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1. Introduction to dynamic analysis theory in Creo Simulate

1.1 Basic equations for dynamic analyses

Basic equation for dynamic systems

« Creo Simulate can only solve dynamic problems which can be described with help of
the following linear differential equation (DEQ) of second order:

[M i+ [Clixj+ K Jixi = {F ()}

« Herein, we have: [M]=mass matrix, [C]=damping matrix, [K]=stiffness matrix,
{F}=force vector, {x}=displacement vector and its derivatives with respect to time

Modal analysis as basis for all dynamic studies

* In order to determine the fundamental frequencies of a mechanical structure, first a
modal analysis is performed before any subsequent dynamic studies are carried out

« The equation which is solved here is a special case of the above differential equation:
[M Kx}+ [K Jix} = {0}

« Hence, for fundamental frequency determination in Creo Simulate, no damping [C] is
taken into account, so the real mechanical structures to be computed may only contain
little damping to keep the error small

« Damping is taken into account only during subsequent dynamic analysis like shown on
the next slide
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1. Introduction to dynamic analysis theory in Creo Simulate

1.2 Solution method coded

Solution Sequence:
* In Creo Simulate, the mentioned linear differential equation of second order,

M Jixj+[Cix+ [K Jixi = {F (1))

is not solved directly in physical coordinates, but in the following way:

« Before any dynamic analysis is performed in Simulate, the damping-free modal
analysis, [M [{x}+[K]x}={0}, is carried out to obtain the modal base (eigenvector
matrix) for the modal transformation

« The system is then transformed from physical space {x} to modal space {¢} by
replacing the physical coordinates with modal coordinates: {x} = [¢]{¢}

« Herein, [¢] is the eigenvector matrix, and {¢} modal coordinates; [¢] has a number of
rows equal to the DOF in the model, and columns equal to the number of modes;
{é} has one column and rows equal to the number of modes

* In a subsequent dynamic analysis, in which modal damping [C] = 2B [M]w and a
forcing function is added, we have [M], [C] and [K] as diagonal matrices now in modal
coordinates!

« After the solution is performed, the solution is transformed back into physical space
for post-processing

Remark: This solution method is used in many FEM codes for linear, small damped
dynamic systems because of its computational efficiency (only diagonal matrices) and
various practical advantages, e.g. different dynamic analysis types and damping values
can be rapidly executed on base of the existing modal analysis!
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1. Introduction to dynamic analysis theory in Creo Simulate

1.3 Damping

Let’s now look at the modal damping [C] = 28[M]w mentioned on the previous slide:

« For a simple, linear damped one-mass-oscillator (=harmonic oscillator with mass m,
velocity proportional damping constant ¢ and spring stiffness k), the damping ratio
B (in German “Lehrsches DampfungsmaR”) is

1.0

ﬂ_C_C_C

0.0} ..... -

z(t)/z(0)

« Herein, c.,, is the so called “critical damping”,
leading to the aperiodic limit case g = 1, in which the
oscillator just does not overshoot (red curve right) 10l

wi
« The damping ratio B is often expressed in % (like in Simulate), so we have
B>100%: very strong damping (creeping case)
£=100%: aperiodic limit case (critical damping = no overshooting)
£=50%: max. damping supported in Creo Simulate (green curve in the diagram)
B=1.4%: typical values used for many small damped, real mechanical structures
p=0%: no damping
«  Remember:
The undamped and damped fundamental angular frequencies are related as follows:

w, =2, = \/%; = w,1- B°
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1. Introduction to dynamic analysis theory in Creo Simulate

1.3 Damping

There are many methods to measure damping, like e.g.:

Logarithmic decrement § (relative damping):

X 1 X
o=In2==|n=2
X, Nn X

n+1

5 can simply be obtained from the decrease of amplitudes x; in an experiment
evaluated in the time domain where the structure is dying out over the time with its
natural frequency

& can then be transferred into g with help of the following equation (for small B):

5=—2_ . omp Xot 6

e o in 1: :I ----- maxima
Another method for an experiment 1] . - p=00
evaluated in the frequency domain . o i — p=01
is measuring the bandwidth B (in ' AL ' — p=02
German “Halbleistungsbandbreite”) N wE \ — p=03
or the magnification factor Q of the /LN, : p=05
oscillator (for g <<1): 5l /\ \ f=10

1 f, 1 B 2
Qzﬁ=g©ﬂ=ﬁ=ﬁ 1 =T

0 —1_
This is exemplarily depicted right 0 i . . : ;
for ,8 :O-I 0.0 0.5 1.0 1.5 2.0 2.5 f 3.0
—»| B |=— f_
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1. Introduction to dynamic analysis theory in Creo Simulate

1.4 Limitations of the solution coded in Creo Simulate

Limitations of the solution method

« We have only a linear system (all matrices are constant), that means no nonlinearities
can be taken into account like

» Contact
(therefore unknown force-vs-time curves of impact problems cannot be computed,
but have to be assumed and then applied as external force function vs. time [4])

» Change of constraints
(all dynamic analyses use the constraints defined in the modal analysis!)

> Nonlinear material
> Nonlinear damping (e.g. from friction, hydraulic devices,...)
* Only modal damping can be applied to keep the damping matrix diagonal and
therefore run times short (this damping is called in German language “Bequem-
lichkeitshypothese“ - “hypothesis of comfort”)

« A severe limitation is that no discrete damper, not even a linear one, is supported
(discrete linear springs are supported in dynamic analysis!)

« A discrete linear damper can only be approximated, this means those mode shapes
which are damped by a discrete damper may be taken into account with a higher,
individual modal damping

« Therefore, in Creo Simulate the damping can be applied in three ways:

» Constant for the complete frequency domain
> As function of frequency
> For individual modes
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1. Introduction to dynamic analysis theory in Creo Simulate

1.5 Result quality assurance when performing dynamic analysis

« The solution method is of approximative nature even for ideal linear structures:

» Continuum mechanical structures have an infinite number of natural modes, but for
computation only a finite number of modes can be taken into account by the FEM code

> Therefore, the modal base is cut after a certain number of modes, but in theory, the
exact solution can only be obtained by superposing all modes to the total response!

> Depending on this number of modes taken (or better not taken) into account, the
analysis results may become pretty inaccurate!
« Therefore, it is in the responsibility of the user to assure that a sufficient number of
modes is taken into account to obtain results of the required accuracy!

« There are a couple of methods how the result quality can be assured:
» Compare the results with an analytical solution (if existing!)
> Repeat the dynamic analysis with an increasing number of modes and see if the results
converge (typically done in analyses with force excitation)

» Only for analyses with base excitation: Check if the sum of the effective masses My off
of all modes taken into account is close to the total mass of the structure

> Arule of thumb is to take into account all modes with eigen frequencies until at least
the double value of the excitation frequency, but often even this may not be sufficient
(sometimes the author had to use >4x the max. excitation frequency)

> Check that for an excitation frequency of Zero Hz, the results match the results of a

separately performed linear static analysis undertaken with the same model!
Note: There will always be a difference at the location of force introduction!

adlLTRanN




1. Introduction to dynamic analysis theory in Creo Simulate

1.5 Result quality assurance when performing dynamic analysis e

Previous analysis = wuUlt

Jisplacements, velocities, accelerations relative to: Ground -

E Stresses CreO 2.0

[ Rotations [ Mass participation factors oes oet| o
Participation factors and effective masses: e — S cron a0
H H H H . Minimum time [] Rotations :
« For all dynamic analyses with base point excitation, the ; 0 s

[ Mass participation factors

code allows to compute mass participation factors and
effective masses:

» The effective mass m, effr multiplied with the base point acceleration, reflects the share
this mode has to the total base point reaction force!

> Note the effective mass of the mode depends on the excitation direction!

» The sum of the squares of the participation factors is the total absolute mass of the
structure!

A Simulate example output for a 2-mass oscillator with a total mass of 2 kg:
(=0.002 t; analysis was performed in mm, t, s unit system!)

Mode frequency part. factor eff. mass tot. mass

Tl bl My off = (4.351645e-02)2t = 1.894 kg = 94.7 %
1 5.445276e+01 4.351645e-02 94.7% 94.7% m, . = (1.027535e-02)?t = 0.106 kg = 5.3 %
2 1.425516e+02 1.027535e-02 5.3% 100.0% Total mass = my 4 + My 4= 2.000 kg = 100.0 %

Note: Modes with an effective mass of Zero cannot be excited over the base points
(=the interface the structure is mounted to), but of course they may be by another
external force directly acting on certain points of the structure!

Effective masses are therefore just of importance for base point excited structures
and not for force excited structures!

