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Why / what is Rotordynamics
Equations for rotating structures
Rotating and stationary reference frame
Elements for Rotordynamics
Commands for Rotordynamics
Campbell diagram - Multi-spool rotors
Backward / forward whirl & orbit plots
Forced response

Instability

Rotordynamics analysis guide
Examples
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Rotordynamics - why / what is rotordynamics ?

Training Manual

* High speed machinery such as Turbine
Engine Rotors, Computer Disk Drives, etc.

* Very small rotor-stator clearances
* Flexible bearing supports — rotor instability

* Finding critical speeds
 Unbalance response calculation
« Response to Base Excitation

* Rotor whirl and system stability
predictions

* Transient start-up and stop

* Model gyroscopic moments generated by
rotating parts.

* Account for bearing flexibility (oil film bearings)

* Model rotor imbalance and other excitation
forces (synchronous and asynchronous
excitation).

ANSYS, Inc. Proprietary April 30, 2009

© 2009 ANSYS, Inc. All rights reserved. = Inventory #002764



NANSYS

Rotordynamics features

Training Manual

* Pre-processing:
— Appropriate element formulation for all geometries
— Gyroscopic moments generated by rotating parts
— Bearings
— Rotor imbalance and other excitation forces
— Rotational velocities
— Structural damping

* Solution:
— Complex eigensolver for modal analysis
— Harmonic analysis
— Transient analysis
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Rotordynamics features

Training Manual

*Post-processing
— Campbell diagrams
— Mode animation
— Orbit plots
— Transient plots and animations

*User’s guide

Advanced features:
— Component Mode Synthesis for static parts
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Rotordynamics - theory
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Typical rotor — bearing system

“TTX
Shatt (—-o)

u = dynamic deflection

O = rotor eccentricity
stable at high speeds asu > O

Bearing
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Rotordynamics - theory

°In a stationary reference frame, we are solving
the following equation:

(M [+ ((C |+ |G )il + (K ]+ [B D= 1f 5

‘M, C & K are the standard mass, damping and
stiffness matrices

°G & B represent respectively the gyroscopic and
the rotating damping effect
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Rotordynamics - theory

Dynamic equation in rotating reference frame

M 3+ (c]+Ceor 3+ (K] - TRy D 3 = {F)

Coriolis matrix in dynamic
analyses:

[Ceorl = 2[p ol o ddv 5{ o, 0 ‘;]

By extension, the Coriolis force in a static

N 3 =[Coop 118,
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Rotordynamics — theory

Rotating point mass P (small displacement)

U — disp. with respect to initial position Po |
stationary frame x y z y
U P
U, — disp. with respect to rotated position P, % u
rotating frame x1 y1 z1 ~ 4
P
{ (o]
X
y1
- X
®
Z P_ - initial position
Z P - deflected position
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Rotordynamics - theory

Acceleration of point mass P (rotating frame)

r=R+r,

E=R+E+oxr

B=R+ @+ oxB)+(@xr + ox + oxoxr)

ForconstantR ®

:a%%r%+2o)xﬂ +/%>O<r1 +MXOXT,
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Rotordynamics - theory

Acceleration of point mass due to deflection Po - P
(small displacement - rotating frame)

r=r+0r=>r=r +u I, =1,,+0r =>1;, +4,

Acceleration

v@ctor

@:@1’ + 2co><g1 +  OXOXU;  +  OXOXI,
Corioli spin centrifug
S softening al
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Rotordynamics - reference frames
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* Rotordynamics simulation can be performed in two different
reference frames:
— Stationary reference frame:

* Applies to a rotating structure (rotor) along with a stationary
support structure

* Rotating part of the structure to be modeled must be axisymmetric

— Rotating reference frame:

* The structure has no stationary parts and the entire structure is
rotating

* Consider only the Coriolis force
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Rotordynamics - reference frames
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Not applicable in static analysis Applicable in static analysis

Can generate Campbell plots for Campbell plots are not applicable for

computing rotor critical speeds. computing rotor critical speeds.
Structure must be axisymmetric Structure need not be axisymmetric
about spin axis. about spin axis.

Rotating structure must be the only part
of an analysis model (ex: gas turbine
engine rotor).

Rotating structure can be part of
a stationary structure.

Supports more than one rotating
structure spinning at different Supports only a single rotating
rotational speeds about different structure (ex: a single-spool gas turbine
axes of rotation (ex: a multi-spool | engine).

gas turbine engine).

Our focus in this presentation
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Rotordynamics - ANSYS elements

NANSYS
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Applicable ANSYS element types

Stationary Reference
Frame

Rotating Reference
Frame

SOLID272, SOLID273

Rel 10 O BEAM4, PIPE16, MASS21 SHELL181, PLANE182,
' ' BEAM188, BEAM189 PLANE183, SOLID185
SOLID186, SOLID187,
BEAM188, BEAM189,
SOLSH190, MASS21
SOLID185, SOLID186,
Rel' 11'0 SOLID187, SOLIDA45,
SOLID95
SHELLG63
Rel. 12.0 SHELL181,
SHELL281

PIPE2386, PIPE2389
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Rotating damping
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* Considered if the rotating
structure has:

* structural damping (MP, Damper COMBI214
DAMP or BETAD)
» or a localized rotating Beam BEAM4, PIPE16
: . BEAM188, BEAM189
viscous damper (bearing) | SOLID45, SOLID95
SOLID185, SOLID186,
* The damping forces can induce SOLID187
General SOLID272, SOLID273

unstable vibrations. _ _ _
axisymmetric |[(newinV 12.0)

* The rotating damping effect is
activated along with the Coriolis
effect (CORIOLIS command).

Elements supporting rotating damping

ANSYS, Inc. Proprietary April 30, 2009
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General axisymmetric element
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In v12.0, the new SOLID272

(4nodes) and SOLID273 Example of mesh for SOLID272

] element with 3 circumferential
(8nodes) generalized nodes.
axisymmetric elements: Only (11 J1 K1 L1) are input while

all others nodes are
e are computationally efficient .
when compared to 3D solid |

e support 3D non axisymmetric
loading

ANSYS, Inc. Proprietary April 30, 2009
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Generalized axisymmetric element

NANSYS
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* Allow a very fast setup of
axisymmetric 3D parts:

* Slice an axisymmetric 3D CAD
geometry to get planar model

* Mesh with 272/273 elements

* No need to calculate equivalent
beam sections

e Can be combined with full 3D
models, including contact

* Support Gyroscopic effect in
the stationary reference
frame

ANSYS, Inc. Proprietary

tor from Nelson & Vaugh - SCLID2T3

2D axisymmetric mesh

3D

NODAL SOLUTION
STEP=9999
RFRQ=0
IFRQ=834.075
MODE Real part
USUM (BVG)
RSYS=0

DMK =1.067
MX =1.067

__representation

JAN 0 0
00:00:00

593015

tor from Nelson & Vaugh - SOLID273

.....
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Typical Rotor — Bearing System

Bearlng support

[ co [ - ) 4 )
eﬁlc.éhﬂg KXX ny uX FX

C C <M >+ K K < > = < >

)X YU Y )X YY_kuY) L Y

Bearing coefficients may be function of rotational speed:

C(w) K(w)
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Bearings
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* 2D spring/damper with cross-coupling terms:

— Real constants are stiffness and damping
coefficients and can vary with spin velocity w

* Bearing element choice depends on:
— Shape (1D, 2D, 3D)
— Cross terms
— Nonlinearities -

Stiffness and Damping Nonlinear stiffness

Description and damping
cross terms . 4
characteristics
Uniaxial
COMBIN14 No No

spring/damper

COMBI214  2-D spring/damper  Unsymmetric Function of the
rotational velocity

MATRIx27 ~ Coeneralstifinessor ., otric No
damping matrix

Symmetric for linear
characteristics - None for
nonlinear characteristics

Function of the
displacement

Multipoint constraint

MPC184
element

ANSYS, Inc. Proprietary April 30, 2009
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Rotordynamics - commands

Coriolis / Gyroscopic effect

CORIOLIS, Option, --, --, RefFrame, RotDamp
Applies the Coriolis effect to a rotating structure.

Option Flag to activate or deactivate the Coriolis effect:
1 (ON or YES) — Activate. This value is the default.
0 (OFF or NO) — Deactivate.

RefFrame Flag to activate or deactivate a stationary reference frame.
1 (ON or YES) — Activate.
0 (OFF or NO) — Deactivate. This value is the default.

RotDamp Flag to activate or deactivate rotating damping effect.

1 (ON or YES) — Activate.
0 (OFF or NO) — Deactivate. This value is the default

ANSYS, Inc. Proprietary April 30, 2009
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Eigensol
ver

Input

Usages

Applicable
Matrices

Extraction
Technique

QR
Damped

MODOPT,
QRDAMP

— Brake squeal and rotordynamics
eigenproblems

— Able to extract complex
eigenvalues resulting from
damping in the system (ALPHAD,
BETAD, etc. )

— Performance is similar to Block
Lanczos

— Good for up to, say 1 million
DOF’s extracting, say less than
100 modes.

