trrrrrrrorr
Tz: -
a I
3 I
2 [
- Sar
E L
5 a8l
[y 3
E L
= [
13:
of
0
Excitation Freguency (cpm)
B ' Transmitted Force Plot - O
Options  Station  X-axis
Transmitted Force (semi-major axis)
Bearing no.: 2 at Station: 3
Max Forces = 123.77 at 320 rpm
150 P e T —— T
120}
@ I
2
2 I
- o0 [
z
5 ol
c I
=
= I
30 [
of
0
Excitation Freguency (cpm)

Fig. 18 — Forces Transmitted through Bearings
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Again, the absolute displacements can be verified by using the steady state harmonic
excitation analysis. The excitation acting on the mass m; (station 3) is:

kz +c2 =k(z, cos @, t +Z, Sin @, t ) + Ca,, (Z COS @, t —Z, SiN @, 1)

exc exc exc

=(kz, + €, 7, ) COS @, t +(Kz, —Ca, 2, )SiN @, t

exc—c

For the excitation frequency of 320 cpm, the harmonic excitation is:

(O.lx % x 0.2) COS @, .t +(100%0.2)sin e, t

The harmonic excitation input:

Rotor Bearing System Data >

Units/Description ] Material ] Shaft Elements ] Disks ] Unbalance ] Bearings | Supports ] Foundation ] User's Elements ]
Axial Forces ] Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Fu::-rcing Base Motion ] Tarsional/Awxial ]

Steady State Hamonic Excitation: |E:-cc'rtatiu:un Frequency is a function of Rotor Speed or a Constant j

Excitation Frequency (cpm =wo +w1 “mpm +w2 * pm”™2)

flo: |320 W1 |0 W2 |0
Az |0

Amplitude Multiplier (& = Ao + A1 pm + A2 *pm ™ 2)
Ao |1 Al- |0
Steady State Hamonic Excitation: G = A * l3] * cos (wexc™t + phase)

Excitation frequency wexc frad/sec) =cpm * (2pi/60). and Ais the Amplitude multiplier
pm = excitation shaft speed, rotor speed where the excitation applied

Elefstr] | Sub | Dit | Ledt A | Letérg | Rightamp  |Righténg | Comments -
3 1 1 200112 271911 0 0

[ LR | S

Fig. 19 — Harmonic Excitation at m; (station 3)

The results for the excitation frequency at 320 cpm can be verified. In order to shown the

plots, we ran the steady state harmonic analysis for a speed range of 0-1000 rpm. The
displacement results are:
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B Amplitude and Phase vs, Frequency — O

Options  Station  X-axis

Steady State Harmonic Excitation at 320 cpm
Station: 1, Sub-Station: 1

Probe @ 0 deg: Amp = 2.9182 phase = 171 at 0 rpm

270
180

90

Phases (Deg)

[ % T % R SO & & I = |

Amplitudes

0 200 400 600 200 1000
Rotational Speed (rpm)

B Amplitude and Phase vs, Frequency — O

Options  Station  X-axis

Steady State Harmonic Excitation at 320 cpm
Station: 3

Probe @ 0 deg: Amp = 1.2969 phase = 158 at 0 rpm

270
180

Phases (Deg)

90

[ % T % R SO & & I = |

Amplitudes

0 200 400 00 800 1000
Rotational Speed (rpm)

Fig. 20 — Responses for the Harmonic Excitation
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Case 2: BaseMotion_2b.rot

In this model, we can also move the bearing 2 data into the support tab, as shown in Fig.
21. The results are identical to the previous model and not repeated here.

Rotor Bearing System Data

X

% C - Damping Coefficient " Zeta - Damping Factor
C=ZFeta®2"SART(M K],

Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I Time Fnrdan_Hamu'u,I Base Motion I Torsional /Axial I
Units/Description I Material I Shaft Elements I Digks I Unbalance I Bearings | Supports | Foundation I lJser's Elements
Support: 1of 1 Add | Deete | Previous | Net |

Station |: |3
Comment: IThe K and C are now in this data input
e | Y | i | uy
hd 15 Il 0 15
C 01 0 0 01
K. 100 i 0 100
Damping Input Format
Zeta K- Iﬂ.ﬂZ&BﬁGﬂ

Typical Zeta = 0.0001 - 0.02 Zeta-¥: Iﬂ.ﬂZBBJE'EB

Unit:(2) - M: Lbm, C: Lbf-s/in, K: Lbf/in

Tor K |

Save | Save As | Close

Help

Fig. 21 — Alternative inputs for Bearing 2
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Example 3 — Multiple Degrees-of-Freedom

A multiple DOF system, as shown in Fig. 22, is used in this example. At the operating
speed of 3,000 rpm, the first five natural frequencies are: 4,312 (backward), 4,358
(forward), 7,342 (backward), 7,619 (forward), and 100,684 (backward) rpm and their
associated whirling modes are shown in Fig. 23.

Base Maotion: Y

Fig. 22 — Example 3

87 Precessional Mode Shape — 0 w0

Options  5peed Mode  Animation
Mode Mo.=1 STABLE BACKWARD Precession

Shaft Rotational Speed = 3000 rpm
Whirl Speed (Damped Matural Freq.) = 4312 rpm (72 Hz), Log. Dec. = 0.4720
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8" Precessional Mode Shape — O

Options  Speed  Mode  Animation

Mode No.= 2 STABLE FORWARD Precession
Shaft Rotational Speed = 3000 rpm
Whirl Speed (Damped Matural Freq.) = 4358 rpm (73 Hz), Log. Dec. = 0.4695

B Precessional Mode Shape — O >
Options  5peed Mode  Animation
Mode Mo.= 3 STABLE BACKWARD Precession
Shaft Rotational Speed = 3000 rpm
Whirl Speed (Damped Natural Freq.) = 7342 rpm (122 Hz), Log. Dec. = 0.6289
+0
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Precessional Mode Shape - O >

Options  Speed  Mode  Anirmation

Mode Mo.=4 STABLE FORWARD Precession
Shaft Rotational Speed = 3000 rpm
Whirl Speed (Damped Natural Freq.) = 7619 rpm (127 Hz), Log. Dec. = 0.6312

Precessional Mode Shape — | x

Options  5peed Mode  Animation

Mode Mo.=5 STABLE BACKWARD Precession
Shaft Rotational Speed = 3000 rpm

Whirl Speed (Damped Natural Freq ) = 100684 rpm (1678 Hz), Log. Dec. = 0.0302

+0

Fig. 23 — The first five modes at 3,000 rpm
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Case 1: BaseMotion_3a.rot

A single base is assumed in this case. The base has a motion in Y direction and the
excitation frequency is from 200 to 10,000 cpm with an increment of 50 cpm. This
excitation frequency will excite the first two system natural frequencies and far below the
third natural frequency. The base motion and the analysis input are shown below:

Rotor Bearing System Data *

Units/Description ] Material ] Shaft Elements ] Disks ] Unbalance ] Bearings ] Supports ] Foundation | User’s Bements ]
Axial Forces ] Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Forcing ] Hamanics Torsional /Axial ]

Base Type: |Single j

Steady State Base Hamonic Mation: |Excitatiu:|n Frequency varies at a Constant Rotor Speed j

Excitation Freguency (cpm)

Start: (200 Stop: 10000 Increment. |50

Amplitude Muttiplier (A = Ao + A1 pm = A2 “pm”2)
Ao |1 Al [0 A2 |0

Steady State Hamonic Base Maotion: q = A" [qc * cos (wexct) +qs © sinfwexc't) ]
lqc.gs) are the displacement amplitudes in (cos sin) components
Excitation frequency wexc (rad/sec) =cpm * (2pi/60).  mm = reference shaft speed, rotor 1 speed

| 2 Stations connected to the Base: 3, 7

Diirection | qc - cos | qs - sin | Comments
1 [lir Il nl
I 2 v-Dir 01 ] Single Baze - direction
3 [ heta- 1} 1]
4 Theta-v" I 1]
| Analysiz: |23- Baze Steady State Harmonic Mation (Excitation] j | Transient Analysis = = Gravity (g]
. ime requency
Shaft Element Effects RPM: |7600 Dornain ‘ Diomain w o |
v Rotatory Inettia W Shear Deformation W Geroscopic [ Gz | Constant Speed: 7600 rpm
Y. |-980E.64
. . .. 2 T I
Static Deflection Critical Spe Base Motion (Bxcit t'l T]A ﬂl — = ; Unbalance
. . i ) ) ase Motion (Excitation) Analysis t Unbalance
[ Constrained Bearing Stations S pinhirl B = o
Steady State Base Excitati - .
Critical Speed Analysis Bearing K. - eary slale base Exclalon Skew MNone zero Gz L
8 g - . . ity [ Wertical Rotor
Spindwhirl Ratio: |1 Mps: ’D_ RPM-Rotor: (BN i; E] 1
L ok
Mo. of Modes: |3 Excitation Freq.- cpm
Stiffness ta g c Loads Desi
: . Start: 200 i 2an
Brg Stiffness: | s - Bearings: |_,5 lI_FmCmE: Comparizon
I End: 10000 i _
@ rpm: [Highest I~ alla Berie] - Maneuver
Inc: 50 T
whirl Speed and Stability Analysis Steady Statd e onic Excitation
RPM Starting: |0 FP-Starting: [Toug Effects: T RPM-Starhing: 15000
v
Ending: [10000 Ending: [10000 :: Mass Unbalance Ending: [2000 Aun
Const. Unbalance
Increment: 1000 Increment: (1000 ™ Shaft Bow Incremert: |1

Fig. 24 — The Base Motion and Analysis Input

The displacements (absolute and relative) at the disk (station 1) and bearings (stations 3
and 7) are shown in Fig. 25 below:
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Options  Station X-axis  Abselute/Relative

7 Base Motion - Amplitude and Phase vs. Frequency - [m| X

Absolute Displacement
Station: 1, Sub-Station- 1

Probe 1 (x) 0deg: Amp = 0.081561 phase = 267 at 4350 rpm
Probe 2 {y} 90 deg: Amp = 1.1202 phase = 87 at 4350 rpm

1.25 T T T T
1.00 ]
w
@
E 0.75 E
=
g 0.50 E
0.25 ]
U.UU —r
0 2000 4000 6000 8000 10000
Excitation Frequency (cpm)
W7 Base Maotion - Amplitude and Phase vs. Frequency — O

Options  Station X-axis Absolute/Relative

Absolute Displacement

Station: 3, Sub-Station: 1
Probe 1(x) 0 deg: Amp = 0.056976 phase = 273 at 4350 rpm
Probe 2 (y) 90 deg: Amp = 0.80959 phase = 84 at 4350 rpm

200 /_\
0

1.25
1.00
w
©
E 0.75
&
E 0.50
0.25
0_00 P i, - S
0 2000 4000 6000 8000 10000
Excitation Frequency (cpm)
W7 Base Maotion - Amplitude and Phase vs. Frequency — O

Options  Station X-axis Absolute/Relative

Absolute Displacement
Station: 7, Sub-Station: 1
Probe 1(x) 0 deg- Amp = U.Ubbdad phase = 243 at 7450 rpm
Probe 2 (y) 90 deg: Amp = 0.36654 phase = 78 at 7450 rpm

e
0 2000 4000 6000 8000 10000

Excitation Frequency (cpm)
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Options  Station  X-axis  Absolute/Relative

W Base Motion - Amplitude and Phase vs. Frequency - m} *

Relative Displacement
Station: 1, Sub-Station: 1 - relative to the base
Probe 1 (x) 0 deg: Amp = 0.081561 phase = 267 at 4350 rpm
Probe 2 (y) 90 deg: Amp = 1.1240 phase = 101 at 4400 rpm

-]
= o
==

Phases (Deg)
ey
=
s

(=]
=
=

0
128
1.00 1
w
@
E 075 1
=
;E: 0.50 1
0.25 1
0.00 T e
0 2000 4000 6000 8000 10000
Excitation Frequency (cpm)
i Base Motion - Amplitude and Phase vs. Frequency — m}

Optiens  Station X-axis  Absolute/Relative

Relative Displacement
Station: 3, Sub-Station: 1 - relative to the base
Probe TTx] U deg: Amp = U.0569/6 phase = 273 at 3350 rpm
Probe 2 {y) 90 deg: Amp = 0.80629 phase = 100 at 4400 rpm

@ o
[=T =1
[=I=1

Phases (Deg)
=
[=]
(=]

)
=
=

1.25
1.00 :
0.78

litudes

2 050

Am

0.25
0.00

T et
0 2000 4000 6000 8000 10000

Excitation Frequency (cpm)

m Base Motion - Amplitude and Phase vs. Frequency - [m}

Options  Station  X-axis  Absolute/Relative

Relative Displacement
Station: 7. Sub-Station: 1 - relative to the base

Probe 1 (x) 0 deg: Amp = 0.066483 phase = 243 at 7450 rpm
Probe 2 {y} 90 deg: Amp = 0.37334 phase = 111 at 7700 rpm

800
600 :
400 ]

20 M

125 T T T T

Phases (Deq)

0.78 E
0.50 E

025 A/\
e ——

0.00 0 2000 4000 6000 8000 10000
Excitation Frequency (cpm)

Amplitudes

Fig. 25 — The Results for Base Motion
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Forces transmitted through bearings to the base are:

Options  Station

# ' BodePlot - Force — O >

Bearing Transmitted Force to the Base
Brg/Support: 1, Station: 3
Probe 1 (x) 0 deg: Amp = 86.444 phase = 264 at 4350 rpm
Probe 2 {y) 90 deg: Amp = 1223.6 phase = 91 at 4400 rpm

800
600
400

200

Phases (Deg)

1500
1200
800
600
300

Transmitted Force

e
0 2000 4000 6000 3000 10000

Excitation Frequency (cpm)

® ' BodePlot - Force — O
Options  Station

Bearing Transmitted Force to the Base
Brg/Support: 2, Station: 7
Probe 1(x) 0 deg: Amp = 13547 phase = 232 at 7450 rpm
Probe 2 {y) 90 deg: Amp = 761.69 phase = 99 at 7700 rpm

800
600
400

200

Phases (Deg)

1500
1200
800
600
300

Transmitted Force

=
0 2000 4000 6000 3000 10000

Excitation Frequency (cpm)

Fig. 26 — The Force Transmitted to the Base
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Although the bearings are isotropic and uncoupled in the X and Y directions in this
example, as shown below, the X and Y motions are coupled through the gyroscopic
effect. So, even with the base motion in the Y direction only, the responses occur at both
X and Y directions with dominant Y displacement.