Since Creo Simulate 3.0, the mass participation factors can also be requested in a
modal analysis (output very comfortably for all three translations and rotations!)
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2. Modal analysis

2.1 Standard modal analysis
2.1.1 Introduction

« Like mentioned in chapter 1, the modal analysis just solves

M+ [K]ixp={op
« Note again damping [C]{x} is not taken into account in the
Simulate modal analysis, so fundamental frequencies may

appear in reality at slightly lower frequencies than predicted

« For typical damping around 1-4 %, this influence is negli-
gible, but for the max. modal damping supported in the
subsequent dynamic analysis (50 %), it may be up to 13.4%:

= w,\1-0.5° = @, -0.866

« The user has the following choices to request modes:
> Number of modes (always starting at Zero Hz)
> Al modes in frequency range (with arbitrary min. and max.
frequency)
« The code supports constrained and unconstrained (“free-
free”) modal analysis with rigid mode search

« Displacements (mode shapes) are always output as result;
optional are stresses, rotations (for beams and shells), local
stress errors, and new in Creo 3.0 mass participation factors

« Until Creo 2.0, mass participation factors could only be
requested in subsequent dynamic analysis with base point
excitation

Name
vshaft_modal_stress

Description

Constraints
[] Combine Constraint Sets

Name Component (@ Constrained
simphy_static VOLUME_UNBALAN (™) ynconstrained
simphy_supported VOLUME_UNBANAN

4 E’ With rigid mode search

Excluded
Elements

Modes Output Convergence

() Number of Modes
(@ Al Modes in Freguency Range

£

Number of Modes

0
2000

Minimum Freguency

qximum Freguency

0K Cancel

[[] Combine constraint sets

Name Component
simply_static VOLUME_UNBALANCED_
simply_supported VOLUME_UNBALANCED_|

4 » | [s with rigid mode search

@ Constrained
) Unconstrained

Excluded
elements

Calculate Plot

Modes Output | Convergence

[[] Rotations
[7] Reactions.

[ Local stress errors

Mass participation factors

Creo 3.0

Plotting grid| 4

OK Cancel
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2. Modal analysis

2.1

Standard modal analysis

2.1.1 Introduction

All known convergence methods are supported, with
the exception of multi-pass adaptive convergence on
measures (as supported in static analysis)

Note the plotting grid must be set in the modal
analysis, too, and cannot be changed in the
subsequent dynamic analysis!

Mode shape output:

Per default, the eigenvector displacements (mode
shapes) are output unit normalized (=max. disp.
magnitude scaled to 1), but the user may request
mass normalization acc. to the equation

{Xi}T '[M]'{Xi}zl

This is sometimes advantageous since modal stress
(if requested as result) is always output for mass
normalized mode shapes, and for meaningful modal
stress evaluation it does not make sense to use
different normalizations for displacements and
stresses (see chapter 3.2)

Maodal Analysis Definition x
Name
|v5haﬂ_moda|_5tre55 |

Description

Constraints
[] combine Constraint Sets
Name Component @ Constrained
simply_supported  VOLUME_UNBAL % | () Uncenstrained
i - [wf" With rigid mode search
Modes Output | Convergence E;C:::tds
Method
Multi-Pass Adaptive -
KMulti-Pass Adaptive
Single-Pass Adaptive |} ‘
Cuick Check

Waximum | = |

M
) Frequency

I':,‘I Frequency, Local Displacement and Local Strain Energy

(@ Frequency, Local Displacement, Local Strain Energy and RMS Stre:

OK Cancel

Creo Parametric Options
I”| View and manage Creo Parametric options.
nt

o
Colors Briims

Display Sot | Alphabetical |+ Show: | CUsersiRoland.Jakel

aty Display  CAUsersWoland Jakel
slection

Sketcher Name Value s

Assembly # accuracy | 1e-10 .

Data Exchange % enable_absolut yes &

Sheetmetal # enable_ad yes @

# fasthlr yes PS

Customize Ribb & multiple_skelet yes @

Quick Access Toolb Z 10 @

{ es L

I &

@

=R

a
Configuration Editor
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2. Modal analysis

2.1 Standard modal analysis
2.1.2 Example

A long, slim drive shaft

« Steel shaft length 500 mm,
diameter 13 mm
(E=190 GPa, v=0.3, p=7.85g/cm?3)
« Simply supported
« 1st fundamental frequency:
fo~ 100 Hz

Analysis as

1. simple 2 p-beams model
(=much faster)

=4

2. volume model with help of a 53
mapped mesh 53
(=better visualization of results) 53

« Request for mass-normalized 53
displacement output: g

_:;;' :?r:ffrf::r:?l:m_modes yes élé
“ =im nn hackaround_color white é'b
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2. Modal analysis

2.1 Standard modal analysis
2.1.2 Example

Modal analysis results:

Beam model (2 p-beams only!): Volume model (420 p-solids):
(CPU time 0.47 s) (CPU time 150.45 s)
Mode Frequency {(Hz} Convergence Mode Frequency (Hz)
| 1 2.825479e-05 8.6% 1 1.639796e-03 Rigid body mode (shaft rotation) |
2 1.003814e+82 0.0% 2 1.00367%e+02 1% bending mode
3 1.003814e+02 0.6% 3 1.0083679e+02
4 4 _P@5557e+@2 0.0% 4 4_003401e+02 27¢ bending mode
G 4_A@5557e+02 0.6% 5 4._083401e+02
6 8_976563e+02 8.6z 6 B8.965832e+02 3794 bending mode
7 8.976563e+02 8.6% 7 B8.965832e+02
8 1.587866e+03 8.3% 8 1.583717e+03 4th bending mode
9 1.587866e+03 9.3% 9 1.583717e+03
[ 18 2.45986%9e+83 8. 0% 18 2.398748e+03 axial “pumping” |
11 2.462784e0+83 1.1% 11 2.454540hp+03 5th bending mode
12 2.462784e+083 1.1% 12 24545446+ 03
| 13 3.851892e+03 8. 0% 13 2.980194e+83 15t torsional |
14 3.5173%0e+083 1.6% 14 3.5080247e+03 6th bending mode
15 3.517350e+83 1.6% 15  3.5008247e+03
16 4.764483e+83 12.0% 16 4.718566e+03 7th bending mode
17  4.764483e+83 12.0% 17 4.718566e+83
[ 18 6.102184e+03 0.0% 18 5.0501Ghe+@3 2nd torsional
10 6.312261e+03 16.9% 10 6.0973706e+03 8% bending mode
20 6.312261e+83 45 0% 20 6.873706e+83

Note: Modes with same frequency, respectively, occur because of the rotational
symmetric structure (bending may appear in any lateral direction)!
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2. Modal analysis

2.1
2.1.2 Example

Standard modal analysis

Virtual shaft thickness increase under torque just
because of linearized theory and displacement scaling!

Mode shapes (with mass normalized displacement output!)

Digplacement Mag (WCS) g
{rnrm) 5
Deformed 2
Max Disp 6.1952E+0 4
Scale 8 6034E-01 g
Mode 2, +1.0037E+02 %

3.8726+00

] st 1075e 07

\

“windawd" - vshaft_modal_stress_map - vshaft_maodal_stress_map

Displacement Mag (WCS)
{mim)

Deformed

Max Disp 6.1929E+

Scale 86066E-01

IMode 4, +4.0034E+
2 nd

Wnduw’i - vshaft_modal_stress_map - vshaft_madal_stress_map

PO S SN L B I N
€
[
T
o

Displacement Mag (\WCS)
{mim)

Deformed

Max Disp 6.1925E
Scale 8.6072E-01
Mode &, +89658E+

3.096e+01
2.709e+01
2322e+01
1935e+01
1548e+01
1.167e+01
7.741e+00
3.870e+00
1.050e-05

3rd

Y

"Window " - wshaft_modal_&tress_map - wshaft_modal_stress_map

isplacement Mag (WCS)

Mode 8, +15837E+0

3.867e+00
1.608e-05

Y

"Window!" - wshaft_rpodal_stress_map - vshafti_modal_stress_map

cs) 61.2375

Displacement Mag ( 57.4102

()
Deformed
Max Disp 6.1237E+01
Scale 8 7038E-01
Mode 10, +23937E+03

1st axial

"Window{" - vshaft_maodal_stress_map - vshaft_modal_stress_map

Displacement Mag (WCS) gégégigl
{rrn)
3.867e+01
3.480e+01

5413e+01
Deformed
Max Disp 6.1865E
Scale 86155E-01
Mode 11, +2.4545E+0) 3.093e+01
5 th

5.027e+01
2.320e+01
1.547e+01
4404
Wnduw1 - vshaft_modal_stress_map - vshaft_modal_stress_map

4 640e+01
2.707e+01
1.933e+01
1.160e+01
3.867e+00

4.253e+01
T.733e+00
e 05

8.649e+01
8.108e+01
7.568e+01
7.027e+01
6.487e+01
5.9466+01
5406e+01
4.8656+017
4324e+01
3.784e+01
3.243e+01
2.703e+01
2.162e+01
1.622e+017
1.087e+01
5406e+00
3282811

Displacement Mag
(i)

Deformed
Max Disp 8.6490E
Scale 3.0813E-01
Mode 13, +2.9802E+

] st

torsional

"Window!" - wshaft_madal_stress_map - wshaft_modal_stress_map

) 8.657e+01

8.116e+01
7.575e+01
T7.034e+01
6.493e+01
5.951e+01
5410e+01
4.869e+017
4.328e+01
3.787e+01
3.246e+01
2.705e+01

Displacement Mag
{mim)
Deformed
Max Disp 8.6567E+
Scale 3.0785E-01
Mode 18, +5.9592E+03

2nd
torsional

"Window " - wshaft_modal_stress_map - vshaft_modal_stress_map
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2. Modal analysis

2.1
2.1.2 Example

Standard modal analysis

Modal von Mises stress (always computed for mass normalized displacement output!)