K,C,M
(non-symmetric
except M)

Block lanczos and QR
algorithm for the modal
subspace matrices

Damped

MODOPT,
DAMP

— Rotordynamics eigenproblems

— Noise Vibration Harshness (NVH)
problems with structural acoustics
coupling and damping

— Optimal performance up to about
200K DOF’s, extracting, say 100
modes

— Doesn’t support modal
superposition transient or
harmonic analysis

K,C,M
(non-symmetric)

A subspace method based
on Variational
Technology (VT)
algorithm
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Rotordynamics - commands

Specify rotational velocity:

OMEGA, OMEGX, OMEGY, OMEGZ, KSPIN

Rotational velocity of the structure.

SOLUTION: inertia
activate KSPIN for

gyroscopic effect in rotating
reference frame

(by default for dynamic
analyses)

CMOMEGA, CM_NAME, OMEGAX, OMEGAY, OMEGAZ, X1, Y1,21, X2, Y2, Z2, KSPIN

Rotational velocity -element component about a user-defined rotational

axis.
SOLUTION: inertia

ANSYS, Inc. Proprietary April 30, 2009
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Rotordynamics - commands
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RSTMAG, file1, Lstep1, Shstep1, file2, Lstep2, Shstep2,
TolerN, MacLim, Chame, KeyPrint

Filei First Jobname (DB and RST files)
Lstepi Load step number in file1.rst
Sbstepi Substep number (or All) in file1.rst

TolerN Tolerance for node matching

MacLim Smallest acceptable value of Modal Assurance Criterion for solution matching
Cname Name of the component based on nodes (file1.db)

KeyPrint Printout options

ok ddkdk ok ko kkkkkkkkkkkkkkkkkkkkkk MATCHED SOLUTTIONS %%k sk deok sk sk de ook ok ook ok o ok

Substep in Substep in MAC value Frequency Frequency
tbeam.rst tsolid.rst difference (Hz) error (%)
1 1 1.000 -0.11E-01 0.2
2 2 1.000 0.46E-02 0.1
3 3 1.000 -0.26E-01 0.2
4 4 1.000 -0.27E-01 0.1
5 5 1.000 -0.41E-01 0.1
6 6 1.000 -0.13E+00 0.2
1 1 1.000 -0.11E+00 0.2
8 8 1.000 -0.82E-01 0.1
9 9 1.000 0.11E+00 0.1
10 10 1.000 0.96E+00 0.6
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Rotordynamics - Campbell diagram

Campbell diagram

* Variation of the rotor natural frequency with respect to rotor speed w

* In modal analysis perform multiple load steps at different angular
velocities w

« Campbell commands

— CAMPB: support Campbell for prestressed structures (/SOLU)
— PLCAMP: display Campbell diagram (/POST1)
— PRCAMP: print frequencies and critical speeds (/POST1)

ANSYS, Inc. Proprietary April 30, 2009
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Rotordynamics - Campbell diagram

Campbell diagram

PLCAMP, Option, SLOPE, UNIT, FREQB, Cname,
STABVAL

Option
rois spin crvpEELL DIRGRAY = o o Flag to activate or deactivate sorting
| SLOPE
B | The slope of the line which represents the
number of excitations per revolution of the rotor.
UNIT
= Specifies the unit of measurement for rotational
= angular velocities
FREQB
=y The beginning, or lower end, of the frequency
range of interest.
N— Cname
The rotating component name
STABVAL

Plot the real part of the eigenvalue (Hz)

Hz)

Frequency (
S kS <

Spin velocity (rpm)

ANSYS, Inc. Proprietary April 30, 2009
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Rotordynamics — multi-spool rotors

NANSYS
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More than 1 spool and / or non-rotating parts, use components
(CM) and component rotational velocities (CMOMEGA).

PLCAMP, Option, SLOPE, UNIT, FREQB, Cname

* NCDAL SCLUTIC

STEP=1
SUB =2
RERC=0
TFRO=183.122
MCDE Real part
(AVG)
R3SYs=0

DMX =.183111
MR =, 1831

0 .040691
.020346 .061037
2 spools rotor

.08138

AN 0
00:00:00
NO. il

3
10172

odl2Z
9

074

—
5 . 162766

ANSYS, Inc. Proprietary

© 2009 ANSYS, Inc. All rights reserved.

BW stable
FW stable
BW stable
FW stable
BW stable
FW stable

FW Stébie
FW stable

Frequency (Hz)

2 spools rotor

741

CAMPBELL DIAGRAM

AN 0
00:00:00
PLOT NO. il

592.8 —-——-_—_‘____-"-——-i=-""'—
.._-—-—‘/

l—
A B == —— —
296.4
148.

0

0

x . 2000005,
Spin velocity of SPOOLI; /S)

2000

component name
SPOOL1

April 30, 2009
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Rotordynamics — multi-spool rotor

Whirl animation (ANHARM command)

NODAL SOLUTION ANSYS

Jan 0 0
00:00:00

STEP=9999
RFRQ=0
IFRQ=65.341
MODE Real part
UsSuM (AVG)
REY3=0

DMX =.16348
SMX =.16348

0 . 036329 072658 108987 145315
. 018164 . 054493 . 090822 .127151 . 16348

rao -afb- 2 spools + 4 disks (from Rao article GT2003-38783)

ANSYS, Inc. Proprietary April 30, 2009
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 Variation of the rotor natural
frequencies with respect to
rotor speed ®

CAMPBELL DIAGRAM om0 0

00:00:00

PLOT NO. 1

* In modal analysis perform
multiple load steps at

2136

different angular velocities ©®
1708.8
* As frequencies split with £ 1281.“%;' - S
increasing spin velocity, g \\/;74
ANSYS identifies: & e e
— forward (FW) and 2 e

backward (BW) whirl

— stable / unstable ) | .
. 0 ! x10%*
operation /0 . £999.994

— critical speeds _— = ¥

* Also available for multispool Nelson Rotor on Symmetric Bearings
models

ANSYS, Inc. Proprietary April 30, 2009
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Rotor whirl
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* Forward whirl: when
o and the whirl
motion are rotating Y @
in the same .
direction

vhirl motion

e Backward whirl:
when o and the
whirl motion are 7
rotating in opposite
directions

Elliptical whirl orbit

ANSYS, Inc. Proprietary April 30, 2009
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* In a plane perpendicular to the
spin axis, the orbit of a node is
an ellipse

 Itis defined by three
characteristics: semi axes A, B
and phase vy in a local
coordinate system (x, y, z) where
x is the rotation axis

* Angle ¢ is the initial position of e
the node with respect to the Plot orbit: PLORB

major semi-axis A.

* Orbit plots are available for
beam models

PRINT ORBITS FROM NODAL SOLUTION
LOCAL y AXIS OF ORBITS IN GLOBAL COORDINATES
0.0000E+00 0.1000E+01 | 0.0000E+00

| Clamped-clamped rota |
LOAD STEP= 1 SUBSTEP= 4

RFRQ= 0.0000 IFRQ= 2.5606 LOAD CASE= 0
ORBIT
Print orbit: PRORB wor s e m e ames
1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
3 0.38232 0.38232 0.0000 0.0000 0.38232 0.38232
4 0.70711 0.70711 0.0000 0.0000 0.70711 0.70711
5 0.92301 0.92301 0.0000 0.0000 0.92301 0.92301

ANSYS, Inc. Proprietary April 30, 2009
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Rotordynamics — forced response
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Possible excitations caused by rotation velocity w are:

— Unbalance (w)
— Coupling misalignment (2* w)
— Blade, vane, nozzle, diffusers (s* w)

— Aerodynamic excitations as in centrifugal compressors
(0.5 w)

ANSYS, Inc. Proprietary April 30, 2009
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Rotordynamics — forced response
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Ansys command for synchronous and
SYNCHRO, ratio, cnamem forces

— ratio

* The ratio between the frequency of excitation, f, and the frequency of the rotational velocity of the
structure.

— Cname
* The name of the rotating component on which to apply the harmonic excitation.

Note: The S)YNCHRO command is valid only for full harmonic analysis (HROPT,Method =
FULL

o= 2tmrf/ ratio where, f = excitation frequency (defined in HARFRQ)

The rotational velocity, w, is applied along the direction cosines of the
rotation axis (specified via an OMEGA or CMOMEGA command)

ANSYS, Inc. Proprietary April 30, 2009
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Unbalance response

How to input unbalance

F, =F, coswt = F e'™ forces?
FE, =F, sin ot = F,cos(wt - 7 / 2)
=>F, = —jF, e I F
! Example of input file 7 1 F, = mro? = Fyo?

Iprep? m '

F,=m’r /r\gigt
F, node, fy, F0

F, node, fz, , - F y F

0

ANSYS, Inc. Proprietary April 30, 2009
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Rotordynamics — unbalance response
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! Input unbalance

forces

fO = 70e-6
F, 7, FY, fO
F,7,FZ,, -f0

! Campbell plot of inner spool
plcamp, ,1.0, rpm, , innSpool

BW stable
W stable
BW stable

(Hz)

Frequency

CAMPBELL DIAGRAM

JAN 0
00:00:00
PLOT NO. i

318

254.4

L
190.8

127 —

63.6 =

o (x10%+1)
0 560 1120

280 ) 840
Spin velocity of INNSPOOL (rpm)

1400

twin spools - campbell diagram

Training Manual

antype, harmic
synchro, , innSpool

ANSYS, Inc. Proprietary

POST26
AMPLITUDE

AMPL12

VALUO

twin spools — unbalance (inner spocl) response

1.0E-0:

AN 0
00:00:00
PLOT NO. i

1.0E-04

1.0E-05/

1.0E-06

1.0E-07

50 100 150 200 250

25 s 125 175 225

April 30, 2009
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 Self-excited vibrations in a rotating structure cause an increase of the
vibration amplitude over time such as shown below.