Rotor Bearing System Data >

Auial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing I Hamonics I Base Motion I Tarsional/Awxial
Units/Description I Material I Shaft Elements I Disks I Unbalance  Bearings |Support5 I Foundation I User's Elements

Bearing: 1of 2 I~ Foundation AddBrg | Delbm | [f Net |
Station |: |i3 I Iﬂ_ Angle: ID_
Type: ID— Linear Constant Bearing ;I

Comment: ITwo identical bearings at stations 3 and 7

Translational Bearing Properties

oy |u Gz ID.E Cay: ID

Kyy: |15DD Cye: |D Oy Iu,5
Raotational Bearing Properties

Kab: ID Caa: Iﬂ Cab: Iﬂ

Kbb: |D Cba: |0 Cbb: |0

Koy

T

Kba:

Rotor Bearing System Data >

Axial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing I Harmonics I Base Motion I Tarsional/Awxial
Units/Description I Material I Shaft Elements I Disks I Unbalance  Bearngs ISupports I Foundation I User's Elements

Bearing: 2of 2 [~ Foundation Add Brg | Del Brg | Previous |
Station I:.J: Iﬂ_ Angle: Iﬂ_

Type: Imear Constant Bearing j
Comment: I

Translational Bearing Properties

Ko [0 Coc: |05 Cay: |0

Kyy: |ZDDD Cpe: |0 Cyy: [05
hotational Beanng Froperties

Kab: Iﬂ Caa: ID Cab: Iﬂ

Kb: |D Cha: |0 Cbb: |0

Koo

Kaye:

Kba:

T
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Again, the absolute displacements can be verified using the Steady State Harmonic
Excitation Analysis as described before. For comparison purposes, the excitation
frequency at 4,350 cpm is selected. The excitation forces can then be calculated and
entered in the harmonic excitation input, as shown below. The analysis is run at a
constant rotor speed of 3,000 rpm. The results are also listed below.

Rotor Bearing System Data ¥
Units/Description I Material I Shaft Blements I Dizks I Unbalance I Bearings Foundation I User's Elements ]
Auial Forces ] Static Loads I Constraints I Misalignments I Shaft Bow ] Time Forcing| Hamoenics | Base Motion I Torsional/ fxial ]

b CE-To U | O -y g el = Ve - o (o Ly W it stion: Frequency is a function of Rotor Speed or a Constant -

Excitation Frequency (cpm =wo +w1 *pm +w2 *pm”™2)

Wo: [4350 [ w1 o

Wz |0
Amplitude Muttiplier (A = Ao + A1 “rpm =+ A2 “pm”2)

Ao |1 Al: |0 AZ- |0

Steady State Hamaonic Excitation: @ = A * i3] * cos (wexc't + phase)

Excitation frequency wexc frad/sec) =cpm * (Z°pi/60). and Aisthe Amplitude muttiplier
rpm = excitation shaft speed, rotor speed where the excitation applied

ElefStn) | Sub | Dir |  Leftémp. | Lefténg. |  Rightémp. | Righténg | | Comments =
1 3 1 2 151.719 a6 1] 1]
2 g 1 2 I ] 201.293 £.497
)
F
A
Lateral Analysis Opticn & Run Time Data *
Analysis: [EHE BB e : Transient Analyzis = - Gravity [g]
) inme requency
Shaft Element Effects RPM: |7E00 D omair Domain w o
Iv Rotatory Inettia W Shear Deformation v Geroscopic [ Gz | Caonstant Speed: 7600 rpm
Y. |-9806.64
Static Deflection Critical Speed Map Time-Start: |0 v Mass Urbalance
. : : . . . [ Const. Unbalance
[ Constrained Bearing Stations Spinhirl Flatio: |1 . ,017 Z |0
End: |7 [ Shaft Bow '
Critical Speed Analysis Bearng K. - Min; 175 Step: (0,000 [~ Disk Skew Mahe zero Gz
8 2 - [ Gravity [£Y Wertical Rator
Sl iRl (L Mpts: |0 Maz: 1.75e+003 Suggested Time Step .y .
[ Gravity [£)
Mo. of Modes: |3 .
o e ades Stiffness ta be varied at Solution Method | [ Static Loads Desi
. ) - : esign
Bra Stiffness: | Ky hd Bearings: |A|| | Runge_Kutta [5.8) [ Time Forcing Comparizon
= - ) [~ Mizalignment
@ rpr [Highest [~ Allow Bearings in Series Iitial Cz: 'm [~ Marine Maneuver
wéhirl Speed and Stability Analyzis Steady State Synchronous Responze Analysis Steady State Harmonic Excitation|

RPM-Starting: |0 RPh-Starting: {1000 Effects: RP-Starting: |3000

Ending 10000 Ending [10000 g;"a““&‘b:'alm Ending [3000 Run
onst. Unbalance

Increment: (1000 Increment: | 1000 ™ Shat Bow Increment. |1
Mo. of Modes: |8 Excitation Shaft: |1 [~ Disk Skew Excitation Shaft: |1

Aerodynamics - 0 W &l Synchionized Shafts [ Misalignment W Al Shafts with same speed

Steady Maneuvers [Base Constant Tranglational Acceleration and/or Turn R ate)

Speed [RPM); |0 Acceleration -3 |0 ' |D Turn Rate - |0 v |0 Ref Poz: |0

ikl

Cancel

Fig. 27 — The Steady State Harmonic Excitation
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*kkkkkkkkkk*k** Harmonic Response due to Shaft (1) Excitation ****kkkkkkkkkkk
*** Excitation Frequency = 4350.0 cpm ***

Shaft 1 Speed= 3000.00 rpm = 314.16 R/S = 50.00 Hz

Krxkkkhkrkxkkhkrkxkkkrkxxkk*x*x Shaft Element Displacements kkkhkkhkkrhkkhkhkkkkhkkkkhkkkkxk*k

===== X Y Elliptical Orbit Data

stn sub Amplitude Phase Amplitude Phase A B G

1 1 0.8l6E-01 267.5 0.112E+01 87.4 0.112E+01 0.130E-03 94.
2 1 0.692E-01 269.7 0.964E+00 86.0 0.966E+00 0.448E-02 94.
3 1 0.570E-01 272.9 0.810E+00 84.1 0.812E+00 0.870E-02 94.
4 1 0.451E-01 277.8 0.657E+00 81.4 0.659E+00 0.127E-01 94.
5 1 0.338E-01 286.0 0.507E+00 77.0 0.508E+00 0.164E-01 93.
6 1 0.239E-01 301.7 0.363E+00 69.0 0.363E+00 0.190E-01 92.
7 1 0.177E-01 332.7 0.233E+00 51.5 0.233E+00 0.173E-01 89.

KR AR A AR AR A A A A A A AR A A A A A A AR A A A A A A AR A A A A A A AR AR A A A A AR AR A AR A A A AR AR A AR A AR A A A AR Ak kK

Element Internal Shear Forces and Moments (Semi-Major Axis)

———————————— Left ---------————- ------—-———- Right -----------—-

Ele Shear Moment Shear Moment

1 81.574 322.01 187.76 9119.1

2 187.76 9119.1 453.22 30367

3 773.18 30367. 553.88 13049

4 553.88 13049. 70.136 31195

5 70.136 31195 291.51 22154

6 291.51 22154. 378.61 0.13147E-08

kA hkhkhkhkhkrhkhkhkhhkhhkhAhhkhhkhkrhkhkhkh bk hkhkrhhkhkhkhkrhkhkhkhhkhhkrhhkhkhhkrhkhkhhkdkhkhkrhhkrkhhkrkhkhkhkrhkhkxkhkkxk

*Kxkkkhkkxkkkhkxxk k% [ inear Bearing/support Force and Moment ***x*x*xkkkxkkkhkxkkk*

stn ===== X Y Elliptical Orbit Data

I J Amplitude Phase Amplitude Phase A B G

3 0 0.864E+02 264.3 0.123E+04 75.5 0.123E+04 0.132E+02 94.
Moment 0.000E+00 0.0 0.000E+00 0.0 0.000E+00 0.000E+00 0.

7 0 0.356E+02 326.2 0.470E+03 45.0 0.470E+03 0.349E+02 89.
Moment 0.000E+00 0.0 0.000E+00 0.0 0.000E+00 0.000E+00 0.

kA hkhkhkhkhkrhkhkhkhhAhhkhAhhkhhkhkhhkhkhkhhkhhkrhhk bk hkhkrhkhkhkhkhkhhkrhhkhkhhkrhkhkhhkdrhkhkrhhkrhhkrkhkhkhkrhkhkxkkxk

The absolute displacements are identical to the results from the base motion analysis.
However, the forces transmitted through bearings are not the same since the steady state
harmonic excitation analysis did not include the base motion.

Case 2: BaseMotion_3b.rot

In this case, the Single Base is replaced by Multiple Base Option with the identical base
motion, as shown in Fig. 28.
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Rotor Bearing Systemn Data

Units/Description | Material | Shaft Elemerts | Disks | Unbalance | Bearings | Supports | Foundation | User's Elements
Axial Forces I Static Loads | Constraints I Mizalignments I Shaft Bow I Time Forcing I Harrnonic Torsional/Axial

Base Type: (LTS

-

>

Steady State Base Hamonic Mation: IE:;c'rtation Frequency varies at a Constant Rotor Speed

Start: IZﬂ'D

’—E::cﬂation Frequency (cpm)

Stop: |1ﬂ'D'D'D Increment. I5‘D

"Nﬂpl'rtude Muttiplier (A = Ao + A1 *pm + A2 “pm " 2)

o T 1S Y~

Steady State Hamaonic Base Mation: g = A® [ qc * cos (wexc't) +gs " sinfwexc't) ]
(gc.qs) are the displacement amplitudes in {cos sin) components

Excitation frequency wexc rad/sec) =cpm * (2°pi/80).  mm = reference shaft speed, rotor 1 speed

|

2 Stations connected to the Base: 3, 7

Fig. 28 — Multiple Base

stnl | Hocos | Mesin | Wocos | Yssin | Thetac | Thetas | Thetavc | Thetat's | Cornments JE=
1 3 0 0 01 1] il 0 0 0 ]
2 7 0 0 01 1] il 0 0 0
4

The results are identical to the Case 1 and not presented here. However, when plotting
the relative displacements, one must select which base will be used for the relative
displacement as shown in Fig. 29.

A Base Motion - Amplitude and Phase vs, Frequency - | x
Options  Station  X-axis| Absclute/Relative
Absolute Motion
Stahml Relative Motion to the Base stn: 3
Probe 1 (x et 350 rpm
800 Probe 2 n_.,] a0 tleg Amp E 1 1240 phase =101 at 4400 rpm
f ]
o g0 Select the Base for the Relative Motion *
[
i
@ - This is a Multiple Bazes Case g,
]
& 20( Select the basze which the relative motion iz desired.
[ 1 - connected to
1.2% ase 1 - connected to Stabion
Basze 2 - connected to Station
1.00
w 4
z ]
E 0.75 ]
E. ]
51 0.50
0.25 1
0.00 e S :
0 2000 4000 6000 8000 10000

Excitation Frequency (cpm)

= (s

Fig. 29 — The Relative Displacement
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Case 3: BaseMotion_3c.rot

In this case, both bearings are subject to different base motion, as shown in Fig. 30. Note
that the base motion can have different amplitude and phase, but the same frequency.
The first bearing (station 3) has a base motion in the Y direction only. The second
bearing (station 7) has the base motion in both X and Y directions.

Rotor Bearing System Data x
Units/Description ] Material ] Shaft Blements ] Disks ] Unbalance ] Bearings ] Supports puodation ser's Elements ]
Auial Forces ] Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Forcing ] Harmanic ] orsional /Auwial ]

I Base Type: |[AN:]E g

Steady State Base Harmanic Motion: |Exc'rtati0n Frequency varies at a Constant Rotor Speed j

Excitation Frequency (cpm)

Start: (200 Stop: |10000 Increment. |50

Amplitude Multiplier (A = Ao + A1 “pm + A2 *mpm”™2)
Ao: |1 Al |0 a2 |0

Steady State Harmonic Base Motion: q = A* [ qc * cos (wexc) +aqs ° sinfwexc't) ]
{gc.qs) are the displacement amplitudes in (cos, sin) components
Excitation frequency wexc frad/sec) =cpm * (2°pi/60).  pm = reference shaft speed, rotor 1 speed

| 2 Stations connected to the Base: 3, 7

I ztn | | Ho-cos | HE-EIn | io-oog | ' g-3in | Thetaxc | Thetaxs | Thetar'c | Theta''s | Comments &
1 3 a 0 01 0 0 1] 1] 1] |
2 7 i] 0.05 005 005 i i i i
4
3

Fig. 30 — The Base Motion

The absolute displacements for the disk and both bearings are shown in Fig. 31. The
relative motions for both bearings are shown in Fig. 32. The forces transmitted through
bearings are shown in Fig. 33.
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Options  Station  X-axis  Absclute/Relative

B ' Base Motion - Amplitude and Phase vs. Frequency - O *

Absolute Displacement

Station: 1, Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 0.19108 phase = 329 at 7150 rpm
Probe 2 {y) 90 deg: Amp = 0.94265 phase = 92 at 4350 rpm

600 bl
400
200

Phases (Deg)

1.00
0.80
0.60
040
0.20
0.00

Amplitudes

0 2000 4000 6000 g00o0 10000
Excitation Frequency (cpm)

Optiens  Station  X-axis  Absclute/Relative

8 Base Motion - Amplitude and Phase vs, Frequency — m} X

Absolute Displacement

Station: 3, Sub-Station: 1
Probe 1 (x) 0 deg- Amp = 0.10363 phase = 199 at 4300 rpm
Probe 2 {y) 90 deg: Amp = 0.70420 phase = 82 at 4300 rpm

800

400
200 bl

Phases (Deg)

1.00
0.80 bl
0.60 ]
0.40 ]

0.20 3

I o S
0.00 0 2000 4000 6000 8000 10000

Excitation Frequency (cpm)

Amplitudes

Options  Station  X-axis  Absclute/Relative

B Base Motion - Amplitude and Phase vs. Frequency - O x

Absolute Displacement

Station: 7, Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 020727 phase = 158 at 7200 rpm
Probe 2 (y) 90 deg: Amp = 0.32843 phase = 136 at 7400 rpm

600 bl

200

Phases (Deg)
ey
5
2

1.00 T T T T
0.80 9
0.60 3
040 3

0.20 J\—&

0.00 0 2000 4000 6000 8000 10000
Excitation Frequency (cpm)

Amplitudes

Fig. 31 — The Absolute Displacements
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B ' Base Motion - Amplitude and Phase vs. Frequency - O X
Options  Station  X-axis  Absolute/Relative