3018.60

Stress von Mises (WCS) 3000 00

(MPa)

IMode 2, +1.0037E+

200.000
0.04227

"WindowT" - vshaft_modal_stress_map - vshaft_modal_stress_map

120087

Stress von Mises [WCS) 11259 1

(MPa)
Deformed
Scale 8.606
Mode 4, +4.0034E- 21\

>

751163
0.59324

1201E+04

"window " - vshaft_modal_stress_map - vshaft_madal_stress_map

Stress von Mises (WCS) 288250

{MPa)
Deformed
Scale 8.607
Mode 6, +8.9858 O?X

-

odel Maxgi2 883E+04

"WindowT" - wshaft_modal_stress_map - vshaft_madal_stress_map

Stress von Miges (WCS) 472152

(MPa)
Deformed e
Scale 8613650}

2950.97
0.02031

"Window ™ - wshaft_modal_stress_map - vshaft_madal_stress_map

Stress von Mises (WCS) 21 %852183
(MPa)

4 200e+04
Deformed

3.900e+04
Scale 8.703

ke 3.600e+04
Mode 10, +2 3987E+

3. 200e+04
3.000e+04

2 100e+04
1.800e+04
1500e+04
1.200e+04
9.000e+03
6.000e+03
3.000e+03
1.144e+030

o

"Window1" - vshaft_modal_stress_map - vshaft_modal_stress_map

Stress von Mises WCS) géggg g
(WPa)

8385
Deformed SAB83 3
501256
45569.0
410124
384557
318991
273424
227858
182292
13672.5
9115.88
4558.24
259797

"Aindaw 1" - vshaft_modal_stress_map - vshaft_madal_stress_map

Stress von Mises (WCS) gggg%
MPa) 583579
Deformed  w¢

546538

504496
Scale 3.0813] 462455
Mode 13, +2

420414

4204.14
0.00033

"Windaw'™ - vshaft_modal_stress_map - vshaft_madal_stress_map

Stress von Mises (WCS) ]%g?g:gg
(MPa) 11776405
Deformed ] ggggzgg
Scale 3.0785
Mode 18, +5

9.244e+04
§404e+04
7.564e+04
6.723e+04
5.883e+04
5.042e+04
4 202e+04
3.362e+04
2.521e+04
1.687e+04
8.404e+03
4.101e-01

1.345E+05

"Windaw1" - vshaft_modal_stress_map - vshaft_madal_stress_map
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2. Modal analysis

2.2 Modal analysis with prestress
2.2.1 Introduction

Allows to take into account fundamental frequency
changes from preloads:
» Tensile stresses in slim structures increase the

fundamental frequency (e.g. a music instrument
string or a turbine blade under centrifugal loads)

» Compression stresses in slim structures decrease
the fundamental frequency

> Bending preloads do not significantly change
fundamental frequencies, since tensile and
compressive stress loaded regions of the structure
are balanced and compensate each other
Basis of a modal analysis with prestress is a linear
static analysis that defines the preloaded state created
by the preload force {Fy}. From this preloaded state,
the stress stiffness matrix [K,] is computed for each
integration point of each element

The modal analysis with prestress then solves the
foIIowingz equation:

[M s+ (K ]+ K, (F, f)x} = (0]

Note that unlike in a Creo Simulate static analysis with
prestress, the static prestress cannot be combined
with dynamic stress in subsequent dynamic analysis
output!

Pre-5tress Modal Analysis Definition x

Name:

|Viu lin_A_string_modal |
Description:
| A-string tuned to 440 Ha] |

Constraints
[] Combine constraint sets

Hame
simply_supported
4 »

(®) Constrained
21 O Unconstrained

[] with rigid mode search

Previous
analysis

Excluned

Output Convergence clemeth

E Use static analysis results from previous design study
Design Study: A_string_preload
Static Analysis:

Load Set:

A_string_preload

Name Component
440Hz_force WOLUME_UNBALANCED_|

4 3

Ldad scale factor: |1

\ OK Cancel

Note the force applied in the
previous static analysis defining the
preloaded state can be optionally
scaled, so it does not need to be
re-run if another preload is applied!
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2. Modal analysis

Name:
Demo_buckling

2.2 Modal analysis with prestress
2.2.2 Relationship with other analyses taking into account preloads

Previ
revious Convergence Output EETOET

. . . G- . " . analysis elements
« Linear buckling anaIYS|s ( E|g§:nvalue I:_>uckI|_ng_1 ): Itis b o e S
also based on a previous static analysis defining the e -
preloaded state, but solves the equation: 85 e componen
([<+ 20 (7. D)= {0}
> Ais also called the “buckling load factor” BLF ‘ '
» The linear buckling analysis does not take into o Number ofbucking modes: |5 :
account large displacements (it is assumed that the [Deno_estress st e
geometry is not significantly changing under load), -
so no tangential stiffness matrix K, = K+ K, + K, Constaints Lovas
with K, as stiffness matrix for large displacements is [ combine constrant sets mfE
taken into account [5] sl VOUNE| | | wiwey Vo]
- Static analysis with prestress: T v s | | ) s s

<]+ K, (P, DDix} = 1F)

@atic analysis results from previous design D
v

Like the modal analysis with prestress, this analysis e o -
takes into account weakening or stiffening effects from e component |
preloads! 0 free 2 VOLUNE UBALANCE:

> Both preload analyses may fail with the misleading < ;

error message “insufficiently constrained”, if the
applied preloads are above the critical buckling load!
» Static analysis with prestress outputs raw stresses Load scale factor: |1
and no superconverged stresses [9], so unlike in all TR Cerre e vin st romorevms sic svass 2>
other analyses in the postprocessor you can smooth
these stresses (unsmoothed raw stress output allows

to check for meshing quality) Al TRAanN

0K Cancel




2. Modal analysis e

I”| View and manage Creo Parametric options.
ent
Colors
. Display
3 3 - .ty Display
2.3 Hints for application
Sketcher Name Value
Assembly # accuracy_lower_bound 1e-10
Data Exchange % enable_absolute_accuracy yes
# enable_advanc

Options

Sort: | Alphabetical - Show: = C:\Users\Roland.Jakel

Shestmetal

Customize Ribbon

« Mass normalization can be requested via config.pro— | s o

Window Settings

option “sim_massnorm_modes” or with the engine p—
command line option “-massnorm”

« With the “plotting grid” setting the RAM and hard disk resource Output | Convergence EXCluded

elements

L N K N N N AT

consumptions can be highly influenced: E.g. for volume structures Pro
with no interest in a detailed stress computation in a later dynamic
analysis, a plotting grid of 2 is sufficient! (Fotinggrd ¢ 2]

(for beam models, a high plotting grid up to 10 should be used!)

« Also note requesting modal stress in the modal analysis needs a lot of RAM, so huge
system models running into memory limits in the modal analysis may successfully
run with deactivating the modal stress request

« If a static analysis fails with the error message “insufficiently constrained”, the rigid
mode search in a constrained modal analysis can be successfully used for detecting
the under constrained part or degree of freedom of the model (pretty useful for big
system models with many parts/subassemblies).

Remark: If the modal analysis fails with the same error message even though, the
reason is usually a free rotating point of the structure (e.g. a spring end point)!

« A modal analysis may also be used for checking mechanism modes, so for assuring a
correct force flow in a static analysis!

« Measurement points should be defined before meshing (e.g. use hard point Auto
GEM control or directly define the measure before meshing of the modal analysis
model) - otherwise, the mesh cannot be reused in the subsequent dynamic analysis
and the modal analysis has to be performed again! ALTRaN




3. Dynamic Analysis

3.1 Classification of the supported dynamic analysis types

« Depending on the forcing function {F} on the right side of the differential equation (DEQ), four
different linear dynamic analysis types are supported in Creo Simulate:

_ Periodic system (steady state) Transient system

Exact Dynamic frequency analysis: Dynamic time analysis: *)

excitation Only harmonic excitation F = F cos(wt + ¢) - The excitation function is accurately known and

function neglecting transient effects - is present; the force is  applied as function of time; the results are

(deter- applied as function of frequency (f = %) and all evaluated in the time domain

ministic) results are evaluated in the frequency domain

Non- Random response analysis: Dynamic shock analysis: **)

deter- The forcing function is obtained by statistical means  The excitation force is typically a short random

ministic (usually with help of measurements) and applied excitation (e.g. earthquake, pyrotechnic shock), for

ctaitan typically as acceleration density function which an SRS (shock response spectrum) has to be
(=acceleration density vs. frequency) computed as input for the FEM analysis. The

analysis just offers an image of the “worst case”
state with low computational effort!