Training Manual

* Such instabilities, if unchecked, can result in equipment damage.

* The most common sources of instability are:
— Bearing characteristics
— Internal rotating damping (material damping)
— Contact between rotating and static parts

* Instabilities can be identified by performing a transient analysis or a modal
analysis (complex frequencies)

ANSYS, Inc. Proprietary April 30, 2009
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For problems involving spinning structures with gyroscopic effects, and/or damped structural
eigenfrequencies, the eigensolutions obtained with the Damped Method and QR Damped

Method are complex. The eigenvalues A are given hy:

Aj =0j t |0

where:

Aj = complex eigenvalue
0, = real part ofthe eigenvalue

w, = imaginary part of the eigenvalue (damped circular frequency)
X .J— 1
J:

The dynamic response of the system is given by:
it
U} =1{d1e

where:
t=time

The ith eigenvalue is stable if o; is negative and unstable if . is positive,

Modal damping ratio

The modal damping ratio is given by:

a%_‘as_ —G;
|;%| ’o;2+alf

(15-214)

where:
a, = modal damping ratio of the ith eigenvalue

Itis the ratio ofthe actual damping to the critical damping.
Logarithmic decrement

The logarithmic decrement represents the logarithm of the ratio of two consecutive peaks in the
dynamic response ((Equation 15-213)). It can be expressed as:

8= |n(—“i(t+ T‘)J —2x 3

ANSYS, Inc. Proprietary

L (t) 0
(15-215)
where:
Oi = logarithmic decrement of the ith eigenvalue
Ti = damped period of the ith eigenvalue defined hy:
2n
Ti=~—
0
(15-216)

April 30, 2009
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Stability

LOAD STEP OPTIONS

LOAD STEP NUMBER. ............... 2
INERTIA LOADS X Y Z
OMEGA. ........... 3141.6  0.0000  0.0000

**xxx DAMPED FREQUENCIES FROM REDUCED DAMPED EIGENSOLVER *****

MODE COMPLEX FREQUENCY (HERTZ) MODAL DAMPING RATIO
1 -27.142724 203.90118 j 0.13195307
-27.142724 -203.90118 j 0.13195307
2 -0.18391233  272.56561 j 0.67474502E-03
-0.18391233  -272.56561 j 0.67474502E-03

Stable at 30,000
rpm (3141.6 rad/sec)

PCST26 Tl 0 0
00:00:00
NO. 1

(x1044-4)
2]

1.6
1.2
-8
4
displacement UZ o

(x10%+-4)
-1.2 -4 4 1.2 2 2.8
0 8

Shaft + disks on unsymmetric bearings (amega = 30000 rpm) STABLE

ANSYS, Inc. Proprietary

LOAD STEP NUMBER

LOAD

INERTIA LOADS

NANSYS

Training Manual

STEP OPTIONS

X Y Z
6283.2  0.0000 0.0000

*#xxx DAMPED FREQUENCIES FROM REDUCED DAMPED EIGENSOLVER *****

MODE

1

2

(x1044-4)
4

3.2
2.4

1.6

displacement UZ o}

Shaft + disks on unsymmetric bearings (amega = 60000 rpm) UNSTAELE

-2.5 -1.5 =5 5 . 1.5 2.5

COMPLEX FREQUENCY (HERTZ) MODAL DAMPING RATIO
-30.277781 186.52468 j 0.16022861
-30.277781 -186.52468 j 0.16022861
6.0020412 289.58296 | 0.20722049E-01
6.0020412 -289.58296 j 0.20722049E-01
Unstable at 60,000
rpm (6283.2 rad/sec)
AN
POST26

JAT 0 0
00:00:00
NO. 1

(x10%+-4)

April 30, 2009
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Rotordynamics analysis guide

Training Manual

? |j|R0t0rdynamic Analysis Guide
o= [] 1. Introduction to Rotordynamic Analysis
o~ ] 2. Rotordynamic Analysis Tools
o~ [] 3. Modeling a Rotordynamic Analysis
o~ [] 4. Applying Loads and Constraints in a Rotordynamic Analy

* Provides a o= [ 5. Solving a Rotordynamic Analysis

detailed o- [] 6. Postprocessing a Rotordynamic Analysis

description of o= [] 7. Rotordynamic Analysis Examples

°* New at release
12.0
EOX

[»

ammg o= [ Mechanical (formerly Simulation) 1.2. The Benefits of the Finite Flement Method for Modeling Rotating Structures
ca a b I I Itles ¢ [ Mechanical APDL (formerly ANSYS) 1.3. Overview of the ANSYS Rotordynamic Analysis Process
o [ ANSYS LS-DYNA User's Guide =
o~ [ ANSYS Parametric Design Language Guid 2. Rotord: ic Analysis Tools

o Advanced Analysis Techniques Guide 7 5 3
= . i 4 2.1. Commands Used in a Rotord; c Analysis
o (7 Basic Analysis Guide

o O Command Reference i g gleme;n Supg. or%rfur Rotlordmc Analysis
o= (] Connection User's Guide 2.3, Rotordynamics Terminology

= o~ (3 Contact Technology Guide 231, G ic Effe

[ J P roVI d es o [ Coupled-Field Analysis Guide 2.3.2. Whirl

o [ Distributed ANSYS Guide 2.3.3. Elliptical Orbit =

o [ Element Reference 2.3.4. Stabilit
3.4, ¥

g u i d e I i nes fO r ¢ [ Fluids Ouide 235 Critical Speeds

o= [ High-Frequency Electromagnetic Analysis

L] o [ Low-Frequency Electromagnetic Analysis 2.4. Rotordynamics Reference Sources
roto rdynam Ics o (3 Modeling and Meshing Guide .
o (=3 Multibody Analysis Guide 2.4.1. Other ANSYS Topics
o [ Operations Guide 2.4.2 External References
model setu p o [ Performance Guide ) :
o [ Programmer's Manual for ANSYS 3. Modeling a Rotordynamic Analysis

¢ 1 Rotordynamic Analysis Guide|
o= 3 1. Introduction to Rotordynamic Analysig
o~ 3 2. Rotordynamic Analysis Tools
o [ 3. Modeling a Rotordynamic Analysis 3.2.1. Using the COMBIN14 Element
o= [ 4. Applying Loads and Constraints ina 3.2.2. Using the COMBIN214 Element
o [ 5. Solving a Rotordynamic Analysis 3.2.3. Using the MATRIX27 Flement

o [C1 6. Postprocessing a Rotordynamic Anal 3.2.4. Using the MPC184 General Joint Flement
24, Using
o~ 3 7. Rotordynamic Analysis Examples

3.1. Building the Model
3.2 Specifying Flement Types

o~ [ Structural Analysis Guide 3.3. Modeling Hints and Samples
o [ Theory Reference for Mechanical 3
A 5501 g NAry
o~ [ Thermal Analysis Guide 331 Addinga SFa“D Paﬂ " . . . .
o 9 Troubleshaoting Guide 3.3.2. Transforming Non-Axis: etric Parts into Equivalent Axis: etric IMass
o 3 Tutorials [ 3.3.3. Defining Multiple Spools
o [ Verification Manual for Mechanical APDL
o [ Meshing Help 4. Appl Loads and Constraints in a Rotord; ic Analysis
:»[[j Remote Sol:fue Manager(RSMl) : ,ll B D o T |
+.-Delnng nolting tores -~
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Sample models available

Training Manual

7. Rotordynamic Analysis Examples

7.1. Example: Campbell Diagram Analysis
7.1.1. Problem Specifications
7.1.2. Input for the Analysis
7.1.3. QOutput for the Analysis

7.2. Modal Analysis Using ANSYS Workbench

7.3, Example: Campbell Diagram Analysis of a Prestressed Structure
7.3.1. Input for the Analysis

7.4, Example: Harmonic Response to an Unbalance:

7.5. Example: Mode Superposition Harmonic Response to Base Excitation
7.5.1. Problem Specifications
7.5.2. Input for the Analysis
7.5.3. Qutput for the Analysis

7.6. Example: Mode Superposition Transient Response to an Impulse
7.6.1. Problem Specifications — W
7.6.2. Input for the Analysis it g ar 8%
7.6.3. QOutput for the Analysis

7.7. Example: Transient Response of a Startup
7.7.1. Problem Specifications s W
7.7.2. Input for the Analysis

7.7.3. Qutput for the Analysis

ANSYS, Inc. Proprietary April 30, 2009
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Generic validation model

Training Manual

JEN 0 0
00:00:00
PIOT NO. 1

* Modal analysis of a
3D beam (solid
elements), ©®=30000
rpm

* Excellent agreement
between simulation

Analytical solution Finite element solution

P from beam theory (SOLID185)
. 5
and theo o .- ) 1 -0.62751987E-08 0.27924146E-03j
- 10 0.00000000]
.1 0 -0.00000000j 0.62751987E-08 -0.27924146E-03j
» 2 0.0000000 46316102 j
Simply supported rotating 3D beam 2 0 4.64000956 j

0.0000000 -4.6316102 j

¢ Ref: Gerhard Sauer & Michael

0 - 4.64000956]