Relative Displacement
Station: 3, Sub-Station: 1 - relative to the base 1 stn: 3
Probe 1 (%) 0deg: Amp = 0.10363 phase = 199 at 4300 rpm
Probe 2 (v} 90 deg: Amp = 0.71165 phase = 99 at 4350 rpm

a00
g 600
w400
@
£ 200 /_-
o _/"_
U s mimr ol R S T A S T S T S T S A S T S S TN S T MU MY
1.00 v
0.80
un
Lk}
3 0.60
=
g 0.40
0.20
0.00 e e
0 2000 4000 6000 8000 10000
Excitation Frequency (cpm)
A Base Motion - Amplitude and Phase vs. Frequency — O

Options  Station  X-axis  Absolute/Relative

Phases (Deg)

Amplitudes

Relative Displacement
Station: 7, Sub-Station: 1 - relative to the base 2 stn: 7
Probe 1(x} Udeg: Amp = 020026 phase = 155 at 7400 rpm
Probe 2 {y) 90 deg: Amp = 0.34487 phase = 159 at 7550 rpm

800
600
400

200 j‘_f

1.00

0.80
0.60
0.40

0.20 M

0.00
0 2000 4000 6000 8000 10000
Excitation Frequency (cpm)

Fig. 32 — The Relative Displacements
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B’ BodePlot - Force - O *
Options  Station
Bode Plot - Transmitted Force
Brg/Support: 1, Station: 3
Probe 1 (x) 0deg: Amp = 157.19 phase = 190 at 4300 rpm
200 Probe 2 {y) 90 deg: Amp = 1079.7 phase = 90 at 4350 rpm
@ 400
S 300
w
@ 200
= 100
0
1250 ey
S
5 1000
w
o T80
E=]
£ 500
c
@ 250
'_
0 e —_—
0 2000 4000 6000 3000 10000
Excitation Frequency (cpm)
B’ BodePlot - Force - O
Options  Station
Bode Plot - Transmitted Force
Brg/Support: 2, Station: 7
Probe 1 (x) 0deg: Amp =407 97 phase = 174 at 7400 rpm
200 Probe 2 {y) 90 deg: Amp = 703.09 phase = 148 at 7550 rpm
@ 400
S 300 ]
w
@ 200
T 100f — ]
0
1250
3
5 1000
w
o T80
E=]
£ 500 ]
c
'_
0
0 2000 4000 5000 3000 10000

Excitation Frequency (cpm)

Fig. 33 — The Bearing Transmitted Forces
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To verify the absolute displacements caused by the base motion, the steady state
harmonic excitation analysis is again used. For comparison purposes, the frequency at

4,350 cpm is selected. The amplitudes and phases are entered accordingly as shown in
Fig. 34.

The right hand side of the equation for the Steady State Harmonic Excitation:

= + X
Fy kyx kW Zy ny ny Zy

{:}:{i}wg(“’exctﬁ{i}sin<wmt>
H“’ {i}c"“a’emt)—{;j}sin(wmt)

and

Rotor Bearing System Data *

Units/Description ] Material ] Shaft Elements ] Digks ] Unbalance ] Bearings | _Suopods |_Foundation ] lJser's Elements ]
Axial Forces ] Static Loads ] Constraints ] Migalignments ] Shaft Bow ] Time Forcing] Hamonics | Base Mation ] Torsional /Axial ]

Steady State Harmonic Excitation: |Exc'rtatinn Frequency is a function of Rotor Speed or a Constant j

Excitation Frequency (cpm =wo +w1 *mpm +w2 “pm”2)

Wo: [4350 T owt o w2 [o
Az |0

Amplitude Multiplier (A = Ao + A1 *pm + A2 “pm™2)
o N N
Steady State Hamonic Excitation: @ = A * 13| * cos (wexc't + phase)

Excitation frequency wexc (rad/sec) =cpm " (2°pi/60). and Aisthe Amplitude multiplier
rpm = excitation shaft speed. rotor speed where the excitation applied

ElefStnl | Sub | i | Left Arp. | Leftang | Rightémp.  [RightAng | Comments -
1 3 1 2 151.719 5534 0 o Y
2 E 1 1 0 0 100645 BRE0T X dir o
3 5 1 2 0 0 142395 3BE03 Y dir
4
ja]
F

Fig. 34 — The Steady State Harmonic Excitation
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Since the comparison is selected only in one frequency, the results are compared as
below:

¥kkkkkkkxkkkx** Harmonic Response due to Shaft (1) Excitation ****xkkkkkkkdkx

*** Excitation Frequency = 4350.0 cpm ***

Shaft 1 Speed= 3000.00 rpm = 314.16 R/S = 50.00 Hz

khkkhkkhkhkhkhkkhkkhkhkhkkhkkhkkhkhrkhkkhkhkhkk*k Shaft Element Displacements khkkhkkhkhkhkhkkhkkhkhkhkhkkhkkhkhkhrhkkhkkhkhkhkhkh*k
===== X Y Elliptical Orbit Data

stn sub Amplitude Phase Amplitude Phase A B G

1 1 0.165E+00 220.9 0.943E+00 92.1 0.948E+00 -0.128E+00 96.

2 1 0.132E+00 216.6 0.823E+00 91.5 0.826E+00 -0.107E+00 95.

3 1 0.100E+00 209.5 0.704E+00 90.6 0.705E+00 -0.873E-01 94.

4 1 0.711E-01 196.2 0.586E+00 89.3 0.586E+00 -0.680E-01 92.

5 1 0.504E-01 169.1 0.468E+00 87.5 0.468E+00 -0.498E-01 89.

6 1 0.495E-01 128.3 0.351E+00 84.4 0.352E+00 -0.341E-01 84.

7 1 0.692E-01 99.8 0.235E+00 78.2 0.244E+00 -0.246E-01 75.

Ak hkhkhkhkhkrhkhkhkhhAhhk Ak hkhkhkhkhhkhkhkhhkhhkrhhkhhkhkrhkhkhkhhkhhkrhhkhhhkrhkhkhkhhhkhkrhkkrhhkrhkhkhkhkrkkhkxkkxk

*kkkkkkk*k*k** Harmonic Response due to Base Motion (Excitation) *#****xkkkkkkk*

*** Excitation Frequency = 4350.0 cpm ***
Shaft 1 Speed= 3000.00 rpm = 314.16 R/S = 50.00 Hz
Ak hkkrkhkhkhkhkhkkhhkrkhkhhkhhkkhkhkkhkx*k Shaft Element Displacements Ak khkrkhkhkhkkhkhkhkhkrkhkhhkhkhkhhxkxkxk
===== X Y Elliptical Orbit Data
stn sub Amplitude Phase Amplitude Phase A B G
1 1 O0.165E+00 220.9 0.943E+00 92.1 0.948E+00 -0.128E+00 96.
2 1 0.132E+00 216.6 0.823E+00 91.5 0.826E+00 -0.107E+00 95.
3 1 0.100E+00 209.5 0.704E+00 90.6 0.705E+00 -0.873E-01 94.
4 1 0.711E-01 196.2 0.586E+00 89.3 0.586E+00 -0.680E-01 92.
5 1 0.504E-01 169.1 0.468E+00 87.5 0.468E+00 -0.498E-01 89.
6 1 0.495E-01 128.3 0.351E+00 84.4 0.352E+00 -0.341E-01 84.
7 1 0.692E-01 99.8 0.235E+00 78.2 0.244E+00 -0.246E-01 75.

R R i S b I b S IR I S I S Ib e Sb b I Sb S b b Sb b b 2b e 2 2b S Sb S b 2 S S b Sh b I SR S b Sb b I Sh I 2h Sb b Sb b Sb b e Sh b S 2b S b 2 b S 4
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Whirling Direction

To fully understand the effect of the base motion, we need to also examine the
precessions of the base motion and the rotor motion. In this Case 3, the base motion at
station 3 is a straight line motion which can excite both forward and backward whirling
modes. The base motion at station 7 is a backward precessional elliptical motion which
tends to excite the backward precessional modes more. To view the base motion, there is
a Tool in DyRoBeS which can help you visualize the base motion, as shown below:

8] DyRoBeS Rator - C:\DyRoBeS2100\Examples\BaseMotion _3d.rot - O X
Project Model Analysis Po;tProcessor View Help

O 7|82 | Alford Aerodynamics

Wachel Aerodynamics

Deep-Groove or Angular Contact Ball Bearing
Self-Aligning Ball Bearing

Spherical Roller Bearing

Straight Raller or Tapered Roller Bearing

Liquid Annular Seal - Dynamic Coefficients
Carbon Ring Seal Leakage Calculation
Activate Laby Seal Calculation: LabySeal

Activate Spiral Groove Face Seal: SpiralGF

Squeeze Film Damper Design Tools
Activate Bearing Program: BePerf
Activate Thrust Bearing Pregram: ThrustBrg

Inertia Properties of Homogeneaus Solid
Equivalent Torsional Stiffness from station [ to )

Effective Impedance for (Brg+Support) Systems

Elliptical Orbit Analysis
Total Orbit Motion

Balancing Calculation
Auto-Balancing Analysis
Residual Unbalance per APl and 150

:

Base Mation: Multiple
Elliptical Orbit Analysis 4

Base Motion at Station 3:

Elliptical Orbit Analysis | W7 Roter Elliptical Orbit - O >
¥ =¥ cosfwt]) + ¥z sinfwt] = K cos [whphases) Display | Options  Animation
Y =Y'e cos [wt] + Yz zin wt] = 7] cos(wt-phazey)
Cancel | Shaft Rotation: CCW
— Input Data: Select one option Line Path
e, Me Yo, Ys [ Iv), phaze . phase » 00,15 prommmmm——— e —————
01zZg E
o =a |0 Pl I Phaze ¥ [deq]: I

I 0.08F (9 E

|Yc: | hE3 IEI Il ID'I Phaze ' [deg): I no6E E

e Bl F E
Calculated Beylt 0.03 /i\
0.00

— Elliptical Qrbit Data—————— Twao Circular Orbits D ata

Semi-Major Axis: ID-1 Forward Amplitude: ID-U5 003 E Kj E
N0k E
Semi-Minor Axis: ID Phaze Angle: ISD

-0.05F E
Aititude Angle: ISU Backward Amplibude: ID-DE 012F E
I Enoecasle |Line I Phaze &ngle: ISU - S
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Base Motion at Station 7:

*
Dizplay
Catcel

= [ I¥). phase =, phase v

H = Ho coglwt] + ks sinfwl] = [<] coz [wi-phazes)
Y =Yc coz [wt] + 'z sin [wt] = Y] cog(wt-phazey]
Input Data: Select one option

& He, Hs, e, Vs

®e: |D s |n_05 Bt [00s Phase  [deg]: 30
Ve |0.05 Vi |n.05 I [0070710° Phasze ' [deg): |45

Calculated Fesults

Iwa Lircular Urbits Drata
Faonward Amplitude;  |0.025

Phase &ngle: |0
Backward Amplitude: |0.0553017
Phase &ngle: [116.585

Elliptical Orbit Data

Semi-hajor Axiz: IW
Semi-Minor &uis: Im
Attibude Angle: IW
I Frecession: IMI

B Rotor Elliptical Orbit - O *
Options = Animation
Stop
0. Parameters
0. Write Animaticn File E
008F E
0.04fF B! =
.
0.00
-002ZF K,_// E
-0.04F E
-D0sE E
-D0EF E
-0.10 sl Lol

Use the Animation Play option, you can visualize the motion better. Now, let us go back
to examine the entire rotor response (absolute displacements) from the Base Motion
Analysis at the excitation frequency of 200, 4312, 4358, 7342, and 7619 cpm.

ﬁJ DyRoBe5_Rotor - C\DyRoBe52100\Examples\BaseMotion_3c.rot

Project Model  Analysis Tools  View Help
Ol 7|82 Lateral - Model Summary

- Static Deflection & Bearing Loads

Critical 5peed Analysis

Critical 5peed Map

‘Whirl Speed and Stability (vs. rpm)

Whirl Speed and Stability with Aerodynamic G

Steady Synchronous Response

Steady Harmonic Response

Steady Maneuver Response

Time Transient Response - Time

Tirme Transient Responses - Frequency

Catenary (Gravity Sag) Analysis

Morton Effect (Analysis 13)

Base Excitation (Motion) Response (Analysis 23)

Design Comparison (Analysis 16-21)

Torsional - Model Summary

Matural Frequencies and Modes

Steady State Response - Single Harmonic
Steady State Response - Recip. Excitations

— Time Based Transient Response

Startup Speed Dependent Transient

Axial - Model Summary
Matural Frequencies and Modes

Steady State Response

Lateral-Torsional-Axial - Model Summary
‘Whirl 5peed and Stability Analysis

Steady Synchronous Response

Time Transient Response

Steady Harmonic Response

» [ A

> Text

> Station (Element) Displacement Amplitude & Phase
| Shaft Response - 30 Animation

> Bearing/Support Transmitted Load (Semi-Major Axis)
b Bearing/Support Transmitted Load (XY}

Excitation Frequency vs. Rotor Speed

Base Motion
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B Shaft Response due to Base Motion

Options  Speed/Frequency  Animation

Shaft Response - (@ Rotor 1 Speed: 3000 rpm

Rotor

Response

[Excitation Freq = 200 ¢ . Response - MIXED Precession

Max Orbit at stn 1, substn 1, with a = 012779, b =0 024335

Base Motion

+0)

B Shaft Response due to Base Motion

Options  Speed/Frequency = Animation

Shaft Play - Single Speed

Excitation F
Max Orbit at Play - StartUp/ShutDown

Stop
Write Animation File - Single Speed
Write Animaticn File - StartUp/ShutDown

Brg 2
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In the graph, the properties of the max orbit are printed. The value a is the semi-major
axis, and b is the semi-minor axis. The positive sign of the semi-minor axis indicates the
orbit is a forward precession and negative sign indicates the backward precession. The
red arrow represents the base motion. At very low excitation frequency (l.e., low
frequency ratio), the rotor moves with the base and there is no relative movement
between rotor and base. The rotor whirls in the forward precession for the stations 1
(max orbit) and 2. The station 3 is a straight line motion which is the same as the base
motion. After the straight line motion, the rest of the rotor whirls in the backward
precession, same as the station 7 base motion. So, the rotor is whirling in a so-called
mixed precession.

At the excitation frequency of 4350 cpm, the entire rotor whirls in the backward
precession at resonance. The rotor deflection shape is similar to the first mode. The rotor
response is far larger than the base motion at or near resonance.