*) Of course, in a dynamic time analysis also a harmonic excitation function can be applied, but
unlike in dynamic frequency analysis, which just regards the particular solution of the DEQ,
also the transient state will then be computed (homogeneous solution) before the steady state
is reached

**) Strictly speaking, a dynamic shock analysis can be performed for any type of excitation for
which an SRS can be obtained (e.g. also deterministic functions like half sine shocks, impulse
functions, even harmonic excitation), but often it is performed for the mentioned transient
examples

adlLTRanN




3. Dynamic Analysis e ]} e ﬂ\
| Deescription |<\ time + abs(x)
- acos(x)
3.2 Dynamic time analysis -~ I B
3.2.1 Introduction External file : somdixom
ke — data import o
« The dynamic time analysis is the T ; = . e
H H 2 0.001 nz 1 = dead(x,lo,hi}
most universal and most simple to — %= - o
. . . = if(cxy
understand dynamic analysis in ¢ o e B ||| )
Creo Simulate, but also the — S =S N ) o)
computationally most intensive - s
. . Warning signix,y)
¢ If Other dyrla'mlc analyses fall for g:gilzlL;sreiurnedlk::rrinverset::;n:nnmetricf;:gignﬂsmns' 5;:?:
certain coding limitations, it is a — - st
good idea to try this analysis type! = i ’ | ancel tanco)
. . BasePointShock
« Nearly any arbitrary force vs. time = | s
function can be applied, either = E— =
. ’ . —— > Selection between base point
> in for_m Of any analytic Sase fosslerstion Tine Bependencs excitation or external force
funczlon like e.g. et T | Uotrecnn Tansiton N excitation (=“load functions”)
F = F COS(a)t + (p) < k Jzi:’;tse”‘ﬁanslat?nns& Rntat.inns I} ‘
(for a” programmable — Translations at 3 Points
functions, see right) x [
» oras a tabular function (e.qg. M
as file input from a given Default time-dependent function

force-vs.-time Vale - ““_‘ LA for dynamic time analysis is the
! = ' impulse function (“Dirac-impact”

measurement) AP . .
. Alternatively any base point uoder | Provios Amyes | Outoet of infinite short impact duration)
y .?lDdeslmluded
. - (@ Al
(interface) acceleration can be e ae 0
defined in a similar way Zempins Cosficint () =
2

Lok o aLTRanN




Function Definition x

3. Dynamic Analysis it s 5051
Description

resulting freguency 50 Hz

3.2 Dynamic time analysis

Graphtool Drefinition
3.2.2 EXampleS File View Format Type
= G @ @i @ = Symbalic v

A half sine base point acceleration shock Creo Grph || e rorTres 0
B000 T
« We want to apply a half sine wave shock e Available Tunciion GoMPORENTS -
with 50 g peak acceleration and 10 ms 343500 —
) 1 1 2'30'00—_ Angle coordinates, arguments of trigonometric functions,
—_— —_ —_ :Izs.oo_ and values returned by inverse trigonometric functions
duratlon (f - ; - 20 ms - 50 HZ) %js-zg—i are interpreted asradi‘;ns. ’
« The required analytic expression takes s o @Cam
advantage Of the “if”_function ShOWn right 600 LA L L B L NN L B BRI B
« Correct coding can be checked by e
graphical visualization of the function

e
A base point step (jump) function e e ’
« We want to apply a 1 g step function for .k 1
tlme t:O z 0 Available function components ...
* Very simple to code like shown right velue ime Dependence
« Always note the constant scale factor and - o S
units in the analysis definition dialogue! m“"';jezi N
A harmonic sine excitation o o S
«  We want to apply a force of 10 N with 7«3 e =
f=100 Hz, starting with O N at t=0 e | [rmmerarrarmes
Loading: Load Functions E j;’z:: Available function components ...
e POV | N
S|k oo OCRATOR |/, vaon 00t e e e e e T T T dlLTRAan

tirne




3. Dynamic Analysis

3.2 Dynamic time analysis
3.2.2 Examples

A long, slim drive shaft with unbalance operated at
its resonance frequency (100.3 Hz)

« Example model of chapter 2.1.2

« Rotational speed 6000 rpm (100 Hz)

« Modal damping 2 %

« Static unbalance mass u=1 gram at unbalance
radius 6.5 mm in the middle of the shaft (no

dynamic unbalance assumed in the example, but
this would be simple to simulate, too)

Questions of interest:

« How big is the displacement (shaft bending)
under this operating condition?

« How big is the max. shaft acceleration due to
vibration created by the unbalance?

« How long does it take until the shaft swings up?

* Are the stresses in the shaft still low enough so G =ew="w="" & balancing quality [m}
that it can be safely operated even though it is m m s
running in resonance? U= unbalance vr[g mm]

. . .. v = unbalance mass
« Is the foreseen balancing quality G sufficient, e.g.  r = unbalance radius of u

to obtain the required swinging velocity? = total mass of the rotor
= excentricity of m

= angular velocity aLTRaﬂ

e ™ 3




2.508e-02
2.352¢-02
2.195e-02
2.038e-02
1.881e-02

< 1.725e-02
. 1.568e-02]
. 1411e-02]
. 1.254e-02

3. Dynamic Analysis i v

Deformed >
Max Disp 2.5084E-02]
Scale 2.1249E+03
Loadset:100Hz_force_Z §M

IME_UNBALANCED_DRIVE_SHAFT

3.2 Dynamic time analysis
3.2.2 Examples

Before we run the dynamic time analysis, let’s see what we
can do with some simple estimations and the information
we already have:

« Unbalance force: E, =u-r-w? = 2.566 N

« Static deformation under this force: 0.025 mm
(obtained in a simple, linear static analysis shown right
or with help of a formulary)

« Magnification factor for the given damping:

“Window1" - vshaft_static_map - vshaft_static_map

Q=1/2B=25

« Therefore the expected deformation at 6000 rpm
(very close to the resonance peak) will be:
~ 0.625 mm

« From the modal analysis of chapter 2.1.1 we know that
the modal von Mises stress is 3019 MPa for a mass
normalized displacement of 61.95 mm

« Since with the central unbalance force at 100 Hz we
predominantly excite just the first mode, we can
estimate the real stress by scaling the modal stress
from mode 1 to the estimated displacement of
0.625 mm by rule of three: We obtain approx.

30 MPa in resonance from this! B\,

Loadset:1 00Hz_forcs\jl. E_UNBALANCED_DRIVE_SHAFT

X M Pa 0 . 625 m m "Window1" - vshaft_static_map - vshaft_static_map
= = X =30 MPa

3019 MPa  61.95mm adlLTRan




3. Dynamic Analysis

3.2 Dynamic time analysis
3.2.2 Examples

Setting up the dynamic time analysis

« The 100 Hz rotating unbalance is defined by
using a sine and a cosine forcing function as
time dependent functions for the two unit
forces applied under 90 °, respectively

Force/Moment Load x
2 Name
E,=urw Cosine function for 100 Hz | name: [ Loadt] L=
| vbeam_shaft_mod_stress st_map |
— Member of Set
LESE o unit_force_ | New.
‘ References
Loading: = Load functions - Points o
| Points : (@ Single () Feature () Pattern () Intent
W Sumload s
Point "PNT_UNBALANCE"
Load set / component Time Dependence | =
m unit_force_ / VO LUME_l| fix) ] inbal_1gram_&pSmm_cos FErTIE )
— Coordinate System: (@ World () Selected
unit_force_Z / VOLUME_L | £ix) ] unkal_1gram_spSmm_sin 4
— — — Jhxwes | Advanced>> |
Modes | Previous analysis Output Force Moment
- Modes included Components - Components -

@ Al . ; « |n | |0 |
() Below specified frequency:

- X
(oseamoformor) | : —
- Damping coefficient (%) z |IJ | z |EI |

| Available function components ... | For all modes -

N - mm M -

Warni
) 2

Angular coordinates, arguments of trigonometric functions, Preview oK Cancel
and values returned by inverse trigonometric functions ' : ' '

are interpreted as radians.

| OK | Cancel |

| Review | | Ok | cancel | AlLTRaN




3. Dynamic Analysis

3.2 Dynamic time analysis
3.2.2 Examples

Displacement animation [mm] of the swing up process (scale 100:1, 0.5 s duration)

Stop 3, Time 1.00008-03 . 6.1038-01
Displacement Mag (WCS} max. displacement 0,61 mm a00001
{men) 5,6008-01

Deformed 20000
Max Disp 1.8441E03 TW:

Soale 1.0000E+02 4.400e-01)
Loadsetunii_force Y : VORUME_UNBALANCED_DRIVE_SHAFT 4.0008-01

3.6000-01
3.2000-01
2.800e-01
2.4000-01
2.0008-01
= 1.6008-01
1.2000-01
8.000e-02!
4.0000-02
2881011

"Window1® - vbearn_shaft_mod_stress st map - vbeam_shaft_mod_stress_st_map

adlLTRanN




3. Dynamic Analysis

3.2 Dynamic time analysis
3.2.2 Examples

Von Mises stress animation [MPa] of the swing up process (scale 100:1, 0.5 s duration)

Stop 3, Time 1.00008-03 . 2.9820+0]
Stress von Mises (WCS) max. von Mises stress 29.62 MPa 28008701
Deformed 2.6000+0]
Saale 1.0000E+02 :'m:
Loadsotuntt_force_Y : VOLUME_UNBALANCED_DRIVE_SHAFT 5 :