. 3 0.0000000 82842343 j
£
Wolf, F,EA o.f Gyroscop lc. S L 0.0000000  -8.2842343 j
effects,’ Finite Elements in 0 -8.32109166] PR
: : ! 515548
Analysis & Design, 5, (1989), 4 0 185600383 less than 0.0000000  -18.515548 j
- 0 - 18.5600383 0.5% error ’ B

131-140 5 0.0000000  33.062286 j
= et el 0.0000000  -33.062286 j

0 -33.2843666]
6 0.0000000 41619417 j
LR Ui 0.0000000  -41.619417 j

0 41.7600861]
7 0.0000000  73.890203 j
70 assIed 0.0000000  -73.890203 j

0 -74.889824j
8 0.0000000  74.113637 j
§ 0 T4201550] 0.0000000  -74.113637 j

0 -74.2401530j

ANSYS, Inc. Proprietary April 30, 2009
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Nelson rotor (beams & bearings)

Training Manual

ELEMENTS {)‘" , Damped Natural Frequencies (Hz)
w7 Whirl 0 rpm 70,000 rpm
F (Hz) | Ansys [1] Ansys [1] Ansys [11]
1 BW BW 271.2 2711 214.5 213.6
2 FW FW 271.2 2711 329.8 330.6
3 BW BW 808.8 806.4 762.4 760.0
4 FW FW 808.8 806.4 844.9 842.6
5 BW BW | 1272.0 1273.0 1068.7 1066.5
6 FW FW 1272.0 1273.0 1516.2 1522.0

Rotor (sym bearings) fram Nelson & Vaugh (Eng. for Industry 1976)

Ref. [1]: ‘Dynamics of
rotor-bearing systems

using finite elements,’ J.

of Eng. for Ind., May
1976

Critical speeds
(rpm)
Ansys M1
15,494 15,470
17,146 17,159
46,729 46,612
50,114 49,983
64,924 64,752
95,747 96,457

ANSYS, Inc. Proprietary

CAMPBELL DIAGRAM

BW stable 2280

AN

JAN 0 0
00:00:00
NO. 1

1824

1368 ——

912

Frequency (Hz)

456 > =

(x10##1)

) 3500.045
Spin velocity (rpm)

Rotor (sym bearings) fram Nelson & Vaugh (Eng. for Industry 1976)

6999.994

April 30, 2009

© 2009 ANSYS, Inc. All rights reserved.
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Instability analysis — transient analysis

NANSYS

Training Manual

JAN 0 0
00:00:00
PIOT NO. 1

Shaft + disks on unsymmetric bearings

POST26

(x1044-4)
2

1.6

1.2

[displacement UZ 0

(z10%+-4)
=12 -4 4 152 2 2.8
= 0 g

: : 1.6 2.4
displacement UY

Shaft + disks on unsymmetric bearings (amega = 30000 rpm) STAELE

0
00:00:00
NO. 1

30,000 rpm; closed
trajectory: stable

Rotor with unsymmetrical
bearings

ANSYS, Inc. Proprietary

PCST26

(x10%4-4)
4

3.2

2.4

[displacement UZ 0

(x10**-4)
=2.5 =125 =G it 2.5 2.5
1 2

= 0
displacement UY

Shaft + disks on unsymmetric bearings (amega = 60000 rpm) UNSTAELE

0
00:00:00
NO. 1

60,000 rpm; open
trajectory: unstable

April 30, 2009
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Instability analysis — modal analysis e

1 AN LOAD STEP OPTIONS
30,000

ELEMENTS JAN O Q
00:00:00 LOAD STEP NUMBER. ............... 2

PLOT NO. it
INERTIA LOADS X Y Z m
OMEGA. ........... 3141.6  0.0000 0.0000 rp

**xxx DAMPED FREQUENCIES FROM REDUCED DAMPED EIGENSOLVER *****

MODE COMPLEX FREQUENCY (HERTZ) MODAL DAMPING RATIO

1 -27.142724 203.90118 j 0.13195307
-27.142724 -203.90118 j 0.13195307

2 -0.18391233  272.56561 j 0.67474502E-03
-0.18391233  -272.56561 j 0.67474502E-03

All complex frequencies’ real
parts are negative: stable

LOAD STEP OPTIONS
Shaft + disks on unsymmetric bearings
LOAD STEPNUMBER. ............... 3 6 0, 0 0 0
INERTIA LOADS X Y z
OMEGA. ........... 62832  0.0000  0.0000 I pm

**xx* DAMPED FREQUENCIES FROM REDUCED DAMPED EIGENSOLVER *****

Results obtained from a

. n MODE COMPLEX FREQUENCY (HERTZ) MODAL DAMPING RATIO
modal analysis with QRDAMP
1 -30.277781 186.52468 0.16022861
solver -30.277781  -186.52468 j 0.16022861
2 6.0020412 289.58296 j 0.20722049E-01
6.0020412 -289.58296 | 0.20722049E-01

One complex frequency has a
positive real part: unstable

April 30, 2009
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Rotating damping example

Training Manual

* Comparison of the dynamics of a
simple model with and without

rotating damping effect activated: === =0 s
— Rotating beam o
— Isotropic bearings
— Proportional damping T —

* Ref: ANSYS VM 261

e E.S. Zorzi, H.D. Nelson, “Finite element simulation of
rotor-bearing systems with internal damping,” ASME Journal
of Engineering for Power, Vol. 99, 1976, pg 71-76.

Rotating Beam on Undamped Isotropic Bearings

ANSYS, Inc. Proprietary April 30, 2009
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Campbe" dlagrams Training Manual

No damping With damping

CRAMPEELL DIAGRAM CAMPEELL DIAGRAM
BW stable gm0 0 FW unstable o0 0
i stanle 00:00:00 B stabie 00:00:00
No. 1
400 - 400 P——
—— e N N
i 2 ||
N N
o o
=~ 20 = a0
= =
g g
=
Fr equencies y o g o
5 5
3 &
(10%41) (el0++1)
350 00 1050 1400 350 0 1050 1400
15 525 815 1225 - 525 815
Spin velocity of SHAFT (rpm) Spin velocity of SHAFT (rpm)
Rotating Beam on Undamped Isotropic Bearings — no Rotating Damping Rotating Beam on Undamped Isotropic Bearings — with Rotating Damping
CRAMPEELL DIAGRAM CAMPEELL DIAGRAM
FW stable gm0 0 BW stable gy O 0
B stable 00:00:00 00:00:00
PIOT NO. 1 Able EIOT NO. 1
2 2 ‘ —(\
0 0 - —
g oo All § ] Instable
@ 5}
agn é -4 @ -4
3] o
Stability ; s modes
a = a =,
: modes 2
3 ~ E ~
s o
ik -1 T -1
@ o
g as are §
A A &
1.4 1.4
L.
.| stable
0 350 00 1050 1400 0 350 00 1400
15 525 815 1225 1 525 875 1225
Spin velocity of SHAFT (rpm) Spin velocity of SHAFT (rpm)
Rotating Beam on Undamped Isotropic Bearings — no Rotating Damping Rotating Beam on Undamped Isotropic Bearings - with Rotating Damping

ANSYS, Inc. Proprietary April 30, 2009
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Transient analysis

Training Manual

No damping With damping

PCST26 S
S B 0 POST26 JAN 0 0
00:00:00 00:00:00
EIOT MO. 1 PIOT NO. 1
& 5
4 4
3 3
o W1
UY at node 6 ¢ UY at node 6
et -1
_2 -2
-3 3
-4 -4
o 03 .06 .09 12 15 ) .03 06 09 12 .15
015 045 075 105 135 015 045 0B 105 .13
TIME TIME
Rotating Beam on Undamped Tsotropic Bearings - no Rotating Damping Rotating Beam on Undamped Isotropic Bearings - with Rotating Damping
AN ) AN
EOST26 g0 0 FOST26 JN 00
00:00:00 00:00:00
NO. 1 10T NO. 1
5

Closed :
UZ at node 6 ; trajeCtor UZ at node 6 l

N y, stable B

BT v L——— Tunstable

2 - -2 0 i
UY at node 6 OY at node 6

Rotating Beam on Undamped Isotropic Bearings — no Rotating Damping Rotating Beam on Undamped Isotropic Bearings — with Rotating Damping

ANSYS, Inc. Proprietary April 30, 2009
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Geometry & model definition

Training Manual

o The data base ﬂ‘"‘ﬁo units Tooks Heb ||| @ %.\ sove ~ @ ¢ (9 ] ~ -

|
I-2ArYyRRRR(&(SeaaaEaaxmna| -
|

Geometry | B pointMass | B

[
=] Project

= [@] Model

=,/ & Geometry
/B

= ool
w2 Coordinate Systems
I /@ Connections
/& Mesh

=] Modal (A5)

/720 Initial Condition

= »/ Analysis Settings
rotor created in =
/B Commands
/&3] Solution (A6)
/(3] Solution Information

/8 2 Axis - Directional Deformation - Mode 1

/& 7 Axis - Directional Deformation - Mode 2

/8 Z Axis - Directional Deformation - Mode 3

- Directional Deformation - Mode 4

is - Directional Deformation - Mode 5

D ] M I I - Directional Deformation - Mode 6

t h i h t

‘e . CXETE—
Graphics Properties
=) Definition

- Directional Deformation - Mode 7
- Directional Deformation - Mode &

Suppressed No
Stiffness Behavior Flexible

- Directional Deformation - Mode 8
Coordinate System Default Coordinate System

- Directional Deformation - Mode 10
, , Reference Temperature |Environment
Material