B | Shaft Response due to Base Motion — O >

Options  Speed/Frequency  Animation

Shaft Response - (@ Rotor 1 Speed: 3000 rpm
Excitation Freq = 4350 cpm, Response - BACKWARD FPrecession

Max Orbit at stn 1, substn 1, with a = 0.94843, b = -0.12809

At the excitation frequency of 7500 cpm, the entire rotor whirls also in the backward
precession. The rotor deflection shape is similar to the third mode.
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B ' Shaft Response due to Base Motion — O ot

Options  Speed/Frequency  Animation
Shaft Response - @ Rotor 1 Speed: 3000 rpm

Excitation Freq = 7500 cpm, Response - BACKWARD Precession
Max Orbit at stn 7, substn 1, with a = 0.36922, b = -0.092933

Y

+02

To check the whirling direction for all the excitation frequency range, the easiest way is
to plot the elliptical orbital axes (semi-major and semi-minor axes). The negative semi-
minor axis indicates a backward whirl.

The orbital axes for the stations 1 and 7 are shown below. It shows that the station 1
starts with forward precessions at low excitation frequency and becomes backward
precessions around 3400 cpm, then turns to forward precessions again after 8550 cpm.
However, for station 7, it starts with backward precessions, and becomes forward
precessions only between 4600 cpm and 4800 cpm.
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B 7 Elliptical Orbital Axes Plot — O

Options  Station

Elliptical Orbital Axes

Station: 1, Sub-Station: 1
Peak disp: max amp = 0.94843 at 4350 rpm
Megative (b) indicates backward precession

0.05 - :
0.00 B':]al: :c:::'ard ]
-0.05¢ :
0.10¢ ]
0.15F :
0.20¢ :

Semi-Minor (b)

D rree
0.88f
0.66¢
0.44]

Semi-Major (a)

0.22}

0.00 0 2000 4000 6000 8000 10000

Excitation Frequency (cpm)

B Elliptical Orbital Axes Plot — O

Options  Station

Elliptical Orbital Axes

Station: 7, Sub-Station: 1
Peak disp: max amp = 0.37239 at 7400 rpm
Megative (b) indicates backward precession

0.03

0.00f -

0.06f
0.09¢ :
0.12f .
015k 3

Semi-Minor (b)

0.50 ¢

0.40f ]
030 '
0.20f

semi-Major (a)

0.10f

000

0 2000 4000 6000 8000 10000
Excitation Frequency (cpm)




Case 4: BaseMotion_3d.rot

In this case, change the base motion xs from 0.05 to -0.05 at station 7. This will change
the base motion at station 7 from the previous backward precession to forward
precession. The rests of data are unchanged.

| W7 Rotor Elliptical Orbit - | X
Digplay ‘

Cancel

# =¥z coswt] +Xs sinfwt] = <] cos [whphasex) Options  Animation

Y=o cos (W] + s zin (wt] = Y] cosw-phazey)
3haft Rotation: CCW

Input Data: Select one option Forward Precession

{* ¥c Ks Yo s £ P Y. phase », phase y 0.11) e o
e |n ><s| 0.05 I w005 Phase ¥ [deg): [270 nosg E
ve: [0.05 vs: 005 v | Phase Y (deg] [45 vy I, 3
o [0 = [0 0070710 Phase' (deg) ook F ;
Calculated Results 0.0z /’\ E

Elliptical Orbit Data Twio Lircular Urbits D ata 0.00 1B /

Semi-Major Awiz; [0.0209017 Farward Amplitude; |0.0553017 -0.02F \‘ E
Semi-Minar Axiz: [0.0309017 Phase Angle: |53.4343 004F E
RN o E
Attiude Angle: [121.717 Backward Amplitude; |0.025 008k E

Precession:; |Fonsard I Phase Angle: (180 R L bl

Rotor Bearing System Data >

Units/Description I Material ] Shaft Hlements ] Disks I Unbalance ] Bearings ] Supports ] Foundation | Users Eements I
Puial Forces ] Static Loads ] Constraints ] Misalignments I Shaft Bow ] Time Forcing I Harrnonic Torsional/Axial I

=

Base Type: |I\"Iu|ti|:||e

Steady State Base Harmonic Motion: |E:-:citation Frequency varies at a Constant Rotor Speed

=

Excitation Frequency (cpm)

Start: |200 Stop: 10000

Amplitude Mutltiplier (A = Ao + A1 pm + A2 “pm”2)
Ao: |1 A |0 a2 |0

Steady State Hamonic Base Maotion: q = A" [qc * cos (wexcl) +qgs * sinfwexc) |

Increment. |50

(gc.gs) are the displacement amplitudes in {cos sin) components

Excitation frequency wexc (rad/sec) =cpm * (Z°pi/60).  rpm = reference shaft speed, rotor 1 speed

2 Stations connected to the Base: 3, 7

zth | | MC-CoE | s | Yio-oos | We-gin |Theta5<c | Theta5<3|ThetaYc| ThetaYs| Comments -

11 3 0 0 01 i I 0 a 0
121 7 0 0.05 005 0.05 1] ] 1] ] 2]
|3 |
|4 |
L5
| 6 |

?’ -

Insert Row ‘ Delete Row

Unit:(4) - Amplitude: mm, radian

Tor K

Save Save fs Close Help |

55



Now, at 200 cpm, again, at such low excitation frequency and low frequency ratio, the
rotor moves with the base. It is still a mixed precession, however, the stations 1 and 2
before the bearing #1 (station 3) are backward precessions now, and after the straight line
motion at station 3, the rotor whirls in the forward precession same as the station 7 base
motion.

At 4350 cpm, the response is at and near resonance. The entire rotor whirls in the
forward precession and the rotor response is far larger than the base motion. The rotor
deflection shape is similar to the second mode. At 7500 cpm, the rotor whirls in the
forward precession. The rotor deflection shape is similar to the fourth mode.

B | Shaft Response due to Base Mation — O >

Opticns  Speed/Frequency  Animation
Shaft Fesponse - @ Rotor 1 Speed: 3000 rpm

Excitation Freg = 200 cpm, Response - MIXED Precession
Max Orbit at stn 1, substn 1, with a = 012734, b = -0.024585

Brg 1
+0

Brg2
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B ' Shaft Response due to Base Motion —

Options  Speed/Frequency  Animation

Shaft Response - @ Rotor 1 Speed: 3000 rpm

Excitation Freq = 4350 cpm, Response - FORWARD Precession
Max Orbit at stn 1, substn 1, with a = 0.96047, b= 011912

Base Motion

B Shaft Response due to Base Motion —

Options  Speed/Frequency  Animation

Shaft Response - (@ Rotor 1 Speed: 3000 rpm

Excitation Freq = 7500 cpm, Response - FORWARD Precession
Mazx Orbit at stn 7, substn 1, with a = 0.3573, b = 0.082548
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Case 5: BaseMotion_3e.rot

Let us consider the base motion is a purely forward circular motion as shown below:

Rotor Bearing System Data

Start: (200

Excitation Frequency (cpm)

Lnits/Description I Material I Shaft Bements I Disks I Linbalance I Bearings I Supports I pundation
Axial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing I Harrnonicsl Torsional/Axial

Base Type: ISingIe

=

Steady State Base Hamonic Mation: IE:c'rtation Frequency varies at a Constant Rotor Speed

=

Stop: 10000

Increment. IE{I'

S —

Al Iﬂ

"Ampl'rtude Multiplier (& = Ao + A1 mpm + A2 * pm™2)

N —

Steady State Harmonic Base Mation: q = A" [qc © cos (wexc) +qgs ~ sinfwexc) ]
lgc gs) are the displacement amplitudes in (cos,sin) components
Excitation frequency wexc frad/sec) =cpm * (2°pi/60).

pm = reference shaft speed, rotor 1 speed

X

|Izer's Elements I

2 Stations connected to the Base: 3,7

Direction | qc - cos | gz - sin | Comments
1 #-Dir 01 01 F ard .
5 v .Dir 09 09 orward motron
3 Theta 0 0
4 Theta-r 1] 1]
| |
Unit:(4) - Amplitude: mm, radian
Tor K | Save Save As Close Help
E al Orbit Ana | W7 Rotor Elliptical Orbit — a *
¥ =¥e coswt) + 3z sinfwt] = <] cos [wt-phases] Display | Options  Animation
¥ =Yz cos [wt] +''s zin [wt] = Y] cos{wt-phase
Bl b2y b= Cancel | Shaft Rotation: CCW
—Input Data: Select one option Forward Precession
¥, e, Yo, s [, I¥), phase x. phaze y 0.20
0.18 E
e (01 xa |00 [ ID,‘I.-.i‘I 421 Phaze ¥ [deqg): |315
I I 01z E
Ye: |0.1 Y |u.1 i |n.141 421 Phase 'Y [deg) |45 0.08 F
0.04 E
Calculated Results
 Elliptical Orbit Data - Twio Cireular Orbits Diata 0.00 5
Semi-b ajor Axis: ID-141 421 Forward Amplitude: ||3-141"-121 -0.04F E
-0.08 E
Semi-Minor Axis: IU-141 421 FPhaze Angle: |45
R -012 E
Attitude Angle: |0 Backward Amplitude: ID 016 E
IF'lec:essiDn: Forward Phaze Angle: IU -0.20
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Now, you already know the results. Yes, this base motion will only excite the forward

modes and no backward precession will be present.

Since the system is an isotropic

system, the rotor response orbits will be purely forward circular orbits.

Options

B Elliptical Orbital Axes Plot — O *

Station

Semi-Minor (b)

Semi-Major (a)

1.50

Elliptical Orbital Axes
Station: 3, Sub-Station: 1
Peak disp: max amp = 1.1600 at 4350 rpm
Megative (b) indicates backward precession

1.20
0.90
0.60
0.30
0.00

1.50

1.20
0.90
0.60
0.30
0.00

2000 4000 6000

Excitation Frequency (cpm)

8000 10000

Options

B Elliptical Orbital Axes Plot — O *

Station

Semi-Minor (b)

Semi-Major (a)

Elliptical Orbital Axes
I Station: 7, Sub-Station: 1 I

Peak disp: max amp = 051320 at /600 rpm

0.72

U.EUlE
0.48

0.36
0.24
0.12
0.00

Megative (b) indicates backward precession

0.60

0.48)
0.36
0.24
0.12
0.00

2000 4000 6000

Excitation Frequency (cpm)

8000 10000
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Shaft Respense due to Base Motion

Options  Speed/Frequency  Animation

Shaft Response - @ Rotor 1 Speed: 3000 rpm
[ Excitation Freq = 200 cpm, Response - FORWARD Precession |

Max Orbit at stn 1, substn 1, with a = 0.14186, b = 0.14186

Shaft Response due to Base Motion

Options  Speed/Frequency  Animation

Shaft Response due to Base Motion

Options  Speed/Frequency  Animation

Shaft Response - @ Rotor 1 Speed: 3000 rpm
Excitation Freq = 7600 cpm, Response - FORWARD Precession

Max Orbit at stn 7, substn 1, with a = 0.6132, b = 0.5132
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Case 6: BaseMotion_3f.rot

Consider a purely backward circular base motion in this example.

Rotor Bearing System Data *

Units/Description I Material I Shaft Elements I Digks I Unbalance I Bearings I Supports I Foundation | User's Elements I
Axial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing I Hammonics  Base Mation ITorsinnaIfMaI

Base Type: ISingIe LI

Steady State Base Hamonic Motion: IExcitation Frequency varies at a Constant Rotor Speed j

Excitation Frequency (cpm)

Start: IZDD Stop: (10000 Increment. |5|]

Amplitude Muttiplier (& = Ao + A1 “pm + A2 “mpm"2)
’7 Aa: |1 Al Iﬂ AZ: Iﬂ

Steady State Hamonic Base Motion: g = A” [qc * cos (wexc) +gs ~sinfwexc) ]

(gc.gs) are the displacement amplitudes in (cos,sin) compaonents
Excitation frequency wexc (rad/sec) =cpm " (2°pi/60).  pm = reference shaft speed, rotor 1 speed

2 Stations connected to the Base: 3,7

Direction | (lo = (k3 I s - sin | Cornments
1 - 01 01 .
2 “Diir 0 04 Backward Motion
3 Theta 1] 0
4 Thetav 1] 0

Unit:(4) - Amplitude: mm, radian

Tor K | Save Save As Cloze Help

Elliptical Orbit Analysis | |7 Rotor Elliptical Orbit - O X
® =¥c coswt] + Xz sinfwt] = [¥| cos [wi-phasex] Display | Options  Animation
Y ="' cos [wi] + s gin [(wt] = Y] coswi-phasey)
Cancel | Shaft Rotation: CCW
— Input Data: Select ohe option Backward Precession
% e, ¥, e, s 1. Iv], phase ¥, phase y 0.20
018 F E
®o |01 ®a |01 P |0.141421  Phase % [deg]: |45
| | | | oiak i
ve: |01 s |01 I |n_1 41421 Phase ' [deg) [315 oozk E
0.04F E

Calculated Besult
— Elliptical Orbit Data— |- Two Circular Orbits Data————————— 0.00 3

Semi-td ajor Axis: IU-1 41421 Forward Amplitude: -0.04F E
-D0EF E
Semi-tdinor Axis: ID-1 41421 Phase &ngle: |0
nizf E

Aftitude Angle: |U B ackward &mplitude: IU-1"-”421 T2 E
Frecession: IBEICk'NE"EI Phase Angle: |45 -0.20 e e

11
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Results are as expected.

Opticns  Station

B Elliptical Orbital Axes Plot —

Elliptical Orbital Axes
Station: 3, Sub-Station: 1
Peak disp. max amp = at 4300 rpm
Megative (b) indicates backward precession

0.00
-0.30f
-0.60f
-0.90f
-1.20f
-1.50F

Semi-Minor (b)

1,60 prrrr

120F
090k
060f

Semi-Major (a)

030}
0.00E

0 2000 4000 6000 8000
Excitation Frequency (cpm)

10000

Opticns  Station

B Elliptical Orbital Axes Plot —

Elliptical Orbital Axes

Station: 7, Sub-Station: 1
Peak disp: max amp = 0.55762 at 7350 rpm
Megative (b) indicates backward precession

0.00

-0.10
-0.20
-0.30
-0.40
-0.50
-0.60

Semi-Minor (b)

0.70

0.60
0.50
0.40
0.30
0.20
010
0.00

Semi-Major (a)

0 2000 4000 6000 8000
Excitation Frequency (cpm)

10000
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B Shaft Response due to Base Motion — O

Options  Speed/Frequency  Animaticn

ohaft Besponse - @ Botor 1 Soeed- 3000 rom
| Excitation Freq = 4300 cpm, Response - BACKWARD F'recessiunl

Wax Orbit at stn 1, substn 1, with a = 1.585, b = -1.585

B Shaft Response due to Base Motion — O x
Options  Speed/Frequency  Animation
Excitation Freq = 7350 cpm, Response - BACKWARD Precession
Max Orbit at stn 7, substn 1, with a = 0.55762, b = -0.
+02
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Example 4 — Industrial Compressor (BaseMotion_4a.rot)

An industrial compressor, as shown below, is used in this example. The rotor assembly is
supported by two bearings at stations 2 and 4. The compressor design speed is 35,000
rpm. The bearing #1 at station 2 is a 3-lobe bearing and the bearing #2 at station 4 is a
tilting pad bearing. Bearing Type 15 is used in this example.