Y

1.800e 10!
1.800e+0}
4400810
1.200e+0]
4.0008+0!
8.000e+04
6.000e+04
4.000e+04
2.000e+04
4 7.6020-08

"Window1® - vbearn_shaft_mod_stress st map - vbeam_shaft_mod_stress_st_map

adlLTRanN




3. Dynamic Analysis

3.2 Dynamic time analysis
3.2.2 Examples

Measures for displacement magnitude [mm] (left) and Y-acceleration [g] (right)

disp_magn acc_Y
My rev)
ime ime
Loadset:unit_force_Y : VOLUME_UNBALANCED_DRIE_SHAFT Loadset:unit_force_Y : VOLUME_UNBALANCED_DRIVE_SHAFT
"Window1" - vbeam_shaft_mod_stress_st_map - vbeam_shaft_mod_stress_st_map "Window1" - vbeam_shaft_mod_stress_st_map - vbeam_shaft_mod_stress_st_map
0.70 _ 25.00 _
] 20.00 |
0.60 _| ] s > Details
acc_Y
15.00 _| Quantity
T Measure Definition x Acceleration - | mm/sec"2
Mame T Component
disp_magn| > Detatls 10.00 _| s M
Quantity Coordinate System
Displacement - mm 1 N S wies
Component 5.00 _| Spatial Evaluation
Wagnitude - At Point -
Spatial Evaluation B .
At Point - > 0.00 HiE)
o .00 o 5
Point(s) g Q Point "PNT_UNBALANCE
Q Point "PNT_UNBALANCE™ ) Dynamic Evaluation
-5.00 ] At Each Step -
E’;‘Eﬁ::zﬁz‘;ﬁfml ] [] cumulative
At Each Step - -10.00 _| Walid for Analysis Types
. Dynamic Time Analysis
Walid for Analysis Types ] Dynamic Frequency Analysis
Dynamic Time Analysis - Dynamic Random Analysis
Dynamic Freguency Analysis - -15.00
Visible at high bly level
9 Visite at igher asssmby evel ) [Wf Visible at higher assembly level
OK Cancel -20.00 _| = —
| W I
VT
T T T T T T T T T T T T T T T T T T ] T T T T T T ™ T T T T T T T T T T ]
000 005 010 045 020 025 030 035 040 045 050 000 005 010 015 020 025 030 035 040 045 050
Time Time
disp_magn acc Y

adlLTRanN



3- Dynamic AnaIYSiS «wies Previous analysis | Output

Calculate

Stresses
3.2 Dynamic time analysis gwﬂns
3.2.2 Examples Outpt siops
Using the dynamic analysis output functionality ‘ e |
« Dynamic analysis can typically be computed i
with automatic output or user defined output ® Uaeraetmes
steps 0499 |

> For the first case, only measures are output
and the code automatically assures a
suitable (time or frequency) stepping

> Since there are no system default measures P
for dynamic analysis, the user always has R Stresses
to define measures before a dynamic [] Rotations
analysis with automatic steps (better
already before the modal analysis) =

> For user-defined output, the user can

dodes Previous analysis | Output

select stepping and request full results umber ofmasier sicps -
(=colorful PP images) for all or only those ; Ems /EE”::F“”E:\‘\
steps of certain interest ) [ = —
« Oftenitis a good idea to run the first analysis + [ooots W Ful resuts
with automatic output (and meaningful - E::“ﬂ: - | o-

measures!) and then run a second analysis with
user defined output for further evaluation

«  We will subsequently explain this at the shaft
example

Measures output steps per master ste

adlLTRanN




3. Dynamic Analysis

Output steps

User-defined output steps

3.2 Dynamic time analysis umber of master stepe s

3.2.2 Examples ors. |0.4ans
Animating only the particular solution of the DEQ for g // g::: e S e
the unbalanced shaft in a dynamic time analysis ez [owws |\ | @raresns |} o |
« The measurement output for e.g. the Y- R terj'e:”'”“”“s ~
acceleration shows that the system has practically
reached its steady state at the end of the
computed time span of 0.5 s
> So we will request full output now just for the
last period of the analysis, this can then be
repeatedly displayed in the postprocessor Name e
‘Wir;f::;lecliun ‘ |
rav) Design Study Analysis
Loadset:unit_force_Y : VOLUME_UNBALANCED_DRIVE_SHAFT 5 mbalsteady_map| | vbeam snat_unbal_seacy_map
| o
TR I
10.00 % % é& j Quantity Display Location  Display Options
% [] continuous Tone E Deformed
"] LegendLevels |15 | +] E?meun‘:?rn}w
;I 0.00 - (\_;:I::l;rcmcur'2 Scaina] 100 u-
® e ) [] Show Element Edges.
i %E .
000 _‘ % Show Bonding Elements
-15.00 _ % ? % QE % j; % % i::ﬁétaart
' 1H 1 i : I

ComoLm e e e e e e ) alTRan

OK OK and Show Cancel



3. Dynamic Analysis

3.2 Dynamic time analysis
3.2.2 Examples

Von Mises stress animation [MPa] of the steady state (scale 100:1, one period of 0.01 s)

Swp 981, Time 4 9000E-01 298167
Streas von Misas (WCS) 27 9532
(MPa) 260897
| 242261
22.3626
20 4991
18635
16.7720
14 9085
13.0450
111815
931794
TAS442
559009
EXriEn
196384
000032

"Window1" - vbeam_shafi_unbal_sleady_map - vbsam_shaft_unbal_steady_map

adlLTRanN




3. Dynamic AnaIYSiS The independent variable in dynamic

frequency analysis is the frequency

3.3 Dynamic frequency analysis )A Symboiic Options x
3.3.1 Introduction 5 ==
(] e ) | Em—
. . * asin(x)
« The dynamic frequency analysis computes the Comsanis s
. i . atan2(yx)
structure’s responses to pure harmonic e — : e vmiem |
. . . . . . sweep_1g
excitation (cosine/sine function with one Descrgtion Close

frequency at the same time) and disregards any
homogeneous solution (transient oscillation);
just the steady state (particular solution) is taken

Loading: Base Excitation -
Base Acceleration Frequency Dependence

Excitation Type: Uni-directional Translation v

IntO aCCOU nt Coordinate System
. . . k[l wes Default amplitude
« So for a given excitation frequency f = w/2m, the . function for dynamic
exciting force (if force excitation is present) has T i EElsls 15 s
. uniform function (no
he following form: :
t g . Yo change of amplitude vs.
F(t) = F,, cOS(at + ¢) o frequency)

Value Ampitude Phase (radians}

« The amplitude F,,,, and phase ¢ of the excitation M e~ =
vs. frequency function can be input by analytic
functions or as tabular input (in analogy to the Morle® | Provious Analvaia | Qutput
tools used in dynamic time analysis) ® A ;

() Below specified frequency:

« Like in dynamic time analysis, in addition to load =
functions also base excitation is supported

« A typical application is a sine sweep test with a
very low sweep rate (strictly speaking: an ok || Cancel

infinitely low sweep rate!) /
Default phase function is Zero

) |unif|:lrn'|

£

adlLTRanN




- - Dynamic Frequency Analysis
3. Dynamic Analysis o

Name:
|5weep_0p5g
Description:
3.3 Dynamic frequency analysis |
3.3.2 Examples Loading: Base Excitation

Base Acceleration Frequency Dependence

0.5 d constant base DO|nt aCCEIerat|0n |n X Excitation Type: Uni-directional Translation v
between 10 and 2000 Hz (sine sweep) ol eTs

L:,J\;wcs
« Very simple to define, see right Direction
« Note the possibility to request output x|

relative to “ground” or “supports”’-option ; E

for base point excitation!

Value Amplitude Phase (radians)
05 grav w | | fitx) | uniform | f{x}|zern

10 mm frequency independent (constant) = =

base point displacement amplitude
« We have to define a frequency dependent

Modes Previous Analysis  Output
Calculate

Dizplacements, WVelocities, Accelerations Relative To:

Ground b4
. . . Ground
acceleration function for this as shown B Stresses Supports L%
[] Rotations E’ Mass Participation Factors
below Function Definition x
Name COutput Steps
X = Xiax Sln(a)t) |cnnstant_disp| | Automatic Steps within Range v
. - Minimum Frequency
X = X0 @ COS(a0t) | s | Ir |
X = Xmaxa)z (—Sln(a)t)) = _lla.ximum Frequency
Definition () Automatic
Type @ User-defined
Symbalic L | 2000 |
bolic Expression
Available function components ... oK cancel
Value Amplitude Phase (radians) Important to activate for non-constant tabular
10] mm { sect? =] |71l constant cisp o input only, otherwise the automatic frequency

stepping generator misses those frequencies!