- Directional Deformation - Mode 11
- Directional Deformation - Mode 12
Assignment Structural Steel
Nonlinear Effects Yes

been added. . |

Statistics

o

[CHE]

]

0.000 0.100 0.200 {m)

0.050 0.150

[\ Geometry A V/orksheat A\ Print PreviewA Renort Preview/ ]

[PressF1 for Help [ [0/ No Messages [No Selection [Metric (m, kg, N, s, V, A) Degrees radfs Celsius 4

ANSYS, Inc. Proprietary April 30, 2009
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Bearing definition

Training Manual

a‘Simulation I
| Fle Edit View Units Tools Help |J| Q M| fsove - 1A W [ (A @~
b, s> B2 T S {» (5 G‘ @ :52 '{‘ = =
* The standard [ 5 [FATEE 0 A& A& EeaEme |

JCommands MgExport...  gyImport... Reﬁed\

= =
Slmulatlon Outiine filtered for Modal (AS). ) 1 Co ds inserted intc this file will be executed just after the spring definition.
| Project ! The material, type, and real number for this spring is equal to the parameter "_sid".
springs are =) @ Model ! Active UNIT system in Workbench when this cobject was created: U.S. Customary (in, lbm, 1lbf, F, s, V, A)

/& Geometry
4.

c h a n ed to oy Coordlna.te Systems et,_ sid, 214 ! bearing element
(=8 Connections

B ? Longitudinal - Ground To Solid r, sid,argl,argl,,,arg?,arg?

b e a rl n g | By ? foEn:gib?;::Ia?g:ound To Solid
e I e m e n ts H s Mesh/li Commands
utilizing the o]

parameter, _sid
to c-hange the ::zr::a“:s {Filenotfound
spring element

Definition
ty pes tO 2 1 4 . i Target | ANSYS Mechanical

0]

Suppressed |No

Input Arguments
ARG1 10000
ARG2 500.
ARG3

* The stiffness peisg
and damping
values are
defined with the
input argument
values shown in
the Details
window.

ANSYS, Inc. Proprietary April 30, 2009
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Solution settings for modal analysis —
raining Manual

{1} simulation

JFIIe Edit View Units Tools Help “| 9 Ml isove -~ FE mi [ [A] @)~

|- ZAr YRR Ae S saaea@aaixnos| 0
JCommands glExport...  gp|Import... Reﬁ'esh

Outiine filtered for Modal (AS) ! Commands inserted inte this file will be executed just pricor tc the Znsy:
id| Project ! These commands may supercede command settings set by Workbench.

- (@] Model
- Geometry
/,1\ Coordinate Systems

! Active UNIT system in Workbench when this cbject was created: U.S. Cust:

E]'/Qa Co;nect!ons modeop, grdamp, 12, , ,on ! Damped modal sclver, regquest complex mode shapes
B, 2 Longitudinal - Ground To Solid  [lweypand, 12 ! Expand results
- v £ Longitudinal - Ground To Solid
@ Mesh omega,,,100 ! CmegaZ = 100 rads/sec

E] ./. Modal(AS) ceorielis,on,,,.on ! Corieclis effect, Staticnary Reference Frame

ks ,/T;,o Initial Condition
/2N Analysis Settings
; ﬁ Displacement

-V —

[+ D Solution (AG)

* A commands object inserted into the analysis branch switches the default modal
solver to QRDAMP and requests complex mode shapes.

* A spin rate of 100 radians per sec. is specified about the z axis and coriolis
effects in the stationary reference frame are requested.

April 30, 2009

ANSYS, Inc. Proprietary
Inventory #002764
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Solution information

Training Manual

(2} Simulation

* While the solution is running, =« == ok o avsaae

L il [ Wy | <x e 'l

the SOIUtlon output can be | Solution Information & Resut Tracker ~

= To e _fj 4%+ UNDAMPED FREQUENCIES FROM BLOCK LANCZOS ITERATION ***
mon |t0 red . /& Mesh MODE  FREQUENCY (HERTZ)

B Modal (AS)

,/TE;O Initial Condition

* The output shown is the Ve

¢|§ Commands

undamped and damped -

,@ Z Axis - Directional Deformation - Mode 1

0.000000000000
3.095958184709
3.095960370166
59.20444031014
59.21796338526
266.0712803787
H - Z Axis - Directional Deformation - Mode 2 266.0886106275

fre q u e n c I es ,@ Z Axis - Directional Deformation - Mode 3 280.5800305465
" M Z Axis - Directional Deformation - Mode 4 s 582.6830396199

B Z Axis - Directional Deformation - Mode 5 10 562.7182156961
11 815.5520103840

8 Z Axis - Directional Deformation - Mode & S
* The real com ponent of the 80 2 s -Drectonsl efomtin -iade 7 1 e,

/8 2 Axis - Directional Deformation - Mode 8 s%%%% DAMPED FREQUENCIES FROM REDUCED DRMPED EIGENSOLVER **%%*
/@ Z Axis - Directional Deformation - Mode 9

-
CO m p I ex fre q u e n cy IS th e /&1 2 Axis - Directional Deformation - Mode 10 MODE COMPLEX FREQUENCY (HERIZ) VODAL DAMPING RATIO

,/@ Z Axis - Directional Deformation - Mode 11

L T R NI

t b - I lt b th ,,@ Z Axis - Directional Deformation - Mode 12 |
1 0.0000000 0.43673190E-033 0.0000000
stapiliity number, the :
. . | Solution Information 2 -1.5054234 2.7090359 3 0.48574242
ex onent In the ex re88|on Solution Output Solver Output -1.5054234 -2.7090359 3 0.48574242
Wi Rahoon REaas |0 3 -1.5054180 2.7090434 3 0.48574005
-1.5054180 -2.7090434 3 0.48574005
H H tedats Vel 23 4 -1.2196679 58.358446  j 0.20895033E-01
or am pe ree VI ra Ion . Display Points Al -1.2196679 -5e.358446 3 0.20895033E-01
5 -1.2633678 59.907220 3 0.21084052E-01
. . . -1.2633678 -59.907220 3 0.21084052E-01
° A 6 -0.79703673 258.09084 3 0.30881876E-02
nega Ive n u m er In Ica es -0.79703673 -258.09084 3 0.30881876E-02
7 -0.82798760 274.20604 3 0.30195682E-02
. -0.82798760 -274.20604 3 0.30195682E-02
the mOde Is Stable e 0.0000000 200.58003 3 0.0000000
. 0.0000000 -280.58003 3 0.0000000
9 -1.1669902 .84005 3 0.20265832E-02
-1.1669902 75.24005 3 0.20265832E-02
10 -1.1209063 590.02858 3 0.18997457E-02
-1.1209063 -590.02858 3 0.18997457E-02
1 0.0000000 £15.55201 3 0.0000000
0.0000000 -815.55201 3 0.0000000
12 -2.5114445 1251.3212 3 0.20070302E-02
-2.5114445 -1251.3212 3 0.20070302E-02

ANSYS, Inc. Proprietary April 30, 2009
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Modal results

Training Manual

(4} Simulation =181 x|
| Fie Edt view units Toos e ||| @ B¢ | fsove - @ i [@ (A @~
[2r v nEhEe[S+aaea@maasxmea|d-
|Resuit 1.0 (True Scale) ~@-B-%-7 | [ | E3)Probe
Outiine filtered for Madal (AS) 7

2 Longitudinal - Ground To Solid =

. & Mesh
& Modal (A5)
/=8 Tnitial Condition

/N Analysis Settings
/B, Displacement

modal results A= S —

#] Solution Information
M1 Z Axis - Directional Deformation - Mode 1
] A Z Axis - Directional Deformation - Mode 2 0.044765
1 Z Axis - Directional Deformation - Mode 3 0.026858
& Z Axis - Directional Deformation - Mode 4 0.,0089513
1 Z Axis - Directional Deformation - Mode 5 -0,0089556
A Z Axis - Directional Deformation - Mode &

-0.026863

A Z Axis - Directional Deformation - Mode 7

/8B 2 Axis - Directional Deformation - Mode 8 50:01477
e a u a r 8 Z Axis - Directional Deformation - Mode 9 -0.062676

A Z Axis - Directional Deformation - Mode 10 -0.080583 Min

/8 Z Axis - Directional Deformation - Mode 11
M Z Axis - Directional Deformation - Mode 12

\M‘Mnmmﬂ M
3 —

A

Scoping Method | Geometry Selection

view of the
results. | — ¥

Orientation [z axs
Mode 4.