Fig. 35 — An Industrial Compressor

Rotor Bearing Systemn Data X

Aial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing | Hammonics I Base Motion I Torsional/ Axial I
Units/Description | Material | Shaft Blements | Disks I Unbalance  Bearings ISupports | Foundation I User's Elements

Bearing: 1of 2 [~ Foundation Add Brg | Del Brg | Previous | Mext |

Station 1: IZ_ J: Iﬂ_

Type: I'I& Link BePerf Data File (".LDI, *.TDI, “.FRB, ".GDI) Linear Analysis ;I

Comment: IHigh Speed Compressor Bearing - Bearing at collar end - Used by Rotor Example|

FileName: IEaseI‘u‘Ioﬁon_—ia_Brg1.LDI Browse... |

Rotor Bearing Systermn Data X

Axial Forces I Static Loads | Constraints I Misalignments I Shaft Bow | Time Forcing I Hamonics I Base Motion I Torsional /Axial I
Units/Description I Material I Shaft Elements | Disks I Unbalance ~ Bearings ISupports | Foundation I lser's Elements

Bearing: 2of 2 [~ Foundation Add Brg | Del Brg | Previous |

Station |: |4 J: ID
Type: |15— Link BePerf Data File (".LDI, ".TDI, *.FRB, .GDI) Linear Analysis ;I
Comment: IHigh Speed Compressor Bearing - Test

FieMName- IBaseMotion_-la_BrgZ.TDI Browse... |
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At 35,000 rpm, the first 4 precessional modes are shown in Fig. 36. It shows that the
base motion will most likely excite the 1% and 2" modes.

B Precessional Mode Shape - m] K B Precessional Mode Shape - m} K
Options  Speed Mode Animation Options  5Speed Mode Animation
Mode No.=1 STABLE BACKWARD Precession Mode Mo.= 2 STABLE EORWARD Precession
Shaft Rotational Speed = 35000 rpm Shaft Rotational Speed = 35000 rpm
Whirl Speed (Damped Natural Freq.) = 18233 rpm (304 Hz). Log. Dec. = 2.0667 Whirl Speed (Damped Natural Freq.) = 21317 rpm {355 Hz). Log. Dec. = 2.4541

B Precessional Mode Shape - [m] X B Precessional Mode Shape - O X
Options  Speed Mode Animation Options  Speed Mode Animation
Mode Mo.= 3 STABLE FORWARD Precession Mode No.=4 STABLE MIXED (6% F, 93% B) Whir
Shaft Rotational Speed = 35000 rpm Shaft Rotational Speed = 35000 rpm
Whirl Speed (Damped Natural Freq.) = 23434 rpm (391 Hz), Log. Dec. =7.9810 Whirl Speed (Damped Natural Freq.) = 46271 rpm (771 Hz), Log. Dec. = 6.7225

Fig. 36 — The first 4 Precessional Modes

Case 1: BaseMotion_4a.rot

For verification purposes, only the 2" bearing at station 4 is subject to a base motion and
the 1% bearing at station 2 is not subject to any base motion. Therefore, two bases are
utilized in this model. The base 1 is not moving and the base 2 has a harmonic motion in
Y direction. The base motion is shown in Fig. 37. The base excitation only at station 4
(base 2) varies from 1000 cpm to 50,000 cpm with an increment of 500 cpm at a constant
rotor speed of 35,000 rpm.
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Reotor Bearing System Data X

Units/Description I Material ] Shaft Elements ] Digks I Unbalance ] Bearings ] Supports ] Foundation I User's Elements ]
Mwial Forces ] Static Loads ] Constrairts ] Misalignments ] Shaft Bow I Time Forcing ] Harmonics Torsional/Axial ]

Base Type: |Multiple -

Steady State Base Harmonic Motion: ‘Exc'rtation Frequency varies at a Constant Rotor Speed j

Excitation Frequency {cpm)
Start: [1000 Stop: [50000 hcremert. [0
Amplitude Muttiplier (& = Ao + Al “pm + A2 “pm”2)
Ao: 1 At 0 Az [0

Steady State Harmonic Base Motion: g = A* [ gc * cos (wexc't) +gs * sinfwexc™t) ]
lgc.qs) are the displacement amplitudes in {cos sin) components
Excitation frequency wexc {rad/sec) =cpm * (2'pi/60).  pm = reference shaft speed, rotor 1 speed

2 Stations connected to the Base: 2, 4

stnl | Heecog | Hg-sin | Ye-cos | *fg-sin | Thetaxe | Thetaxs | Thetac | Thetat's | Comments -

111 2 0 0 i] 1] 1] 1] a 1] |
[z ] ¢ 0 0 i i i i 0
3
4

5

B

7 -

T AT | PEEE AT Unit:(2) - Amplitude: inch, radian

Save As | Close Help

Tor K Save

Fig. 37 — Base Motion

The absolute displacements at both bearings are shown in Fig. 38.
displacements are shown in Fig. 39. The bearing transmitted forces are shown in Fig. 40.

The relative

Excitation Frequency (cpm)

B Base Motion - Amplitude and Phase vs. Frequency — O et
Options  Station  X-axis  Absclute/Relative
Absolute Motion
Station: 2, Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 0.017900 phase = 146 at 24500 rpm
20 Probe 2 (y) 90 deg: Amp = 0.021340 phase = 347 at 32000 rpm
5 i
@ E
= i
2 360]
[ :
m F
P s
o :
U L
0150
0.125F
@ ;
§ 0.100¢
2 0.075¢
= ‘
< 0.050 ;
0.025¢
: " ari ]
0.000
0 10000 20000 30000 40000 50000
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B ' Base Motion - Amplitude and Phase vs, Frequency — O

Options

Station  X-axis  Absolute/Relative

720

Phases (Deg)

0.150 prrrrrrrrry
0.125F
0.100 f
0.075¢
0.050 f
0.025
0.000 ¢

Amplitudes

540
360 |
180§

Absolute Motion
Station: 4, Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 0.034997 phase = 312 at 22500 rpm

Probe 2 (y) 90 deg: Amp = 0.13707 phase = 29 at 15500 rpm

_—

Excitation Frequency {cpm)

0 10000 20000 30000 40000 50000

Fig. 38 — The Absolute Displacements due to Base Motion

87 Base Motion - Amplitude and Phase vs. Frequency — O >
Options  Station  X-axis  Absolute/Relative
Relative Displacement
Station: 2, Sub-Station: 1 - relative to the base 1 stn: 2
Probe 1 (x) 0deg: Amp = 0017900 phase = 14b at 24500 rpm
o Probe 2 {y) 90 deg: Amp = 0.021340 phase = 347 at 32000 rpm
S |
ﬁ 540
o 360F .
@ C ]
= B0 ]
o :
of
0.025
0.020 ¢
w E
C
3 0.015 :
= [
5{ 0.010
0.005 ]
0.000 & :
0 10000 20000 30000 40000 50000
Excitation Frequency (cpm)
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B Base Motion - Amplitude and Phase vs. Frequency — O >

Options  Station  X-axis  Absolute/Relative

Relative Motion
Station: 4, Sub-Station: 1 - relative to the base 2 stn: 4
Probe 1 (%] U deg: Amp = U.038997 phase = 312 at 22500 rpm
o Probe 2 (y) 90 deg: Amp = 0.10694 phase = 134 at 22500 rpm

540 | ]
360 | ]

Phases (Deg)

180 |

0.150 ¢ :
0.125¢
0.100 f
0.075F
0.050 ¢
0.025 ﬁ :
0000 10000 20000 30000 40000 50000

Excitation Frequency (cpm)

Amplitudes

Fig. 39 — The Relative Displacement due to Base Motion

B ' BodePlot - Force — | *

Opticns  Station

Bode Plot - Transmitted Force
Brg/Support: 1, Station: 2
Probe 1 (x) 0 deg: Amp = 55352 phase = 64 at 22500 rpm
Probe 2 (y) 90 deg: Amp = 16208. phase = 319 at 33500 rpm

720
540
360

Phases (Deg)

20000
16000
12000
8000
4000

Transmitted Force

0 10000 20000 30000 40000 50000
Excitation Frequency (cpm)




8 BodePlot - Force — O x
Opticns  Station
Bode Plot - Transmitted Force
Brg/Support: 2, Station: 4
Probe 1 (x) 0 deg: Amp = 15577 phase = 58 at 50000 rpm
720 Probe 2 (y) 90 deg: Amp = 36026. phase = 98 at 25500 rpm
g 540
w360 ]
©
< 180 b
o -
0
40000
S
5 32000
w
T 24000
E=
£ 16000
c
© 3000 /
l_
0
0 10000 20000 30000 40000 50000
Excitation Frequency (cpm)

Fig. 40 — The Transmitted Bearing Forces due to Base Motion

At low excitation frequency, 1000 cpm, again, the rotor moves with the base motion and
there is little relative movement between the rotor and base. Also, the straight line base
motion can excite both forward and backward precessions. In this case and at this low
frequency, the rotor moves nearly straight line motion (b=0) which is the same as the
base motion.

The maximum response occurs at the impeller side (station 7). Again, at low excitation
frequency, the rotor moves with the base motion (straight line) and proceeds with a
backward whirl, then reaches the resonance at 19,500 com. The motion becomes forward
precession after 21,500 cpm, This is understandable since the 1% mode at 18,233 cpm
with a log. Decrement of 2.0667 is a backward mode and the 2" mode at 21,317 cpm
with a log. Decrement of 2.4541 is a forward mode.

At station 4 where the base motion occurs, the motion starts from a straight line motion,
then backward, and forward, and backward.
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1 Shaft Response due to Base Motion -

Options  Speed/Frequency  Animation

Shaft Response - @ Rotor 1 Speed: 35000 rpm
Excitation Freg = 1000 cpm, Response - MIXED Precession
Max Orbit at stn 7, substn 1, with a =0.17945, b = -0.0011155

Y

Base Motion

+Q

1 Shaft Response due to Base Motion -

Options  Speed/Frequency  Animation
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B Shaft Response due to Base Moticon —

Opticns

Speed/Frequency  Anirnation

| Pt

Shaft RESEDHSE - % Rotar 1 SEeed: 35000 rEm

Max Orbit at stn 7, substn 1, with a = 0.38638, b = 0.0015945

Y

+Q

B Elliptical Orbital Axes Plot —

Options  Station

Elliptical Orbital Axes
I Station: 2, Sub-Station: ‘II

Peak disp: max amp = 0.025544 at 27000 rpm

Megative (b) indicates backward precession

0.016 prrr—rrr
0.012f

0.008 f
0.004f Forward
0.000F

0004 m—/

| Semi-Minor (b} |

-0008¢

0.036
0.030 F
0.024f
0.018F
0.012f
0.006 f

Semi-Major (a)

o000k

Excitation Frequency (cpm)

0 10000 20000 30000 40000
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B Elliptical Orbital Axes Plot — O

Options  Station
Elliptical Crbital Axes
Station: 4. Sub-Station: 1
Peak disp: max amp = 0.13809 at 16000 rpm
0.10 Megative (b) indicates backward precession
2 | 006 Forward
2 | o002 e TN
= | -002f _ . :
5 0.06F Backward Backward
w F ]
-0.10¢
0.50
©  040f :
E- 0.30¢
L  0.20¢ ]
5 |
0 10000 20000 30000 40000 50000
Excitation Frequency (cpm)
B " Elliptical Orbital Axes Plot — O
Options  Station
Elliptical Orbital Axes
| Station: 7. Sub-Station: 1 |
Peak disp: max amp = 0.40556 at 19500 rpm
0.10 Megative (b) indicates backward precession
=| 0.6 Forward
2| oo S @
§é 0,02
S -0.06 Backward
= 010t :
0.50
T 040}
é 0.30¢
L  0.20¢f
= ‘
w 010}
0 10000 20000 30000 40000 50000

Excitation Frequency (cpm)
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The bearing coefficients for the bearing 2 (station 4) at 35,000 rpm are calculated below:

Brg Coefficients
Kxx Kxy Kyx Kyy Cxx Cxy Cyx Cyy
197434. 0.00000 0.00000 197434. 109.352 0.00000 0.00000 109.352

Based on Eq. (13), we can calculate the equivalent harmonic excitation at the frequency
of 22,500 cpm as shown in Fig. 41.

Rotor Bearing System Data >

Units/Description ] Material ] Shaft Elements ] Disks ] Unbalance ] Bearings ] Supports ] Foundation ] User's Elements ]
Axial Forces ] Static Loads ] Constraints ] Misalignments ] Shaft Bow ] Time Forcing Base Motion ] Tarsional/Awxial ]

Steady State Hamonic Excitation: |E:-cc'rta1iu:un Frequency varies at a Constant Rotor Speed j

Excitation Frequency (cpm)

Start: 22500 Stop: |0 Increment. |0
Amplitude Multiplier (& = Ao + AT *pm + A2 *pm”2)
Ao: |1 Al |0 A2 [0

Steady State Hamonic Excitation: G = A * I3] * cos (wexc™t + phase)

Excitation frequency wexc frad/sec) =cpm * (Zpi/60). and Aisthe Amplitude multiplier
pm = excitation shaft speed, rotor speed where the excitation applied

Elefstr] | sub | Dit | Ledt A | Letérg | Rightamp  |Righténg | Comments -
4 1 2 32460 1 F2 533 0 0

[l g |

Fig. 41 — The Equivalent Harmonic Excitation at frequency of 22,500 cpm

The absolute displacements due to base motion and steady state harmonic excitation at
the frequency of 22,500 cpm are identical as expected.