0K Review Cancel aLTRa n




3. Dynamic Analysis

3.3 Dynamic frequency analysis
3.3.2 Examples

A long, slim drive shaft with unbalance

operated at its resonance frequency
(100.3 H2)

« Example model of chapters 2.1.2
and 3.2.2:

> Nominal rotational speed
6000 rpm (100 Hz)

» Modal damping 2 %
» Static unbalance mass
u=1 gram at an unbalance
radius of 6.5 mm in the
middle of the shaft
* In addition, we also want to know
the response of the shaft vs.
frequency between 0 and 2000 Hz

« Necessary analysis definition is
shown on the right side

« Additional analysis with full output
request at the fundamental
frequencies for results animation
within the postprocessor

Dynamic Frequency Analysis

Name:

| shaft_sweep

Description:

Loading: Load Functions

[Wf Sum Load Sets
Load Set / Component

m unit_force Y / WVOLUME_UNBA |/Ix,)1 unbalance_1gram_at_Sp5mm
m un'rt_furce_ZIVOLUME_UNEAI| ) | unbalance_1gram_at_SpSmm

Modes Previous Analysis | Output
Calculate

[] stresses
[] Rotations
Output Steps.
Automatic Steps within Range
Minimum Frequency

[0

Maximum Frequency
() Automatic

@ User-defined

[2000

|:| Include frequency steps from table fungtion

OK Cancel
Definition
Type
Symbolic Output Steps
. 2 User-defined Output Steps -
Symbolic Expression
1.e-6%6. 5% 2*pi*frequency)"2 Number of Master Steps T :
- . -
Available function compone 1.0 M Fullresuts
2. |100.3679 [ Full results User-defined Steps
3. | 4003401 [ Full results Space Equally
4, |@es.s832 [ Full results
5. 1583717 [ Full results of =
6 2398748 [+ Fullresutts | o 8=

Measures Output Steps per Master Step |1

ry
R

adlLTRanN




3. Dynamic Analysis

3.3 Dynamic frequency analysis
3.3.2 Examples

Frequency response curve for displacement magnitude of the central shaft point

disp,_magn
mm
requency .
Loadset:unit_force_Y : VOLUME_UNBALANCED_DRIVE_SHAFT
"Window1" - shaft_sweep - shaft_sweep

0.70 _

First bending mode o 103 Hz: Third bending mode at 896 Hz

1 0.62 mm (same result as in
260 CD/ dynamic time analysis!)
No magnification at the second (400 Hz) and fourth
(1584 Hz) bending mode, since the excitation force is
Bl ¢ applied to a nodal point of these modes!

Note: The frequency stepping generator automatically
refines stepping around the resonances!

040_]
=
o
o
£ i
g
©0.30_]

0.20

010

b i A & \'/
0.00 o P
] T I T ! ‘ T T I T I i I T ! ‘ T i |
0.00 200.00 400.00 600.00 800.00 1000.00 1200.00 1400.00 1600.00 1800.00 2000.00

Frequency

o disp_magn

adlLTRanN




3. Dynamic Analysis

3.3 Dynamic frequency analysis
3.3.2 Examples

Von Mises stress animation [MPa] for 100 Hz (scale 100:1)

Frame 2 of 20 298598
Strass von Misas (WCS) 28.0000

"Windaw!" - shaft_100Hz_mode_4_8 - shaht_100Hz_modet_4 8

Comparison of elapsed times:

Dynamic frequency analysis requesting full output for 7 frequencies: 5.71 s

Dynamic time analysis with full output just for the steady state at 100 Hz: 224 s aLTRan
Dynamic time analysis for the complete swinging up process at 100 Hz: 664 s




3. Dynamic Analysis

3.3 Dynamic frequency analysis
3.3.2 Examples

Von Mises stress animation [MPa] for 896 Hz (scale 100:1)

269 668
251878
233.638
215897
197906
179.916
61.925
143,934
125943
107.852
89.9617
718710
53.9602

17.9087
0.00791

"Windaw!" - shaft_100Hz_mode_4_8 - shaht_100Hz_modet_4 8

adlLTRanN




3. Dynamic Analysis

3.3 Dynamic frequency analysis
3.3.2 Examples

Von Mises stress animation [MPa] for 2454 Hz (scale 50:1)

Frame 2of 20 728.101

“Windaw!" - shaft_100Hz_mode!_4_8 - shaht_100Hz_mode1_4 8

adlLTRanN




3. Dynamic Analysis

3.3 Dynamic frequency analysis
3.3.3 Remarks for application

Note SPR 2875703 when evaluating dynamic frequency results in the postprocessor:
« Unfortunately, it may happen that the phase result is not taken into account correctly
in the postprocessor. In latest tests the following occurred:

> Displacement, velocity and acceleration magnitude fringe plots just give correct results
when animated, but wrong when not!

> Displacement, velocity and acceleration component fringe plots just give correct results
when not animated (but never the “Max. Disp.” value display as shown below)

« Be also careful when evaluating other results (phases...)

Displacement ¥ Amplitude (WCS) 6.111e-01

(mm)
K8.6397E-01

Mep Dis)
Loadsetunit 18ce 7 . VOLUME_UNBALANCED _CRIVE_SHAFT Step 1, Frequency 1.0000E+02

Frame 2 of 4
Displacement Y Amplitude (WCS)
(mrn)

Deformed
Ila D\s
Scale 6.1692E+01
Loadset:unit_force,

gru INBALANCED_CRIVE_SHAFT

Wrong fringe
color coding
during animation

Correct colors

..

Displacement Mag (WCS)

(mm)
Max Digh 8 6397E-01

Loadsetunit_fordp_¥ - VOLUME_UNBALANCED_DRIVE_SHAFT Step 1, Frequency 1.0000E+02

..

"Window1" - shaft_100Hz_mode1_4_8 - shaft_100Hz_mode1_4_8 "Window1" - shaft_100Hz_mode1_4_8 - shaft_100Hz_mode1_4_8

36406-01 )| Frame 1 of

7.560e-01 Displacement Mag (WCS)
7020001 | (mm) X

£.940e-01 Deformed,

5.4006-01 - .
Sagbedl | MacDif_B 639TE-01 plg
320e-01 Scde 1.0000E+0
%SUe.O‘\ Loadset:unit_force_*

5.111e-0

Phase not taken into
account when vector sum
of Y- and Z-displacement
is computed

..

Correct colors
during animation
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3. Dynamic Analysis

3.3 Dynamic frequency analysis
3.3.3 Remarks for application

Note SPR 2875703 when evaluating dynamic frequency results in the postprocessor:

« Furthermore, to obtain a “smooth” animation, use as many frames n as possible
(>20), since the PP erroneously divides the deformed shape by n-1 (=first and last
frame have identical shape; this error can be reduced by using many frames!)

« In general, do not activate deformed shape without activating animation for dynamic
frequency analysis results evaluation (this results in a meaningless shape just taking
into account the amplitude maximum in positive coordinate direction, but no phase)

THE - 7515
Frama 1 of 4 ) %33 ng Frame 2 of 4 X %33 o;:uo
Sress von Mises (W05 e pEe=Lan MeEs UGS 44 0oii
(P} Sopn | e 2
Creformed zg EE{- Creformed zg E%{-
Scas TOIE labain | 3cde 1000IEN02 18500
Loedsetunit_fore_t, LAKCED_DRIVE_SHAFT 14,0000 Loedsetunit force - WOLLIME_LMEALANCED DRIVE_SHAFT 14,0000

Frame 1

Pimi|

i
“Wincawl” - shaft_100Hz_mode1_4 3 - shaft_100Hz_model 4 & “Winckne!” - shaft_100Hz_modet_4_8 - shaft_100Hz_moda1_q_&
Frame 3 of 4 -'97515: Framead of 4 37515:
Sress von Mses (WCS) g[gqﬁ[g Sress von Mses (WCS) gtg%tg
INPE) y IMPE) ]
Deformed %% (D'ggto Deformed %% EO?S(D
Scde 1000E T20an | seae 1000Em i ooan
Loadsat unit_force Y - WOLUWE_LNEALANCED DRIWVE_SHAFT 14.0000 Loadset urit_foms 14.0000
1 ) | 1
I o I
3.00000 3.00000
4.00000 4.00000
4.00000 4.00000
2,000 2,000
LN CLO00ED
Frame 3 Frame 4 =
Frame 1
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3. Dynamic Analysis

3.4 Random response analysis
3.4.1 Introduction

Until now, we have just looked at excitations where the excitation of the structure
can be predicted for any time t with help of a deterministic mathematical function

In reality, we have also excitations for which an accurate input prediction in a
deterministic sense cannot be done. Examples for this may be

> Jet or rocket engine noise

> Turbulent fluid flow

» Ground acceleration during an earthquake
Such excitations are described with statistical methods, and usually a lot of
measurements of the excitation in the time domain must be done, evaluated and
edited in order to obtain a reliable acceleration or force spectral density function

> For more details, refer to suitable technical literature
With this random response spectrum finally on hand, the code computes in this
analysis type the answer of the mechanical structure when subjected to this
excitation

In probably >90% of the application cases this will S - ,[6]
be an acceleration spectral density function introduced =0 H—
into the structure’s base points, exemplarily shown right s ool o9
(note also force excitation is supported in Simulate) o Fy

In the following chapter we will therefore exemplarily
describe how this works with help of a simple one-mass-
resonator, for which an analytical solution exists

0.0010

1000 10000 Freqlglency 1000 00
ri
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3. Dynamic Analysis

3.4 Random response analysis
3.4.2 Examples

Base point excitation of a one-mass-oscillator with white noise:

Given is a white noise acceleration density spectrum with a constant acceleration
density of W,,=0.2 g?/Hz for 1-2000 Hz

The effective input acceleration is the square root below the acceleration density
curve, also called RMS- (root mean square) or 1c-acceleration:

Gin s = /0-2(2000—1) =19.995@ 1,6

With help of the Miles formula (valid for ideal white noise
with an infinite frequency span from 0 Hz to « Hz!)

pring1
T
Jout,rms = \/EQ fo Wi,

we obtain for a resonator with Q=25 (=2 %) and a
fundamental frequency of 700 Hz the 1c-output acceleration:

2
Gou s = \/%-25-700Hz : 0.2% = 74.150 s

If the momentary values of the output are Gauss distributed, the expected peak value
is usually defined as the 3¢ value, which means that only 0.3 % of the momentary
values of the output acceleration are greater than 222,5 ggys, and that for 99,7 % of
the time the acceleration is below!