0.000 0.150 0':?]0 (m)
Tabular Data e e

MWEJI? Real Eigenvalue [Hz] ”? Imaainary Eigenvalue prtrrevewaresot reren/ |
0. 4,3673e-004 [ @00

1| @ 10Frames ¥ 2Sec (Auto) v & Mode [[v" Real Eigenvalue [Hz] [[v Imaginary Eigenvalue (Frequency

. C I . ‘1- 5054 2- 709 ; (-]i.5054 ;:%;SMM
o m p ex : -1.5054 2.709 L tr
. 3 -1.2197 58.358 giz sa
eigenshapes =
. -0.79704 258.09 TG T

815.55

0.
-2.5114 1251.3

-1.2634 53,907 ‘

can be

0. 280.58

-0.82799 274.21 o I I I |

R T R S

il

. . |-1167 575.84 e &5
anlil mated . 10[10. -1.1209 590.03 ot osdkcim et o1, Doy rodh Glmn
1|1 0. 815.55
12.  -2.5114 1251.3

ANSYS, Inc. Proprietary April 30, 2009
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Animated modal shape

Training Manual

0.026858
0.0089513
-0.0089556
-0.026863
-0.04477
-0.062676
-0.080583 Min

ANSYS, Inc. Proprietary April 30, 2009
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Compressor model
Solid model & casing simulation
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Compressor: free-free testing apparatus used for initial I\NSYS
model calibration Training Manual

A TN ey ’.-‘ml 22z
w“‘*hw, Y g .

ANSYS, Inc. Proprietary April 30, 2009
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Compressor: location of lumped representation of I\NSYS
impellers and bearings

Training Manual

Nut 0683466 ko@000m >

Imp1: 285895 k@0,00m >
Spacerl: 0626813 kg@0.00m % ¢

x
Spacer2: 1.8682 ka@0, 0 0 nk k>

4.0m

k

Imp2: 25.5393 ka@0

BeanngZ 2.08031 kg@0,0.0m
eanng1 2.08031 kg@0,0,0 m

Courtesy of Trane, a business of American Standard, Inc.

ANSYS, Inc. Proprietary
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Training Manual

Compressor: SOLID185 mesh of shaft

ANSYS, Inc. Proprietary April 30, 2009
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Training Manual

Compressor: forward whirl mode

Forward and Backward Whirl

Courtesy of Trane, a business of American Standard, Inc.

ANSYS, Inc. Proprietary April 30, 2009
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Training Manual

Compressor: backward whirl mode

Courtesy of Trane, a business of American Standard, Inc.

ANSYS, Inc. Proprietary April 30, 2009
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Compressor: Campbell diagram with variable bearings ANSYS

Training Manual

4\ DISPLAY 5.6 <D:\coriolis\Trane\consult\free-free\bearings\plcamp_variable.grph>
File Edit Controls Display Help

Print Plot Previous | Extra Contours

CAMPBELL DIAGRAM

BW stable
BW stable

Y w#+akl
rw SLapl

N
T

Frequency

L
//

1 ‘ 1 i T T 1 T 1
800.8 1800.6 2700.4 3600.2 4500

450.9 1350.7 2250.5 3150.3 4050.1

Spin velocity (rpm)
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Solid model of rotor with chiller assembly I\NSYS

Training Manual

A ¥ ANSYS Workbench [ANSYS Multiphysics =

p Broeel | © varowen ot
| Fle Edit View Insert Units Toos Heb || 1 % | B | @ Mepata | fsove | [A] (@] &

- | ® ¥ ® G- SERQAQFRAQXE /M| § O-
&2 4 "B RO
| & v ?Dselection ~ Q Visiilty ~
| Geometry (21 | SpiGeometry ~ | S Point Mass
Outline for “transparent™ i
H| Project
B [&@] Model
o
-8 Contact
-/ Mesh
- (@) Named Selections
—-v-?@ Environment
- M8, Fixed Support
- JB MCANL:Y
= ?@ Solution
~2(¥] Solution Informz
9& Harmonic Tool
B-'v?@ Environment 2
2 ,,@ Fixed Support
ﬁi MCAN2:X
= ?@ Solution
~2(¥] Solution Informz
7& Harmonic Tool

- [F -7

)
2
2
=)

!

2| |
oo oemerr Y
[=| Definition

Source D:\Engineering Mode...
Type DesignModeler

Length Unit Inches

Element Control | Manual

-

Bounding Box 324003 {mm)
- [ 0 ]
Mass Properties
Statisti 1.5e+003
Erelerences Geometry A Animation ) Worksheet A Print Preview A Report Preview / ]
IPres F1 for Help | |No Selection |Melnc (mm, kg, N, °C, s, mV, mA)  /

Courtesy of Trane, a business of American Standard, Inc.
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NANSYS

Training Manual

Meshed rotor and chiller assembly

ANSYS Workben: ANSYS Mul

transparent [Simulation] X
| Fle Edit View Insert Units Tools Heb || ] % | &l | @ Dhepata | -fsove | [A] (@] &
I K- [P RRDR &S (SPRAQA@aB@AQAE M| O
| £ v ?Uselection ~ Q Visibility ~
Mesh 1. Mesh Control ~ [] View Mesher Feedback
EH @ ]

Outline for "transparent™
,ﬂ Project

= (&) Model
- B Geometry
- /8 Contact
/B
o @ Named Selections
-]'»?@] Environment
- B, Fixed Support
o S MCANLY
El-oleh] Solution
-] Solution Informa
?& Harmonic Tool
- ?@ Environment 2
- /B, Fixed Support
o S MCAN2:X
El-oleh Solution
(] Solution Informe
?@ Harmonic Tool

+
+

iy I e O e B

o}

| | >l
Details of "Mesh” ) L
=] Defaults

Global Control |Basic
Relevance 45
Statistics

3e+003 {mm)

1.5e+003

Geometry A Animation AV orksheat A Print Preview A Report Preview/ |
Press F1 for Help [ |No Selection [Metric (mm, kg, N, °C, s, mv, ma)

Courtesy of Trane, a business of American Standard, Inc.

ANSYS, Inc. Propriet:
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Analysis model — supporting structure represented by I\NSYS
CMS superelement Training Manual

il

File Help
AN

Finite element model of
rotor and impellers

\ Housing and entire chiller
assembly represented by

a CMS superelement

Courtesy of Trane, a business of American Standard, Inc.

ANSYS, Inc. Proprietary April 30, 2009
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NANSYS

Analysis model —
Training Manual

. Bearing
locations

| \ Outline of

Impellers CMS
superelement

|
Courtesy of Trane, a business of American Standard, Inc.

April 30, 2009
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NANSYS

Typical mode animation

Training Manual

ANSYS 11.0BETA
MAR 28 2006
13:58:00
NODAL SOLUTION
STEP=1

SUB =8
FREQ=15.462

Uz (AVG)
RSYS=0
PowerGraphics
EFACET=1
AVRES=Mat

DMX =.716643
SMN =-.050013
SMX =.08447
-.050013
-.07001
-.050007
-.030004
-.010001
.010001
.030004
.050007
.07001
.090013

100000 EN

Courtesy of Trane, a business of American Standard, Inc.
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NANSYS

Blower shaft model
Transient startup & effect of prestress
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NANSYS

Blower shaft - model

Training Manual

Impeller to pump hot hydrogen
rich mix of gas and liquid into
solid oxyde fluid cell

Spin 10,000 rpm

AN

MAR 27 2006
11:30:41

PLOT NO. 1

i
ELFMENTS

ANSYS model of
rotating part

99 beam elements & 2
bearing elements

Blower Shaft

ANSYS, Inc. Proprietary April 30, 2009
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Blower shaft - modal analysis

NANSYS

Training Manual

Frequencies and corresponding mode shapes orbits

*##x%% FREQUENCIES (Hz) FROM CAMPBELL (sorting on) *#*#***

Spin(rpm)  0.000  5000.000  10000.000
1.00xSpin  0.000 83333  166.667
1 BW 115552 105999  96.640
2 FW 115552 124949  138.875
3 BW 490534  448.773 413217 -
4 FW  490.534 537184 ,°586.075
STEP=3 y . o STEP=3
e oo e

Blower shaft

ANSYS, Inc. Proprietary

Blower shaft

JAN 0
00:00:00
PLOT NO. 1

April 30, 2009

© 2009 ANSYS, Inc. All rights reserved.
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NANSYS

Blower shaft — modal analysis

Training Manual

1 AN
B stable CAMPEELL, DIAGRAM
FW stable JAN 0O 0
00:00:00
BW stable
FW stable PLOT NO. it
BW stable
W stable
FW stable 700
stable
560 mg.
R Stability
fas)
— 420
J A AN
@] BW stable CAMPBELI, DIAGRAM
5 FW stable JAN O 0
g o BW stable 00:00:00
S FW stable PLOT NO. 1
- BW stable
FW stable
140 BW stable
EW stable 10
0 (x10++1) stable
0 1000
: 5.00 — =<
Spin velocity (rpm) N
o)
= 26
pa
o
=
Blower Shaft =
-J-:i) —44
Ll —
-
Frequencies : IR
4
v <
80 \ (x10%#1)
0 1000
: 500
Spin velocity (rpm)
Blower Shaft

ANSYS, Inc. Proprietary
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Blower shaft — critical speed

Training Manual

s#ixi CRITICAL SPEEDS (rpm) FROM CAMPBELL (sorting on) *%#%x

Slope of line: 1.000 CAMPEELL DIAGRAM L
BW stable
FW stable 00:00:00
BW stable PLOT NO. it
1 6222.614 e
W stable
2 7796.469 BW stable -
3 none stable
4 none 560
= <
fas}
— 420
&
o
a
B 280
0]
i e © o
° °
140 —
° °
e o ©
0 (x10%%1)
0 1000
500
Spin velocity (rpm)
Blower Shaft

ANSYS, Inc. Proprietary April 30, 2009
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NANSYS

Blower shaft — unbalance response

Training Manual

Harmonic response to disk unbalance
- Disk eccentricity is .002”

- Disk mass is .0276 Ibf-s2/in.
- Sweep frequencies 0-10000 rpm

 POST26 o J— AN
JAN 0 0] STEP=1
e orne | 0| BT " o0:00:00
uz_mass ° o .. ° PLOT NO. 1
(x10%%-2)
Z: I e
2.4 \~\v
U (in) I’ \ \\\\\/
1.6 " \\\
) \ e
b \ \\\'\\
s / NI \‘\\\\\\
: // S
20 60 Freq ].((Jltzlz) 140 180
ess= - Amplitude of displacement at disk | s coac: Orbits at critical speed

ANSYS, Inc. Proprietary April 30, 2009
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Blower Shaft — unbalance response

Training Manual

Bearings reactions

T AN
POST26 JEN 0 0
AMPLITUDE 00:00:00
fyb fudd BLET ko. 1
fzb fud

fyb rear

fzb rear

1000

900

800

600

\

700 \
\

\
\

£ (Ibf)  spp
400 l
300 l A
IR
o~ !=orward bearing
i o 0, ® 20l 20 IS more Ioaded
FREQ

than rear one as
first mode is a
disk mode.