*kkkkkkkkkkx** Harmonic Response due to Shaft (1) Excitation *****kkkkkkkkkk
*** Excitation Frequency = 22500. cpm ***
Shaft 1 Speed= 35000.00 rpm = 3665.19 R/S = 583.33 Hz

Akhkkhkhkkhkhkkkhkhkkhk kA Ak hkhkkhkhkkx*k Shaft Element DlSplacemel’ltS Akhkkhkkkhk kA kA hkk kA khk Ak khkkhhkkxkxk*k

===== X Y Elliptical Orbit Data
stn sub Amplitude Phase Amplitude Phase A B G
1 1 0.419E-01 134.7 0.421E-01 267.1 0.543E-01 0.240E-01 135.
2 0.396E-01 134.2 0.396E-01 267.9 0.515E-01 0.220E-01 135.
3 0.306E-01 131.4 0.297E-01 272.8 0.402E-01 0.141E-01 136.
4 0.217E-01 126.2 0.203E-01 282.2 0.290E-01 0.615E-02 137.
2 1 0.174E-01 121.7 0.160E-01 290.9 0.236E-01 0.221E-02 137.
2 0.735E-02 78.6 0.101E-01 355.0 0.102E-01 -0.725E-02 80.
3 0.638E-02 55.0 0.116E-01 15.9 0.127E-01 -0.366E-02 65.
3 1 0.108E-01 351.9 0.227E-01 49.6 0.235E-01 0.879E-02 73.
2 0.194E-01 333.5 0.375E-01 60.7 0.375E-01 0.193E-01 88.
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3 0.203E-01 332.4 0.392E-01 61.5 0.392E-01 0.203E-01 89.
4 1 0.350E-01 311.9 0.812E-01 71.5 0.833E-01 0.297E-01 104.
5 1 0.547E-01 290.9 0.153E+00 76.9 0.160E+00 0.293E-01 107.
2 0.827E-01 275.5 0.247E+00 79.6 0.259E+00 0.216E-01 108.
6 1 0.103E+00 268.8 0.311E+00 80.7 0.328E+00 0.139E-01 108.
2 0.114E+00 266.3 0.344E+00 81.0 0.362E+00 0.998E-02 108.
7 1 0.120E400 265.3 0.360E+00 81.2 0.379E+00 0.804E-02 108.

KA AR A AR AR A A A A A A A A A A A A A A AR A A A A A A AR AR A I A A A A AR A I A A A A AN A A A A A A AR AR AR A A AR A A AR A A X kK

*kkkkkkk*k*k*k* Harmonic Response due to Base Motion (Excitation) *****xkkkkkkk*
*** Excitation Frequency = 22500. cpm ***

Shaft 1 Speed= 35000.00 rpm = 3665.19 R/S = 583.33 Hz

R R I S b S b Sb b b Ib S S Ib I S b b b 4 Shaft Element Displacements KAk AkAk* kA kA kA Ak kA Ak kh kA kh Kk k%

===== X Y Elliptical Orbit Data

stn sub Amplitude Phase Amplitude Phase A B G
1 1 0.419E-01 134.7 0.421E-01 267.1 0.543E-01 0.240E-01 135.
2 0.396E-01 134.2 0.396E-01 267.9 0.515E-01 0.220E-01 135.
3 0.306E-01 131.4 0.297E-01 272.8 0.402E-01 0.141E-01 136.
4 0.217E-01 126.2 0.203E-01 282.2 0.290E-01 0.615E-02 137.
2 1 0.174E-01 121.7 0.160E-01 290.9 0.236E-01 0.221E-02 137.
2 0.735E-02 78.6 0.101E-01 355.0 0.102E-01 -0.725E-02 80.
3 0.638E-02 55.0 0.116E-01 15.9 0.127E-01 -0.366E-02 65.
3 1 0.108e-01 351.9 0.227E-01 49.6 0.235E-01 0.879E-02 73.
2 0.194E-01 333.5 0.375E-01 60.7 0.375E-01 0.193E-01 88.
3 0.203E-01 332.4 0.392E-01 61.5 0.392E-01 0.203E-01 89.
4 1 0.350E-01 311.9 0.812E-01 71.5 0.833E-01 0.297E-01 104.
5 1 0.547E-01 290.9 0.153E+00 76.9 0.160E+00 0.293E-01 107.
2 0.827E-01 275.5 0.247E+00 79.6 0.259E+00 0.216E-01 108.
6 1 0.103E+00 268.8 0.311E+00 80.7 0.328E+00 0.139E-01 108.
2 0.114E+00 266.3 0.344E+00 81.0 0.362E+00 0.998E-02 108.
7 1 0.120E+00 265.3 0.360E+00 8l.2 0.379E+00 0.804E-02 108.

Ak hkhkhkhhkrhkhkhkhhAhhkhhhkhhhkhhkhkhkhhkhhkrhhkhhkhkrhkhkhhhkhhkrhhkhkhhkrhkhkhhkdkhhkrhkrkhhkrkhkhkhkrhkhkxkhkkxk

Case 2: BaseMotion_4b.rot

In this case, both bases are subject to the same base motion as shown in Fig. 42. At rotor
speed of 35,000 rpm, the bearing coefficients are:

Brg Coefficients at 35,000 rpm

No. Kxx Kxy Kyx Kyy Cxx Cxy Cyx Cyy
1 335633. 183353. -297550. 477252. 124.990 -3.22163 -3.22163 168.538
2 197434. .00000 0.00000 197434. 109.352 0.00000 0.00000 109.352

Again, for the comparison purposes, the equivalent steady state harmonic excitations at
the frequency of 22,500 cpm are calculated as shown in Fig. 43. Note that, the base
motion at station 2 only has the Y movement, but the steady state excitations exist in both
X and Y directions due to the coupled bearing stiffness and damping coefficients at
station 2. The absolute response for both base motion and steady state harmonic
excitation are listed for comparison.
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Rotor Bearing Systern Data x

Units/Description I Material I Shaft Blements I Disks I Unbalance I Bearings I Supports | _Foundation I ser's Elements I
Axial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing I Hamonic§ Base Motion §Torsional/Axial

Base Type: II'u'IultipIe ;I

Steady State Base Hamonic Motion: IE:citation Frequency varies at a Constant Rotor Speed ;I

"Excitation Frequency (cpm)

Start: I‘IDDD Stop: |50000 Increment. |5DD

Amplitude Multiplier (& = Ao + &1 * pm + A2 *pm”2)
’7 Aa: I'I Al: ID AZ: ID

Steady State Harmonic Base Mation: g = A" [gc * cos (wexc) +gs " sinfwexc) ]
{gc.gs) are the displacement amplitudes in (cos sin) components
Excitation frequency wexc frad/sec) =cpm * (2°pi/60).  mpm =reference shaft speed, rotor 1 speed
2 Stations connected to the Base: 2, 4

zth | | HC-cog | He-gin | Yo-cos | ‘T'g-5in | Theta%cl ThetaXSl ThetaYcl ThetaYsl Comments |“
1 2 0 0 01 0 0 0 0 1] |
2 4 I 0 01 i] 1] 1] 1] i
3
¥
Fig. 42 — Base Motion
Rotor Bearing Systemn Data >

Units,/Description I Material I Shaft Elements I Digks I Unbalance I Bearings | Supports | Foundation I lJser's Elements I
Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I Time Forcing] Hamonics | Base Mation I Torsional /Axial

Steady State Harmonic Excitation: IE:citation Frequency varies at a Constant Rotor Speed ;I

"Excitation Frequency (cpm)

Start: IZZEDD Stop: ID Increment. ID

"ﬂmplitude Multiplier (& = Ao + A1 " pm + A2 *pm”2)

N "

Steady State Hamonic Excitation: G = A * I3] * cos (wexc't + phase)
Excitation frequency wexc (rads/sec) =cpm * (2°pi/60). and Aisthe Amplitude multiplier
pm = excitation shaft speed, rotor speed where the excitation applied

ElefStn] | Sub | Dir | Leftémp. | Lefténg. | Rightémp | Righténg | Comments [+

1 2 1 1 18251 387629 0 I

2 2 1 2 20858 39.7629 0 i ]
3 4 1 2 324601 b2.538 0 I

4

]

Fig. 43 — Equivalent Harmonic Excitation
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**kkkkkkkk*x** Harmonic Response due to Base Motion (Excitation) **¥*xkkkkkdkksk

*** Excitation Frequency = 22500. cpm **%
Shaft 1 Speed= 35000.00 rpm = 3665.19 R/S = 583.33 Hz
khkkhkkhkhkhkkhkkhkkhkhkhkkhkkhkkhkhrhkkhkhkhkkh*k Shaft Element Displacements khkkhkkhkhkhkhkkhkkhkhkhkhkkhkkhkhkhrhkkhkkhkhkhkhkh*k
===== X Y Elliptical Orbit Data
stn sub Amplitude Phase Amplitude Phase A B G
1 1 0.229E-01 163.5 0.147E+00 353.1 0.149E+00 -0.377E-02 99.
2 0.216E-01 163.4 0.144E+00 353.5 0.145E+00 -0.373E-02 98.
3 0.163E-01 163.0 0.131E+00 355.2 0.132E+00 -0.344E-02 97.
4 0.111E-01 162.0 0.119E+00 357.4 0.120E+00 -0.293E-02 95.
2 1 0.858E-02 160.9 0.114E+00 358.6 0.114E+00 -0.259E-02 94.
2 0.144E-02 131.8 0.994E-01 2.9 0.994E-01 -0.112E-02 91.
3 0.785E-03 42.0 0.964E-01 4.4 0.964E-01 -0.478E-03 90.
3 1 0.575E-02 345.5 0.872E-01 10.2 0.873E-01 0.239E-02 87.
2 0.110E-01 340.6 0.792E-01 17.7 0.797E-01 0.661E-02 84.
3 0.116E-01 340.3 0.784E-01 18.7 0.789E-01 0.715E-02 83.
4 1 0.198E-01 325.9 0.770E-01 40.0 0.772E-01 0.190E-01 86.
5 1 0.302E-01 306.2 0.103E+00 62.4 0.104E+00 0.269E-01 98.
2 0.451E-01 290.6 0.149E+00 75.9 0.154E+00 0.249E-01 104.
6 1 0.563E-01 283.6 0.184E+00 81.1 0.191E+00 0.207E-01 106.
2 0.621E-01 281.0 0.202E+00 83.1 0.210E+00 0.184E-01 106.
7 1 0.650E-01 279.9 0.211E+00 83.9 0.220E+00 0.172E-01 107.

KR AR A AR AR A A A A A R A AR A A AR A A A AR A A A A A A AR AR A A A A AR AR A A A A AR AR A AR A A A AR AR AR AR AR A ARk ARk A X kK

*kkkkkkkkkk*** Harmonic Response due to Shaft (1) Excitation *****kdkkkkdkkkkx
*** Excitation Frequency = 22500. cpm ***

Shaft 1 Speed= 35000.00 rpm = 3665.19 R/S = 583.33 Hz

*Krxkkkhkkxkkhkhkxkkkhkxxkk**x Shaft Element Displacements kxkhkkhkrhkkhkrxhkhkhkkhkhkkkhkkxkhkxkxk

===== X Y Elliptical Orbit Data

stn sub Amplitude Phase Amplitude Phase A B G
1 1 0.229E-01 163.5 0.147E+00 353.1 0.149E+00 -0.377E-02 99.
2 0.216E-01 163.4 0.144E+00 353.5 0.145E+00 -0.373E-02 98.
3 0.163E-01 163.0 0.131E+00 355.2 0.132E+00 -0.344E-02 97.
4 0.111E-01 162.0 0.119E+00 357.4 0.120E+00 -0.293E-02 95.
2 1 0.858E-02 160.9 0.114E+00 358.6 0.114E+00 -0.259E-02 94.
2 0.144E-02 131.8 0.994E-01 2.9 0.994E-01 -0.112E-02 91.
3 0.785E-03 42.0 0.964E-01 4.4 0.964E-01 -0.479E-03 90.
3 1 0.575E-02 345.5 0.872E-01 10.2 0.873E-01 0.239E-02 87.
2 0.110E-01 340.6 0.792E-01 17.7 0.797E-01 0.661E-02 84.
3 0.116E-01 340.3 0.784E-01 18.7 0.789E-01 0.715E-02 83.
4 1 0.198E-01 325.9 0.770E-01 40.0 0.772E-01 0.190E-01 86.
5 1 0.302E-01 306.2 0.103E+00 62.4 0.104E+00 0.269E-01 98.
2 0.451E-01 290.6 0.149E+00 75.9 0.154E+00 0.249E-01 104.
6 1 0.563E-01 283.6 0.184E+00 81.1 0.191E+00 0.207E-01 106.
2 0.621E-01 281.0 0.202E+00 83.1 0.210E+00 0.184E-01 106.
7 1 0.650E-01 279.9 0.211E+00 83.9 0.220E+00 0.172E-01 107.

KA AR A A A AR AR A A A A A A A A A A A A AR AR AR A A AR AR AR A A A A AN A I A A A A AN A AR A A A A A AR A A A A kA kA Ak kK



The responses at both bearings for the base motion are shown below;

B Ba

e Motion - Amplitude and Phase vs. Frequency — O x

Options  Station  X-axis  Absolute/Relative

Phases (Deg)

Amplitudes

Absolute Displacement
Station: 2, Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 0.017323 phase = 339 at 43000 rpm
Probe 2 (y) 90 deg: Amp = 0.13046 phase = 14 at 37500 rpm

540
360

180

0.150
0.125
0.100
0.075
0.050

0.025

———
0.000 0 10000 20000 30000 40000 50000

Excitation Frequency (cpm)

i1B

Options  Station  X-axis  Absolute/Relative

ase Motion - Amplitude and Phase vs. Frequency — O >

Phases (Deg)

Amplitudes

Absolute Displacement
Station: 4, Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 0.020080 phase = 346 at 24000 rpm
Probe 2 (y) 90 deg: Amp = 0.12150 phase = 18 at 15000 rpm

720
540 ¢
360 | :
180

0.150 ¢
0.125¢
0100
0.075F
0.050 _
0.025 :

U_UUUU 10000 20000 30000 40000 50000

Excitation Frequency (cpm)
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B " Base Motion - Amplitude and Phase vs, Frequency

Options  Station  X-axis  Absolute/Relative

Phases (Deg)

Amplitudes

Relative Displacement
Station: 2, Sub-Station: 1 - relative to the base 1 stn: 2
ProbGe T (%] U deg. Amp = U.UT/323 phase = 339 at 49000 rpm
Probe 2 (y) 90 deg: Amp = 0.056453 phase = 79 at 50000 rpm

540
360
180

0.075
0.0860
0.045
0.030
0.015
0.000

0 10000 20000 30000 40000 50000

Excitation Frequency (cpm)

B ' Base Motion - Amplitude and Phase vs. Frequency

Options  Station  X-axis  Absolute/Relative

Amplitudes

Phases (Deg)

Relative Displacement
Station: 4, Sub-Station: 1 - relative to the base 2 stn- 4
Probe T (X eq- Amp = U. phase = a rpm
Probe 2 (y) 90 deg: Amp = 0.064441 phase = 122 at 21500 rpm

720
540
360

180

0.060
0.045
0.030
0.015
0.000

0 10000 20000 30000 40000 50000
Excitation Frequency (cpm)

Fig. 44 — Absolute and Relative Displacements at Bearings
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B ' BodePlot - Force - Od *

Opticns  Station
Bode Plot - Transmitted Force
Brg/Support: 1, Station: 2
Probe 1 (x) 0 deg: Amp = 3909.4 phase = 326 at 50000 rpm
720 Probe 2 (y) 90 deg: Amp = 52660. phase = 21 at 50000 rpm
g 540
w360 S
©
< 180
o
0
60000
@
2 50000
(=]
L 40000
=
£ 30000
& 20000
| -
& 10000
l_
0
0 10000 20000 30000 40000 50000
Excitation Frequency (cpm)
B ' BodePlot - Force - O *
Opticns  Station
Bode Plot - Transmitted Force
Brg/Support- 2. Station: 4
Probe 1 (x) 0deg: Amp = 11374 phase = 55 at 50000 rpm
720 Probe 2 (y) 90 deg: Amp = 21130. phase = 85 at 24000 rpm
g 540
@ 360 /
©
- 180 k
o —
0 oS T T T ST A T S S S S S ST SN S S S SN S SN TN A TN TN AT T N Y T
60000 p————— . . T
L1k}
2 50000
L=}
L 40000
el
£ 30000
S 20000 :
=
— __-—"'"'—'F—-_
0 T L PRI PR

0 10000 20000 30000 40000 50000

Excitation Frequency (cpm)

Fig. 45 — The Transmitted Bearing Forces due to Base Motion
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Case 3: BaseMotion_4c.rot

In Case 2, although Multiple Bases are used, two bases have the same base motion. So,
in this case, a Single base model is used as shown in Fig. 46. The results for the base
motion in this case are identical to the results in Case 2 and are not repeated here.