This 3c-value is typically used for estimation of the max. resonator acceleration and
therefore for evaluating the risk of forced rupture, even though 0.3 % of the peak
values are not covered: Practical experience shows this usually works fine!
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3. Dynamic Analysis

3.4 Random response analysis
3.4.2 Examples

Base point excitation of a one-mass-oscillator

with white noise:

Oscillator properties: m =4 kg, K = 77377.7 N/mm
Fundamental undamped frequency:

fo= %\g — 700 Hz
With 2% damping: f = f,/1 — > = 699.86 Hz

Note: The bandwidth B for harmonic excitation (see
chapter 1.3) and the “effective bandwidth” B, for
white noise excitation are related as follows:
B,, =£B=££

2 2 Q
So we obtain for harmonic excitation B = 28 Hz and for
white noise excitation B, = 44 Hz

1 f, 1 B

ARV 2Q 21,

éﬁprinm
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3. Dynamic AnaIYSiS — Measure Definition X

acc_resonator_RMS| letans

Name Quantity
. >> Details
1 | tor_cumulative Acceleration * | mm/sec'? Measures to
3.4 Random response analysis
p y Measures to = Quantty Compenent compute the
3.4.2 Examples compute the Acceleraton ¥ ||mm/ sec2 A ¥ | effective
. Component Coordinate System .
acceleration ||, . A oL wcs acceleration
Measure def|n|t|0ns distribution Coordinate System Spatial Evaluation of resonator
function of | | & |d.wes At Point * | and base
Spatial Evaluation -
— resonator and Point(s) (grms—Vvalue,
Measure Definition X At Point - P m .
Name Measures LO base (for k. | Pont ‘PAT_RESONATOR output in the
i . Point - - .
ace resonator »>> Details com pute t e PP evaluatlon) oint(s) — : T B ey engine
: acceleration k | |Point "PNT_RESONATOR v .
Quantity _ _ report-file)
Acceleration w | mm/sec'2 density function NTICE SE 2205 PR ——
a or Analysis =1
Component of resonator At Each Step v _ =
Y - and base (for Dynamic Random Analysis
Coordinate System . 4
koL, wcs PP evaluation) Valid for Analysis Types M v Measure Definition X
Spatial Evaluation Dynamic Random Analysis Name ]
At Point v acc,_ba SE_RI.15| == Details
Measure Definition X Quanty
Point(s) Name uan
k| |Foint "PNT_RESONATOR" i acc_base_cumulative] >> Details Acceleration * | mm/ sect?
Dynamic Evalua — Quantity Component
[ AtEach Step ] 7 Messuslcmiton ] Acceleration ¥ | mm/sect2 L =
ame -
[] Cumulative ace_pase] == Details Component Coordinate System
| I wes
Valid for Analysis | Quantty - - .‘;pat:jx&a,uaﬁm
I Acceleration v | mm/ sect? CI:II:IrdII'IEt? System :
Dynamic Frequend Component k 5'JV wes AL v
; Spatial Evaluati
Dynamic Random4 |+ - Pa"".a' valuation Paint(s)
& Visble athighd Covrdmate System S - k|| Point "PNT_GROUND"
k[l wes Point(s)
Spatial Evaluation \ k Point "PNT_GROUND" Dynamic Evaluation
At Point -
Point(s) Dynamic Evaluation M
oInts,
k|| Point "PNT_GROUND" RESE R v Valid for Analysis Types
Diyreanic Euahion Oynamic Random Analysis
M Valid for Analysis Types - i
[ Cumulative Dynamic Random Analysis E’ Vigible at higher assembly level
“alid for Analysis Types £.6 EEEE
Dynamic Time Analysis -~ E’ isible at higher assembly level
Dynamic Frequency Analysis
Dynamic Random Analysis. - oK Cancel

E’ Visible at higher assembly level aLT R a n

0K Cancel




Run Status (resonator_20gRMS.rpt) Hot Running x

3. Dynamic Analysis

Total Mass of Hodel: L. 00B@84e-B3 -
Total Cost of Hodel: ©O.0080608e+88

3.4 Random response al’laIYSlS Constraint Set: ConstraintSet1: RESONATOR gRMS measure OUtpUt in the

Hode Frequency Part. Factor Eff. Hass Tot. Hass

3 .4.2 Examples 1 7.008061e+82 -2.774688e+62  108.8%  189.6% engine report:

] . Load Set: DofGravitylLoadSetd: -~ ]96] 509 mm/52 == ]9995 g
Fringe plot and report file results / 739829.1 mm/s? = 75.4158 g

acc_base RHS:
acc_resonator_RHS: 7.398291e+05

fnalysis “rest acceleration Y (WGCS)

754158
Dynamic Random Analysis xy\ /S W e
(grav) 75.0000
Name: M d pis ’
resonator_20gRMS| enory ?" . 70.0000
Description: ggﬁh;ﬁnlgt 65.0000
Total Elap: 60.0000
Loading a Total CPU 1 55.0000
Maxil}lum Her 50,0000
Base Acceleration PSD arEg B :
» . . J oAt 45.0000
Excitation Type: Uni-directional Translation -
Coordinate System 40.0000
k=L wes 35.0000
Direction zggggg
P 20.0000
! 19.9950
Z 0
Value : Fringe plot
0z g_squared_per v | ft5d | uniform Of the Iocal
Modes Previous Analysis | Output gBMsfvaIl:Ie
Calculate distribution

eleratiofs Relative To: | Ground v

/

Displacements, Velociti

E’ Full RMS Results for Displacgfments and Stresses

Wass Participation Factors

C

odel Min - 1.999E+01

Output Steps.
Automatic Steps within Range L
Minimum Frequency

1

Maximum Frequency
() Automatic

(@) User-defined
2000 X

[ Include frequency steps from table function

oK Cancel "Window1" - resonator_20gRMS - resonator_20gRMS
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3. Dynamic Analysis

Refined output
with manual

stepping

3.4 Random response analysis
3.4.2 Examples

Measure results for automatic frequency stepping

cC_base ICC ?ase_cumulauve
%@m&uared_per_}ﬂz) Egrrav
quency equency
"Window1" - resonator_20gRMS - resonator_20gRMS "Window 1" - resonator_20gRMS - resonator_20gRMS
1.00_ . 9 20.00 _
] acceleration density ]
0.90 | f . f h b 18.00
050 unction p of the base 600
0.70 ] 2 14.00 ]
060 _] S 12.00 ]
in = ﬂ Frequency: 2000
o 0_50__ Fraquency 1 2 10.00 __ acc_base_cumulative: 19 995
o ] ﬂ acc_base 02 2 ]
5040 & 8.00 OK
O
030 L 4 6.00] : — :
asmd Y e acceleration distribution
010_] 200 ] function P of the base
0.00 . T T T T T T T T T T 0.00 1 T T T T T T T T T T
| ! ! | | ! ! | ] ! ! ! ! ! ! ! ! ! !
0.00 20000 40000 60000 800.00  1000.00 1200.00 1400.00 160000 1800.00 2000.00 0.00 20000 40000 60000 80000 100000 120000 140000 160000 1800.00 2000.00
Freguency Frequency
acc_base - s acc_base_cumulative
CC_resonator CC_resonator_cumulative
E%E.Tduare |_per_Hzi E%rav
qUency eqlency
"Window1" - resonator_20gRMS - resonator_20gRMS "Windowi1" - resonator_20gRMS - resonator_20gRMS
140,00 50.00
. — =l
120.00 = Frequency: 699.86 70.00 4
i 2 acc_resonator: 125.233 @ GraphTool
100,00 % G ﬂ Frequency: 2000
OK = -1 acc_resonator_cumulative: 75.4158
g 1 £50.00
£ §0.00 _] 3‘ ==
2 i 5'40.00 ]
@ =
2, 6000 ] ©
g 23000
© N . . fil
40.00 acceleration density 52000 ] acceleration distribution
1 H o .
2000_] function p of the resonator o function P of the resonator
000 | 000 _|
T l T | T ! T I T ! T | T ! T | T ! T T | T ! T ! T ! T ! T | T ! T ! T ! T
0.00 20000 40000 60000 80000 100000 120000 140000 180000 1800.00 200000 0.00 20000 40000 60000 80000 100000 120000 140000 160000 180000 2000.00
Frequency Frequency
o acc_resonator o acc_resonator_cumulative
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3. Dynamic Analysis