Blower Shaft

ANSYS, Inc. Proprietary April 30, 2009
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Blower shaft — start up

NANSYS

Training Manual

Transient analysis
- Ramped rotational velocity over 4 seconds

- Unbalance transient forces FY and FZ at disk

400

320

240

160

80

—80

—160

—240

-320

—400 1
3.2 4
3.6

Blower Shaft

Cea

Rotational velocity (rpm)

10000

9000~

8000~

7000

6000~

5000

3000

2000

1000

Time (s)

Zoom of
transient

Blower Shaft

force

ANSYS, Inc. Proprietary

April 30, 2009
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NANSYS

Blower shaft — start up

Training Manual

Displacement U, and U, at disk

zoom on critical speed passage Amplitude of

displacement at disk

(x10%%-2)
4

Uydisk

Displacement (in.)
o
Displacement (
I
5

L Uzdisk 5 e [
16 TIME
Blower Shaft

2.4
== 1

L]

2 ‘
1a © 1589 1.44 1.56 1.68 ° 1.8
o 1.26 1.38 1.5 1.62 1.74e o o
TIME

Blower Shaft

ANSYS, Inc. Proprietary April 30, 2009

© 2009 ANSYS, Inc. All rights reserved. . Inventory #002764



NANSYS

Blower shaft — start up e Al

Transient orbits
0 to 4 seconds 3 to 4 seconds

AN 1 AN

(x10%3-2)
5

J7dli sk 5
UZdisk in. ] ﬁ
:
3
/ y' ,' :
£ (x10%3-2) : ‘ (x10+4-3)
= =3 =it 1 5 5 -4 2.4 =8 .8 2.4 4
-4 = 0 2 4 38 -1.6 e 1.6 3.2
Uvdisk in. Uydisk in.
s As bearings are symmetric, orbits are circular

ANSYS, Inc. Proprietary April 30, 2009
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NANSYS

Blower shaft — prestress

Training Manual

Include prestress due to thermal loading:

Thermal body load up to 1500 deg F

200

‘ 488.889 777.778 06
344.444 633383 1500
Prestressed Blower Shaft

AN
ELEMENTS
TEMPERATURES 00:00:00
TMIN-200 | PIOT NO. 1
TMAR=1500

Prestressed Blower Shaft

ANSYS, Inc. Proprietary

Resulting static displacements

April 30, 2009
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Blower shaft — Campbell diagram comparison

NANSYS

Training Manual

No prestress

With thermal prestress

500
Spin velocity (rpm)

Blower Shaft

1000

x AN T AN
BW stable BW stable
B CAMPBELL DIAGRAM 0 0 E CAMPBELL DIAGRAM MER 30 2006
FW stable FW stable
00:00:00 g=03= S
BW stable BW stable
FW stable FLOT NO. 1 FW stable FLOT NO. 1
BW stable BW stable
FW stable FW stable
Fh stable 700 FW stable 200
stable stable . —
560 560
- < N
2] 2]
— 420 — 420
g g
f=} f=}
[} [}
o 280 o 280
ful ful
& &
Fi Fi
140 140
0 (x10%%1) 0 (x10%%1)

Prestressed Blower shaft

500
Spin velocity (rpm)

1000

ANSYS, Inc. Proprietary
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NANSYS

Demo’s Agenda

* 3D model
* Point mass by user
* Automatic Rigid Body

Training Manual

*B.C. / Remote displacement

* Bearing (Combi214)

* Joint (Cylindrical, Spherical, BUSHING)
[0 Relative to ground / to stator

ANSYS, Inc. Proprietary April 30, 2009

© 2009 ANSYS, Inc. All rights reserved. . Inventory #002764



NANSYS

Rotordynamics with ANSYS Workbench
A workflow example

© 2009 ANSYS, Inc. All rights reserved. - ANSYS, Inc. Proprieta ‘



NANSYS

Storyboard

Training Manual

* The geometry is provided in form of a Parasolid file

* Part of the shaft must be reparametrized to allow for diameter
variations

* A disk must be added to the geometry

* Simulation will be performed using the generalized axisymmetric
elements, mixing WB features and APDL scripting

* Design analysis will be made with variations of bearings properties
and geometry

ANSYS, Inc. Proprietary April 30, 2009

© 2009 ANSYS, Inc. All rights reserved. . Inventory #002764



NANSYS

P rOJ e Ct V I ew Training Manual

v B v B v 2
. 1 ; M 12\ Mechanical APDL
* Upper part of the schematics 2 e tr — . = e g e >
- . . eome | eome | Nalysis 7
defines the simulation process = g 4 ‘ - = : ; ‘/.3 ‘t’ . :
(geometry to mesh to ——> 3 |[pd Parameters _@ Model v pd Parameters
simulation) Geometry >4 [5d parameters Mechanical APDL
Mesh
e Parameters of the model are
gathered in one location |l’p‘-' Parameter Set
(geometry, bearing stiffness)
v D v E

8l 5| Response Surface '8 ® Goal Driven Optimization

. 2 [ Design of Experiments # ,————m 2 = Design of Experiments 4 5
‘ Lowe'_' part of the_ schematics 3 |[J Response Surface & ,——m3 [J] Response Surface &,
contains the design 4|@ Optimization 2,

Response Surface

exploration tools
Goal Driven Optimization

ANSYS, Inc. Proprietary April 30, 2009
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NANSYS

Geometry setup

Training Manual

* Geometry is
imported in Design
Modeler

* A part of the shaft
is redesigned with
parametric
dimensions

* Model is sliced to
be used with

Initial 3D geometry

Final axisymmetric model

axisymmetric
elements
: : Additional
* Bearing locations ‘1 e

are defined

« A disc is added to A ;J_%
the geometry \ /

Bearings
location

ANSYS, Inc. Proprietary April 30, 2009
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NANSYS

Training Manual

Geometry details

3D Model sliced to create

axisymmetric model

Part of the original shaft is
removed and recreated with
parametric radius I?.ﬁ A: Geometry - DesignModeler

File Create Concept Tools View Help
|l adB @] Dind Greco [Iseect: [ b RBRB (- || S QRAQAQ QR |+ (6 n

Planes v | Sketchs v &

</ Generate  ®@PShare Topology | BExtrude @Revolve @Sweep &Skindoft @Thin/Surface QBlend v QChamfer @Point EEParameters

O A: Geometry - DesignModeler

Tree Outiine # Graphics 7
Fle Create Concept Tools View Hep T =
|| 2B @ || DU Gree [[sdect s B BRRA &7 |SQAQARQ QL |46 @ Ml SolidEt2 (Beta)
Planes v b | Sketchs v A Unfreezel
/Generate ®@Share Topology | BExtrude @RRevolve @Sweep §Skinfoft BThin/surface QBlend v S Chamfer @Pont EEParameters @ FBlend2
Tree Outine # Graphics L +© Freeze2
U SoldEXt2 Beta) & 8 Slce3
AR Unfreezel e
@ FBlend2 /i Bodyop3
@ Freeze2 ¢'&‘ Slice4
@ Slce3 % BodyOp4
% Bodyop3 L8 Thind
(=3 Planes
Ja ¢ Sketch3
=1y Planes 4,8 Surfacesk1
&3 Sketch3 -
28 Surfaceskl «® Point1
& Pont1 +@ Point2 /
& Point2 /i Springl w
«: zprm; /@ Spring,
pring:
® & 1pat, 2B0des || + & 1Part, 2 Bodies
Sketching Modeing Sketching Modeling i
Details View " v
|Details of Sketch3 5 ! BetdoView 2
Sketch [sketchs | : =|Detalls of Spring2 |
St‘em" Vebilty: _|atays's, Named Selection |Spring2
Show Constraints? (No prame LonSpringz | v
- jonsi2 Geometry 1PF Point
115 mm
|60 mm —— )
= 2500 %
ned | 0.00 40.00 (mm)
[Lnos v | Model view |Print Preview [
’ 20.00
) Ready 15ketch [Miimeter 0 0 /|