Rotor Bearing System Data *

Units/Description ] Material ] Shaft Elements ] Digks ] Unbalance ] Bearings ] Supports ] Foundation ] |User's Elements ]
Axial Forces ] Static Loads ] Constraints ] Migalignments ] Shaft Bow ] Time Forcing ] Hamonics ~ Base Motion lTorsionaIfA:iaI ]

Base Type: |Single j

Steady State Base Hamonic Mation: |Exc'rtatinn Frequency varies at a Constant Rotor Speed ﬂ

Excitation Frequency (cpm)

Start: (1000 Stop: |50000 Increment. |500

Amplitude Multiplier (A = Ao + A1 *pm + A2 “pm™2)
Ao: |1 Al [0 a2 |0

Steady State Harmonic Base Maotion: q = A" [qc © cos (wexcl) +qgs * sinfwexc) |
lgc gs) are the displacement amplitudes in (cos,sin) components
Excitation frequency wexc frad/sec) =cpm " (2°pi/60).  pm = reference shaft speed. rotor 1 speed

2 Stations connected to the Base: 2, 4

Directian | qc - cog | 0z - gin | Comments
1 *Dir i 0
2 ¥-Dir 0.1 | 0
3 | heta-s 1 1]
4 Theta-r ] ]

Unit:(2) - Amplitude: inch, radian

Tor K Save | Save As | Close Help

Fig. 46 — Base Motion — Single Base
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Case 4: BaseMotion_4d.rot

In this case, bearing #2 (station 4) is connected to a support (station 8) as shown in Fig.
47. The base motion is acting on the stations 2 and 8.

Base Motion: ¥

Fig. 47 — System Model

Rotor Bearing System Data x

Units/Description I Material I Shaft Blements I Digks I Unbalance I Bearings I Supports I Foundation | llser’s Elements
Auial Forces I Static Loads I Constraints I Misalignments I Shaft Bow I Time Forcing | Hamonics Tarsional /Auxial

Base Type: ISingIe -

Steady State Base Harmonic Motion: IE:citation Frequency varies at a Constant Rotor Speed LI

" Excitation Frequency (cpm)

Start: I'IDDD Stop: (50000 Increment. IBDD

Amplitude Muttiplier (A = Ao + A1 *mpm + A2 *mpm”2)
’7 Ao: |1 Al: Iﬂ AZ: Iﬂ

Steady State Hammonic Base Motion: q = A™ [qc * cos (wexc™) +ags ~ sin(wexc™t) ]
(qc.qs) are the displacement amplitudes in (cos sin) components
Excitation frequency wexc (rad/sec) =cpm “ (2°pi60).  mm = reference shaft speed, rotor 1 speed

2 Stations connected to the Base: 2, 8 I
Diirection | g - cog | gz - 3in | Comments
L 1 HDir I 0
| 2 ‘-Dir 01 0
1 3 Theta: I} i]
4 Theta™ 0 0

Fig. 48 — Base Motion
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Rotor Bearing System Data *

Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow | Time Forcing I Hamonics I Base Motion I Torsional /Axial I

Units/Description I Material I Shaft Elements I Digks I Unbalance Supports I Foundation I lJser's Elements

™ Foundation Add Brg | Del Bro | Mext |
Station |: IZ_ J: Iﬂ_

Type: |1Er Link BePerf Data File (*.LDI, *.TOI, * FRB, " GDI) Linear Analysis ﬂ
Comment: IHigh Speed Compressor Bearing - Bearing at collar end - Used by Rotor Example

FileMame: IEaseMotion_-ia_Brg‘l LD Browse... |

Rotor Bearing System Data *

Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow | Time Forcing | Hammonics I Base Motion I Torsional /Axial I
Units/Description I Material I Shaft Elements I Digks I Unbalanc Bearings || Supports I Foundation I lJser's Elements

Bearing: 2of 3 ™ Foundation Add Brg | Del Brg | Previous |

Station |: |4_ J: IE_

Type: |1Er Link BePerf Data File (*.LDI, *.TOI, * FRB, " GDI) Linear Analysis ﬂ
Comment: IHigh Speed Compressor Bearing - Test

FileMame: IEaseMotion_-ia_BrgZ.TDl Browse... |

Rotor Bearing System Data *

Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I Time Forcing | Hamonics I Base Motion I Torsional /Axial I
Units/Description I Material I Shaft Elements I Digks I Unbalance Supports I Foundation I lJser's Elements

|_Besing: 30t 3| I Foundation AddBg | DelBg | Previous |
Station |- |3_ J ID_ Angle: |u_
Type: |0 Linear Constart Bearing -
Comment: |
Translational Bearing Froperties
Koo 00000 ke 0 co: B Cxy: [0
koo [0 Ky 00000 oy 0 ow: P
Rotational Bearing Properties
Kea 0 ki [0 caa [0 cab: [0
a0 kb0 ova [0 ceb: 0
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X

Rotor Bearing System Data
Harmonics I Base Motion I Torsional/Asial I

Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I Time Forcing
Units/Description I Material I Shaft Elements I Digks I Unbalance I Bearings | Supports § Foundation I lJser's Elements
Support: Teof 1 Add | Deete | Previous | Net |

Station |: |5

Comment: |Bea"'”9 Housina  Mass Only, Stiffness and Damping are in Bearing #3

i ] Y | i | uy
b 10 1] a 10
C 0 0 a a
k. 0 ] 1] I
Damping Input Format
Zeta-X: I{I

" Zeta - Damping Factor
Typical Zeta = 0.0001 - 0.02

% C - Damping Coefficient
C=ZFeta®2"SART(M K],

Zeta-Y: |u

Fig. 49 — Bearing and support data

At the rotor speed of 35,000 rpm, the first five natural frequencies and modes are shown
in Fig. 50.

B Precessional Mode Shape

Speed Mode Animation
Mode Mo.=1 STABLE BACKWARD Precession
Shaft Rotational Speed = 35000 rpm

Opticns

Whirl Speed (Damped MNatural Freq.) = 14432 rpm (241 Hz), Log. Dec. = 0.9185
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Precessional Mode Shape - O >

Options  5Speed Mode  Animation

Mode Mo.=2 STABLE FORWARD Precession
Shaft Rotational Speed = 35000 rpm
Whirl Speed (Damped Natural Freq.}) = 16541 rpm (276 Hz), Log. Dec. = 0.8490

Y

Precessional Mode Shape — O x

Options  5Speed Mode  Animation

Mode No.=3 STABLE FORWARD Precession
Shaft Rotational Speed = 35000 rpm
Whirl Speed (Damped Matural Freq ) = 35193 rpm (587 Hz), Log. Dec. = 4 4891
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Precessional Mode Shape — O

Options  5Speed Mode  Animation

Mode Mo.=4 STABLE BACKWARD Precession
Shaft Rotational Speed = 35000 rpm
Whirl Speed (Damped Natural Freq.) = 40364 rpm (673 Hz), Log. Dec. = 0.3112

Precessional Mode Shape — O

Options  5Speed Mode  Animation

Mode No.= & STABLE FORWARD Precession
Shaft Rotational Speed = 35000 rpm
Whirl Speed (Damped MNatural Freq ) = 49314 rpm (822 Hz), Log. Dec. = 0.9075

Fig. 50 — The first five natural frequencies and modes
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The absolute and relative displacements at stations 4 and 8, bearing #2 and its support,
are shown in Fig. 51.

B Base Motion - Amplitude and Phase vs. Frequency — O x
Options  Station  X-axis  Absolute/Relative

Absolute Displacement
Station: 4. Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 022603 phase = 192 at 40500 rpm
Probe 2 (y) 90 deg: Amp = 0.27644 phase = 69 at 40000 rpm

720
540
360

Phases (Deg)

Amplitudes

0 10000 20000 30000 40000 50000

Excitation Freguency (cpm)

B Base Motion - Amplitude and Phase vs. Frequency — O x
Options  Station  X-axis  Absolute/Relative

Relative Displacement
Station: 4. Sub-Station: 1 - relative to the base
Probe 1 (x) 0 deg: Amp = 0.22603 phase = 192 at 40500 rpm
Probe 2 {y) 90 deg: Amp = 0.28320 phase = 115 at 41000 rpm

540
360

Phases (Deg)

Amplitudes

0 10000 20000 30000 40000 50000

Excitation Frequency {cpm)
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# ' Base Motion - Amplitude and Phase vs. Frequency — O x
Options  Station  X-axis  Absolute/Relative
Absolute Displacement
Station: &
Probe 1 (x} 0 deg: Amp = 0.23858 phase = 211 at 40500 rpm
720 Probe 2 (y) 90 deg: Amp = 0.35512 phase = 86 at 40000 rpm

g 540

o 360
@

c 1380
o

0

0.50

0.40
w
1]

E 0.30
=

g 0.20

0.10

0 10000 20000 30000 40000 50000
Excitation Frequency (cpm)
— O x

B ' Base Motion - Amplitude and Phase vs, Frequency
Options  Station  X-axis  Absolute/Relative

Relative Displacement
Station: & - relative to the base
Probe 1 (x} 0 deg: Amp = U. 23054 phase = 211 at 40500 rpm
Probe 2 (y) 90 deg: Amp = 0.37833 phase = 113 at 40500 rpm

540
360
180

Phases (Deg)

0.50 "
0.40
0.30
0.20
0.10
0.00

Amplitudes

0 10000 20000 30000 40000 50000

Excitation Frequency (cpm)

Fig. 51 — The Absolute and Relative Displacements at Stations 4 and 8
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Again, let us examine the impeller station (station 7) where the maximum displacement
occurs. It starts from with the base motion (a straight line motion), then backward
precession when approaching the 1% mode (backward mode), after 15,000 cpm, the
motion becomes forward and reaches the maximum peak at 16,000 cpm. From the
previous Whirl Speed/Stability Analysis (Fig. 50), it shows that the 2" mode (forward
mode) has a slightly smaller damping (log. Decrement) than that of the 1% mode
(backward mode). The second peak occurs around 40,000 cpm and the motion is a
backward precession. This can also be observed from the mode frequency and damping
at mode #4.

B ' Elliptical Orbital Axes Plot — O >
Options  Station

Elliptical Orbital Axes

Station: 7. Sub-Station: 1
Peak disp: max amp = 0.59604 at 16000 rpm
Megative (b) indicates backward precession

0.40 e — -
E : ]
C 020} ]
= C 3
= 000 [ e -]
= ; i \/ '
S p20f
(4] [
I —
T 060]
§ 045
X 030
% ;
] U.15§
0 10000 20000 30000 40000 50000

Excitation Frequency (cpm)

Case 5: BaseMotion_4e.rot

This case is identical to the previous Case 4, except the base motion has entered as
multiple bases. The results are identical to Case 4, and not repeated here.
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Base Type: IMuItipIe

Steady State Base Hamonic Mation: IE:c'rtation Frequency varies at a Constant Rotor Speed vl

Excitation Frequency (cpm)
’7 Start: IH]'[H] Stop: IE-[I'[I'[H] Increment. IE»DD
AZ: Iﬂ

Amplitude Multiplier (A = Ao + A1 *pm + A2 “pm™2)
’7 Ao: |1 Al: Iﬂ
Steady State Harmonic Base Mation: q = A" [qc © cos (wexc) +qgs ~ sinfwexc) ]
lgc gs) are the displacement amplitudes in (cos,sin) components
Excitation frequency wexc frad/sec) =cpm " (2°pi/60).  pm = reference shaft speed. rotor 1 speed

Rotor Bearing System Data *
Units/Description I Material I Shaft Elements I Digks I Unbalance I Bearings I Supports I ser's Elements I
Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I Time Forcing I Hamonics | Base Motion | Torsional/Asial

I 2 Stations connected to the Base: 2, 8

| sl | HMecos | Rsem [ Yeeoos | Yssing | Thetaxc | Thetaxs | Thetave | Theta's | Comments =
1 2 0 i 01 i i 0 i 0 ]
2 B i ] 01 il il il il il
4
5
B
ri -
e | ———— Unit:(2) - Amplitude: inch, radian
Tor K | Save | Save As | Close Help

Fig. 52 — Base Motion — Multiple Bases

Let us consider a steady state harmonic excitation with a frequency of 40,000 cpm acting
on the station 2 and station 8 at the rotor speed of 35,000 rpm. At 35.000 rpm, the

bearing coefficients are:

Brg Coefficients at 35.000 rpm

Stn  Kxx Kxy Kyx Kyy Cxx Cxy Cyx Cyy

2 335633. 183353. -297550. 477252 124.990 -3.22163 -3.22163 168.538
4 197434. 0.00000 0.00000 197434. 109.352 0.00000 0.00000 109.352
8 300000. 0.00000 0.00000 300000. 3.00000 0.00000 0.00000 3.00000
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Rotor Bearing System Data

Units/Description I Material I Shaft Elements I Digks I Unbalance I Bearings I Supparts
Axial Forces I Static Loads I Constraints I Migalignments I Shaft Bow I Time Forcing Base Motion I Torsional /Axial

Pt

Foundation I Lser's Elements I

Steady State Harmonic Excitation: IExc'rtation Frequency varies at a Constant Rotor Speed LI
Excitation Frequency (cpm)
( Start: FHMH | Stop: F Increment. P
Amplitude Multiplier (A = Ao + A1 “pm + A2 *mpm”™2)
{ ﬁ1|1 Atlﬂ AZ: F
Steady State Hamonic Excitation: G = A * 13| * cos (wexc't + phase)
Excitation frequency wexc (rads/sec) =cpm * (2°pi/60). and Aisthe Amplitude multiplier
rpm = excitation shaft speed, rotar speed where the excitation applied
ElefStn] | Sub | Dit |  Leftamp | lefténg |  Rightémp. | Righténg | Comments  +
1 2 1 1 18385 355.73 1] 0 |
2 2 1 2 35215 5594 0 1]
3 g 1 2 30026 23986 il 1]
4
5
E
7
g
9
10 -
Insert Row | Delete Row Unit:{2) - Amp: Lbf, Phase: deg
Tor K | Save | Save As | Close Help

Fig. 53 — Steady State Harmonic Excitation at 40,000 cpm

Again, the absolute displacements can be compared with the results from the base

motion.