Iy . - Model View |Print Preview
Additional disk created with ) Ready 2Named Sdectons pimetero 0|

parameters (the outer diameter
will be used for design analysis)

Bearing locations and named selections are created (named selections
will be transferred as node components for the simulation)

ANSYS, Inc. Proprietary April 30, 2009
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NANSYS

Training Manual

Mesh - Meshing [ANSYS Al*Environment]

H JFile Edit View Units Tools Help
.The mOdeI IS B L"ERER &S PAR QR Q QR | O
= Mesh </Update | @mMesh v @ Mesh Control v | @y0ptions
meshed using the [

. =) Project
WB meshing tools |- svewies
[+ @@ Geometry
[+ 2k Coordinate Systems
/B Connections

/& Mesh

i Face Sizing
@ Named Selections

0]

Details of "Mesh" 2 L S X
-l Defaults 0.00 100.00 (mm)
| S|
50.00

Phyysics Preference Mechanical
Relevance s

P s

S f::{;%on Geometry AWorksheet APrint Preview/

# Advanced Messages N
# Pinch Text
1+ Statistics

Association

Press F1 for Help ifVQ\ No Messages §No Selection \Metric (mm, t, N, s, m¥, mA) Degr /ﬂ

ANSYS, Inc. Proprietary April 30, 2009
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Simulation

NANSYS

Training Manual

e Simulation is
performed using an
APDL script that
defines:

— Element types

— Bearings

— Boundary
conditions

— Solutions settings
(Qrdamp solver...)

— Post-processing
(Campbell plots
and extraction of
critical speeds)

ANSYS, Inc. Proprietary

AN
MBR 5 2009
Lo 14:14:28
OVEG PLOT MO. 1

ELEMENTS

Axisymmetric model
with boundary
conditions

Expanded view

MAR 5 2009
14:14:38
PLOT NO. 1

April 30, 2009
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APDL script ANSYS

Training Manual

[= Ratordynsetup.inp h=| Rotordynsetup.inp

1 /prep? 25 emodif,all,mat,l ~
2 26
3 MP,EX,1,2.078e+5 27  NAXIS
4  Mp,DENS,1,7806e-12 28  ALLSEL,ALL
5 MP,NUXY,1,0.33 29
6 30  /COM, create springs and fix ends
7  bestif=4.837e4 31 et,100,combi2ld,,l
8 32  r,100,bestif
9  nspin=10 33 type,l00
10  maxspin=50000 34 real,l00
11 *DIM,SPIN, ,nspin 35  *get,nmax,node,0,count
12 *do,i,l,nspin 36 cmsel,s,springl
13 SPIN(i) = (i-1)*50000/{nspin-1) 37  nO=ndnext(0)
14  *enddo 38 n,mmax+l,nx(n0) ,ny(no)
15 32 e,n0,nmax+l
16 ! Change element type to 272 axisymm 40 d,n0,all
17 41 d,nmax+1,all
e Mesh transferred as
19 et,l1,272,,3 43 *get,nmax,node,0,count
20  SECT,1,AXIS h200 I t 44 cmsel,s,spring2
2zl  SECDATA,1,0,0,0,1,0,0 mes e emen SJ 45  nO=ndnext{0)
22 46 n,mmax+l,nx(n0) ,ny(no)
23  emodif,all,type,l converted to 47  e,n0,nmax+1
24 ewmodif,all,sect,l . 48 d,nmax+l,all
25 emodif,all,mat,l Sol’d272 4% d,n0,all
26 50 alls

NAXIS 5

ALLSEL,ALL 52 /COM, SUPPRESSING AXIAL MOTION IN THE SHAFT

53 NSEL,S,LOC,Y,0

/COM, create springs and fix ends 54 NSEL,R,LOC,Z,0

et,100,conbizld,,1 55  D,ALL,UX,0

32 r,l00,bestif 56  NSEL,ALL

33 type,l00 57 FINI

34 real,l00 58

35  *get,nmax,node,0,count 59  /COM, PERFORMING CAMPBELL ANALYSIS USING QRDAMP EIGEN SOLVER

36 cmsel,s,springl 50 /S0LU

37  nO=ndnext(0) 61 ANTYPE,MODAL

38 n,nmax+l,nx (n0) ,ny(n0) S H 1 t 62 MODOPT,DAMP,10,1.0,, !\ COMPUTE COMPLEX EIGEN }
39 e,n0,nmax+l prlng componen 63 MXPAND,1l0,,,YES ! EXPAND ALL THE MODES WITH STE
40 d,n0,all 64  CORIOLIS,ON,,,ON ! CORIOLIS ON IN A STATIONZ
4l d,mmax+l,all comes from named 55 RATIO = 4*ATAN({1)/30 ! CONVERT RPM INTO RADIANS,
42  alls - 66 Ls
43 *get,nmax,node,0,count select’on 67 *D0,I,1,nspin

44 cmsel,s,spring2 68 OMEGA,SPIN(I)*RATIO ! S0LVE FOR DIFFERENT ROTATIONZ
45  n0=ndnext(0) 59  SOLVE

46 n,nmax+l,nx (n0) ,ny(n0) 70 *ENDDO

47  e,n0,nmax+1l 71

45 d,nmax+l,all 72  FINI

49 d,n0,all 73

50 alls 74 /POSTL B4
51 < >

ANSYS, Inc. Proprietary April 30, 2009
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Simulation results I\NSYS

Training Manual

CAMPBELL DIAGRAM Ax
BW stable MARR 5 2009
FW stable 09:24:30

* The APDL scripts e o o
can create plots "~
and animations |

* The results can
also be analyzed
within the iy
Mechanical APDL e

581.776 1745.328 | 2908.88 4072.432 5235.988
Spin velocity

- 3 I CRITICAL SPEEDS ({(rpm) FROM CAMPBELL (sorting on) *##*%%
interface

627,

Frequency (Hz)

* Results are L
extracted using : e
*get commands : ssg. e

and exposed as
WB parameters Waorving s o

(showing the P o G g
performance of

the design)

ANSYS, Inc. Proprietary April 30, 2009

Inventory #002764
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Mode animation (expanded view) ANSYS

Training Manual

AN
NODAL SOLUTION MAR 5 2009
STEP=9999 14:32:48
RFRQ=0
IFRQ=368.752
MODE Real part
USUM (AVG)
RSYS=0

DMX =33.714
SMX =33.714

0 10.465 20.93 31.395 41.86
952232 15.697 26.162 36627 47.092

ANSYS, Inc. Proprietary April 30, 2009

Inventory #002764
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NANSYS

Design exploration

Training Manual

* The model has 2 geometry
parameters (disc and shaft

Outline of Al Parameters

- A B C

radius) as well as a stiffness t |8 Paramete Narme ake
. . 2 |B InputParameters

parameters (bearings stiffness) % RS T

4 b P2 DiskRadius 60

5 fp P7 BESTIF 43370

*4 output parameters are C P pramw |Newname ey
investigated: first and second e o
critical speeds at 2xRPM and o e e
P Na Crit, spee A
X optaline rom 11 §i PG Crit. speed 2xRPM 10496

4xRPM (obtained f

theCampbell diagrams and
*get commands)

ANSYS, Inc. Proprietary April 30, 2009
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Sample results

NANSYS

Training Manual

* A response surface of
the model is created
using a Design of
Experiments

Local Sensitivity

-0.1

e Curves, surfaces and

Sensitivity plots:
the bearing
stiffness has no
influence on the
first and second
critical speeds,
the disc radius is
the key
parameter

sensitivity plots are
created and the design
can be investigated

* Optimization tools are
also available

2nd crit. speed 2xRPM P6 - Crit. speed 2xRPM

Evolution of
critical speed
with shaft and

disc radius

P-Crit spesd axRPH

uuuuuuuuuuuu

ANSYS, Inc. Proprietary
© 2009 ANSYS, Inc. All rights reserved.
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Optimization

* A multi-objective
optimization is
described and
possible
candidates are
found (usually,
there are
multiple
acceptable
configurations)

* Trade-off plots
give an
indication about
the achievable
performance

ANSYS, Inc. Proprietary

Table of Schematic E4: Optimization

B

C

D

NANSYS

Training Manual

H

= Optimization Study

P1 - DS_Radius

P2 - DiskRadius

P7 - BESTIF

P3 - 2nd crit. speed 4xRPM

P6 - Crit. speed 2xRPM

126

125

124

122

121

12

119

118

117

PS - 2nd crit. speed 2xRPM (,10%)

1
2
B8 Objective Mo Objective | No Objective w| No Objective w No Objective Seek Target Maximize o Objective
4 Target Yalue \ 5000 )
S Importance Default - Default - Default v Default - Higher Default v Default -
B = GDO Sample Set
7 Candidate A ~ 20.746 ~ 65,901 = 51743 = 5344.9 »(K»( 4999.2 %y 11083 = 9694.5
8 Candidate B |~ 20.381 - 65.76 ~ 53017 SES5846:5) ’(’*’K 5002.2 xxx 11085 ~ 97015
"} Candidate C - 20.868 = 65.807 - 47497 = 5353 x'( e 5007.9 xxx 11099 = 9712
Tradeoff chart P4 - Crit. speed 4xRPM vs PS5 - 2nd crit. speed 2x] =%

49

52

53

54
P4 - Crit. speed 4xRPI

1.09 -

1.08 ey

Feasible points. °
°
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