*kkkkkkk***x* Harmonic Response due to Base Motion (Excitation) ****kkkkkkkk*
*** Excitation Frequency =

Shaft 1

Speed=

35000.00 rpm

KrxXkkhkkxkkhkhkxkkhkkxxkk**x Shaft Element

===== X

40000. cpm ***

3665.19 R/S =

583.33 Hz

DiSplaCementS kxhkkhkrhkkhkrxhkkhkkhkkhkhkxkhkxkhkxkxk

stn sub Amplitude Phase

1 .241E+00
.222E+00
.148E+00
.810E-01
.582E-01
.893E-01
.104E+00
.154E+00
.201E+00
.206E+00
.216E+00

P WNEFE WNERE D> WDN P
OO O OO0 oo oo

Y
Amplitude Phase A
333.3 0.139E+00 298.6 0.269E+00 -0
332.3 0.125E+00 303.2 0.249E+00 -0
325.3 0.847E-01 334.8 0.170E+00 0
306.3 0.907E-01 20.4 0.978E-01 0.
282.8 0.111E+00 35.7 0.114E+00 0.
204.0 0.190E+00 55.7 0.205E+00 -0
198.0 0.205E+00 57.7 0.222E+00 -0
186.9 0.253E+00 62.5 0.271E+00 -0
181.5 0.293E+00 65.6 0.313E+00 -0
181.1 0.297E+00 65.9 0.316E+00 -0
175.9 0.276E+00 69.2 0.290E+00 -0

B

.709E-01
.542E-01
.121E-01

722E-01
522E-01

.434E-01
.616E-01
.118E+00
.170E+00
.175E+00
.197E+00

Elliptical Orbit Data

G

27.
28.
30.
56.
105.
113.
113.
114.
114.
114.
115.
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5 1 0.125E+00 165.7 0.124E+00 76.4 0.125E+00 -0.124E+00 35.

2 0.651E-01 38.1 0.129E+00 236.5 0.143E+00 -0.185E-01 116.

6 1 0.189E+00 13.0 0.312E+00 242.9 0.340E+00 -0.133E+00 115.

2  0.254E+00 9.9 0.404E+00 243.9 0.438E+00 -0.190E+00 115.

7 1 0.287E+00 8.8 0.450E+00 244.3 0.487E+00 -0.219E+00 115.
*** Flexible Support Displacements

8 0.228E+00 194.0 0.355E+00 86.4 0.365E+00 -0.211E+00 107.

KA AR A AR AR A A A A A A A A A A A A A A A AR A A A A A A AR AR A I A A A A A KNI I A A A A AN A A A A A A AR AR AR A A AR A AR A ARk kK

¥kkkkkkkkxkx** Harmonic Response due to Shaft (1) Excitation ****¥kxdkkkkkkkk
*** Excitation Frequency = 40000. cpm **%

Shaft 1 Speed= 35000.00 rpm = 3665.19 R/S = 583.33 Hz

R R e S b I b Ib b I db S Ib b Sb b b b 4 Shaft Element DiSplacemel’ltS R R i S b I b e I b b 2 S S 2b S b b b b O 4

===== X Y Elliptical Orbit Data
stn sub Amplitude Phase Amplitude Phase A B G
1 1 0.241E+00 333.3 0.139E+00 298.6 0.269E+00 -0.708E-01 27.
2 0.222E+00 332.3 0.125E+00 303.2 0.249E+00 -0.542E-01 28.
3 0.148E+00 325.3 0.847E-01 334.8 0.170E+00 0.121E-01 30.
4 0.810E-01 306.3 0.907E-01 20.4 0.978E-01 0.722E-01 56.
2 1 0.582E-01 282.8 0.111E+00 35.7 0.114E+00 0.522E-01 105.
2 0.893E-01 204.0 0.190E+00 55.7 0.205E+00 -0.434E-01 113.
3 0.104E+00 198.0 0.205E+00 57.7 0.222E+00 -0.616E-01 113.
3 1 0.154E+00 186.9 0.253E+00 62.5 0.271E+00 -0.118E+00 114.
2 0.201E+00 181.5 0.293E+00 65.6 0.313E+00 -0.170E+00 114.
3 0.206E+00 181.1 0.297E+00 65.9 0.316E+00 -0.175E+00 114.
4 1 0.216E+00 175.9 0.276E+00 69.2 0.290E+00 -0.197E+00 115.
5 1 0.125E+00 165.7 0.124E+00 76.4 0.125E+00 -0.124E+00 35.
2 0.651E-01 38.1 0.129E+00 236.5 0.143E+00 -0.185E-01 116.
6 1 0.189E+00 13.0 0.312E+00 242.9 0.340E+00 -0.133E+00 115.
2  0.254E+00 9.9 0.404E+00 243.9 0.438E+00 -0.190E+00 115.
7 1 0.287E+00 8.8 0.450E+00 244.3 0.487E+00 -0.219E+00 115.
*** Flexible Support Displacements
8 0.228E+00 194.0 0.355E+00 86.4 0.365E+00 -0.211E+00 107.

R R i S b I b S IR I S I S Ib e Sb b I Sb S b b Sb b b 2b e 2 2b S Sb S b 2 S S b Sh b I SR S b Sb b I Sh I 2h Sb b Sb b Sb b e Sh b S 2b S b 2 b S 4



Example 5 — Turbocharger

An automobile turbocharger is used in this demonstration. All the automobile
turbochargers with floating ring bearings are operated beyond the instability threshold in
linear theory and nonlinear analysis is required. Currently, in Ver 21, the Base Motion
Analysis is a linear analysis for a linear system. The floating ring bearing data is save in
BePerf and read directly in Rotor program. Linearized bearing coefficients are calculated
first before the base motion is performed. Since this is a linear analysis, it may not give
you the accurate prediction of the rotor behavior, however, it certainly give you some
idea on how the rotor will behave for the base motion with the specified excitations.

Case 1: BaseMotion_b5a.rot

The rotor model and some inputs are shown below:

7| DyRoBes_Rotor - CA\DyRoBeS2100\Examples\BaseMotion_Sa.rot - [m} x

Project Model  Analysis  PostProcessor Tools View Help

D[] 2%

Base Motion: Multiple

For Help, press F1 A
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Retor Bearing Systemn Data X

Puial Forces | Static Loads | Constraints | Misalignments | Shaft Bow | Time Forcing | Hamonics | Base Mation | Torsional/Axial |
Units/Description I Material I Shaft Elements I Disks I Unbalance Supports I Foundation I User's Elements

Bearing: 1of 2 AddBg | DelBrg | Previous | Nex |

Station |: IG_ J: IT K: Iﬂ_

Type: [15- Link BePerf Data File {*LDI, “ TDI, * FRB, * GDI) Linear Analysis =

Comment: IBase Motion_5a_Turbocharger Bearing - Compressor End

==l [BaseNotion 5a FRB Compress =nd. Browse. .. |

Retor Bearing System Data X

Auial Forces | Static Loads | Constraints | Misalignments | Shift Bow | Time Forcing | Hammonics | Base Motion | Torsional/Axial |
Units/Description I Material I Shaft Elements I Disks I Unbalance Supports I Foundation I User's Elements

oo | oty | o |
Station |: |7_ J: IF K: lﬂ_

Type: I‘IE» Link BePerf Data File (".LDI, *.TDI, *.FRB, *GDI) Linear Analysis ;I
Comment: IEaseMotion_&a_Turbomarger Bearing - Turbine End

File Mame: IEase Motion_5a_FRB_Turbine _end .FRB Browse. .. ||

Rotor Bearing System Data *

Units/Description I Material | Shaft Elements | Disks | Unbalance | Bearings I Supports I Foundation I User's Elements
Auial Forces I Static Loads | Constraints | Misalignments I Shaft Bow | Time Forcing | Ham'lorlics Torsional/Axial

Base Type: Il'u'lultiple vI

Steady State Base Hamonic Mation: IExci‘taﬁon Frequency varies at a Constant Rotor Speed j

Excitation Frequency {cpm)

Start: ISDDD Stop: (20000 Increment. |500

Amplitude Multiplier (A = Ao + A1 * pm + A2 *pm”2)
’7 Ao |1 Al I‘:l AZ: I‘:l

Steady State Hamonic Base Motion: g = A" [qc * cos (wexc) +gs * sinfwexc') ]
{gc.gs) are the displacement amplitudes in (cos,sin) components
Excitation frequency wexc (rad/sec) =cpm * (2°pi/80).  pm = reference shaft speed, rotor 1 speed

2 Stations connected to the Base: 11,12

stnl | ¥o-oos | ®esin | Yocos | Yesin | Thetadc | Thetaxs [ Thetave | Thetars | Comments =

L1 n 0.1 ne ne 0.1 1} a 1} a |
21 12 0.1 0.2 0.z 0.1 i} a i} a
5]
L4 |
1 5 |
LB

T -

LR D | FeEERaT Unit:{4) - Amplitude: mm, radian

Tor K | Save | Save As | Close Help

Fig. 54 — Turbocharger Model



The base motion analysis is performed at a rotor speed of 125,000 rpm with excitation
frequency from 5000 to 20,000 cpm.

IAnaI_l,Jsis: |23- Baze Steady State Harmonic Mation [Excitation) ﬂ I Trarsient Analysis - Gravity [g)
mem: 170000 Tlme_ Frequerju:_l,l
Shaft Element Effects ’ | Domain D omain w |0
¥ Rotatom Inertia ™ Shear Deformation [ Gprozcopic [ Gz | Constant Speed: 170000 rpr
. |-9806.6
Static D eflection Critical Speed Map Time-Start: |0 W Mass Unbalance
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Fig. 54 — Base Motion Analysis

The responses due to the base motion at some stations are shown below. To further
understand the rotor behavior, a whirl speed analysis is performed at the rotor 125,000
rpm, it clearly shows that a precessional mode with a frequency of 14,401 cpm is excited
by this base motion and the floating ring at the turbine end is nearly stationary and the
ring at the compressor end is very active. The mode shape is also shown for reference.
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Options  5Station  X-axis  Absolute/Relative

B Baze Motion - Amplitude and Phase vs. Frequency — a >

Absolute Displacement

Station: 1, Sub-Station: 1
Probe 1 (x}) 0 deg: Amp = 6.2223 phase = 237 at 14500 rpm
Probe 2 (v} 90 deg: Amp = 79656 phase = 346 at 14500 rpm
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Options  Station  X-axis  Absolute/Relative

Absolute Displacement

Station: 6, Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 2.2148 phase = 245 at 14500 rpm
Frobe 2 (y) 90 deg: Amp = 2.4729 phase = 342 at 14500 rpm
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Base Motion - Amplitude and Phase vs, Frequency — a >

Options  5Station  X-axis  Absolute/Relative

FPhases (Deqg)

Amplitudes

Absolute Displacement

Station: 7, Sub-Station: 1
Probe 1 (x} 0deg: Amp = 024964 phase = 54 at 16000 rpm
Probe 2 (y) 90 deg: Amp = 0.30799 phase = 19 at 10500 rpm
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Base Motion - Amplitude and Phase vs. Frequency — O

Options  Station  X-axis  Absolute/Relative

Absolute Displacement

Station: 10, Sub-Station: 1
Probe 1 (x) 0 deg: Amp = 3.5587 phase = 76 at 14500 rpm
Frobe 2 (y) 90 deg: Amp = 3.0120 phase = 147 at 14500 rpm
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B Baze Motion - Amplitude and Phase vs. Frequency — a >

Options  5Station  X-axis  Absolute/Relative

Absolute Displacement
Station: 11
Probe 1 (x}) 0deg: Amp = 22112 phase = 245 at 14500 rpm
Probe 2 (v} 90 deg: Amp = 2. 4766 phase = 342 at 14500 rpm
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Options  Station  X-axis  Absolute/Relative

Absolute Displacement
Station: 12
Probe 1 (x) 0 deg: Amp = 0.24764 phase = 73 at 16500 rpm
Probe 2 (y) 90 deg: Amp = 0.30750 phase = 19 at 10500 rpm

600
480
360 F
240 ¢
120}

Fhases (Deq)

JH

040
0.32f
0.24¢
0.16§
0.08
0.00

Amplitudes

3000 6000 9000 12000 15000 18000 21000

Excitation Frequency (cpm)




Options

Stati

B Baze Motion - Amplitude and Phase vs. Frequency — a >

ion  K-axis  Absolute/Relative

FPhases (Deqg)

Amplitudes

Relative Displacement
Station: 11 - relative to the base 1 stn: 11
Probe 1 (x) 0 deg: Amp = 2.4348 phase = 245 at 14500 rpm
Probe 2 (v} 90 deg: Amp = 2.3240 phase = 338 at 14500 rpm
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B " Base Motion - Amplitude and Phase vs. Frequency

Station X-axis  Abcolute/Relative

Fhases (Deq)

Amplitudes

Relative Displacement
Station: 12 - relative to the base 2 stn: 12
Probe 1 (x) 0 deg: Amp = 0.23608 phase = 248 at 15000 rpm
Probe 2 (y) 90 deg: Amp = 0.17558 phase = 225 at 15500 rpm
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