3.4 Random response analysis
3.4.2 Examples

Bandwidth results in comparison to harmonic excitation

Bandwidth B: The power to

maintain the oscillation

grows with the square of the

amplitude and is at the

border of the bandwidth
approximately half of the

max. resonance power

acc_resonator

730.00

O ey Harmonic excitation with 1 g input
"Window1" - resonator_harmonicBandwidth - resonator_harmonicBandwidth
26.00 _ 1
Q=—=25
2p
i

24.00 ]

22.00 ]

20.00 _|
] i
5 Q =17,7
c
% 18.00 _| \/E
I
] ]

16.00 ]

] B=2f f=10_28H;

14.00 ] o o~ — Q -

12.00 _]

10.00

T i T 1 T T T ] ; ] ; ]
670.00 ¥ 680.00 690.00 700.00 710.00 Y 720.00
Frequency

- o acc_resonator

acc_resonator
Squared_per_Hz)

requency

Random excitation

"Window2" - resonator_effectiveBandwidth - resonator_effectiveBandwidth

130.00 _
120.00;
110.00 __
100.00__

90.00 _}

©
S
o
=)
|

acc_resonator
|

670.00

-_

T T
680.00

acc_relkscm ator

690.00

700.00
Frequency

710.00

720.00 730.00
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3. Dynamic Analysis ————
W‘ »> Details
3.4 Random response analysis r——— |
3.4.3 Remarks for application . .
Coordinate System
« Always define suitable measures at a base point to A e
check if the given input acceleration density was 2R _
correctly applied! T}|pmm-pm_muw
- Take care of output settings (relative to ground or e =
supports)! [] Cumiative
Note: Output relative to supports means that the Vald for Analysis Types
results are expressed in what an observer sitting on S Ty s [2
a base point (=support) sees when looking at the i e
excited structure, but not what he feels! E“‘"'ea‘"ig"erfemm"z:;l
« The automatic frequency stepping generator may 2tous Analysis | Output
be fooled out if the lower frequency bound is Poaoa LR T R m
requested to be 0 Hz, better use e.g. 1 Hz. 4] Ful RS Resus forDispacemets and Siresses \ |5 pors

Z Masz Participation Factors

Otherwise, it may happen that a finer stepping
around the natural mode(s) does not correctly .
take placel Minimum Frequency

« Therefore, always check stepping of the output [
. . . Maximum Frequen
acceleration around the resonance frequencies with O Aomatie
a suitable measure

« Do not forget to toggle on “Use frequency steps
from table function” for non-uniform random
spectra to accurately capture function values at o
these frequencies

@ User-defined
|2000

Include frequency steps from table function
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3. Dynamic Analysis

3.5 Dynamic shock analysis
3.5.1 Introduction

Dynamic shock analysis significantly differs from the other
three supported dynamic analysis types: At first sight the
user can observe that neither force excitation, nor any
modal damping B can be defined!

The reason is that this analysis type only computes a single
image of the expected “worst-case” structural response
with help of a given SRS (Shock Response Spectrum), in
which damping already is included (this analysis type does
not provide any animations like e.g. dynamic time analysis!)

An SRS is defined as the maximum response of an SDOF
(Single Degree Of Freedom) system with a given damping B
and variable natural frequency to base point excitation.

So first, prior to the dynamic shock analysis, an SRS has to
be computed by the user for the existing base point
excitation (described on the next slide)

What is the advantage of dynamic shock analysis?

Very low computational resources required (=very quick),
since the DEQ does not need to be solved again!

The evaluation of the shock spectra for different excitation
functions allows to judge immediately which excitation
creates the worst-case loads!

Shock Analysis Definition x

Name:
v_shocH |

Description:

Direction of Base Excitation

fix) |unif|:|rn1

Modal Combination Method \l\

Spectrum of
() Displacement
() Welocity

® Acceleration

() SRSS
(@ Absolute Sum

OK Cancel

Remark: Dynamic shock
analysis was proposed for
the first time in 1932 in the
doctoral thesis of the
Belgian-American scientist
Maurice Anthony Biot
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3. Dynamic Analysis

3.5 Dynamic shock analysis

c
- 9 -
3.5.1 Introduction 5O 5 -0.4g
[J) L
« The process to generate an SRS for 85 & A IN\‘*’JW ’M"""‘f""""‘""‘“p“ﬂ"“
. . . . . ] a2
a given base point excitation is c 8 Cw ougl! . | 3
. . . . 2G 2 3 10 20 30
depicted in the right image 3 X TINE, sec

« The SRS can be expressed in

< %)
displacements d (shown right), £ é L. Umax = 288 In,
“pseudo-velocity” v or “pseudo- Eag |T= 2 Uzsec = ! ‘l
acceleration” a vs. T, or better, as 20 E — 2710 ' : -
. . . v = ; _
required in Simulate, vs. f, w5y Notedamping o n 10
. ' 2 s< -2 WWWM
These fpectra are linked by the SO |2 5% e +E D-w‘;w A
called “spectra response relation”™ |sg& (& =0.02 = 0
2 S T C o
S, =S, =W"S, ggé L 10
- 2 C v
« Important: When computing the 582 - 0
SRS, note the different required S oS 5’;—37%' o
. C © Kl : -
output references [3]: s £ 0 10 20 30 ¢
. . = m© X
> Displacements: relative Q> TIME, sec
supports = | B EFCRMAT ION
> (Pseudo-)acceleration: rel. % g LT Y . 15} {0R DISPLACEMENT)
ground s8R RESPONSE sPEcTRuM
: - oY e w g _ 10Fg =2 PERCENT 3
> Pseudo-velocity: has to be LT ecle 5 »«.\_//:— J
computed by the spectra < a ?:8 § = 5b - v J)
response relation from ES8R7ul = 0 o -
Bes22cS 0 1 2 3
SdorSa 880 222945
OESZ3R3T NATURAL VIBRATION PERIOD, T, sec
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3. Dynamic Analysis

3.5 Dynamic shock analysis
3.5.1 Introduction

Modal superposition method

independent SDOFs

m, m, m,

For independent SDOF-systems, the dynamic shock analysis
always delivers per definition an accurate answer (since the
response spectrum was created with such a system)

Unfortunately, for real MDOF systems this is not the case!

Indeed, the dynamic response of a linear elastic MDOF
system can be expressed as linear combination of its
fundamental modes, but the information at which time the
modes answer with their maximum, respectively, is lost
during the creation of the shock response spectrum

So two pragmatic (empirical) approaches are offered in
Simulate to compute the maximum structural response:
> The modes are simply combined with their absolute sum:

- very conservative approach, since in reality the modes
do not answer with their maximum at the same time

“Square Root of the Sum of the Squares” (averaged
superposition, expected to be more realistic)

For this superposition, the individual max. modal response
magnitude is read out from the shock response spectrum,
and of course the individual mass participation factors are

>

taken into account (base point excitation!)

For more details about dynamic shock analysis, see [1-3]

real MDOF system | m,
m
4 | |
Mg m,
[M: ]
My e m,
Shock Analysis Definition X
Name:
v_ShocH |
Description:
Direction of Base Excitation
X |0 |
v |1 |
z |0 |
Previous Response
Analysis Spectrum Output
fix) |unif|:|rn1 |
Spectrum of Modal Combination Method

() Displacement

) Welocity

(@ Acceleration

() SRSS
(@) Absolute Sum

Cancel

adlLTRanN



3. Dynamic Analysis

3.5 Dynamic shock analysis

3.5.2 Examples

« A shock response spectrum can be obtained in several different ways, e.qg.

>

YV V V V

From Literature (typically normalized diagrams are given)
By rules and standards (e.g. for civil or military engineering)
With help of a Creo simulate global sensitivity study

With Mathcad as shown in [7], [8]

By other suitable software

« In [3], a method is shown how to use the Simulate global sensitivity study for this:

Y VvV

Create a simple SDOF model with just a point mass and a discrete spring

Enter the base excitation function of interest in a dynamic time analysis, also enter the
damping present in the real structure you want to compute afterwards

Define a measure for the max. system response over the complete analysis time

(use max. displacement output rel. supports, or max. acceleration relative ground, but
do not use a max. velocity response measure; see also [3], p. 23!)

Define a property parameter to vary the fundamental frequency of the SDOF system (i.e.
spring stiffness or mass)

Sweep this parameter in a global sensitivity study referencing the dynamic time analysis
in a way that the complete frequency span is covered for which you need the SRS.

Note: For practical reasons, you may need more than one analysis with different step
width and edge frequencies for this, since at lower frequencies you have less sample
points (f~VK)

After the study, draw the max. displacement or acceleration response measure vs. SDOF
frequency (MS EXCEL) - this is the SRS you need!
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3. Dynamic Analysis

3.5 Dynamic shock analysis
3.5.2 Examples

« By following this procedure, you should obtain the following shock response
spectrum for an acceleration half sine shock of 50 g, 6 ms duration (= f=83.3 Hz)
and no damping, see [3]

90
PN
AY
80 { - SRS for half sine shock 50 g, 6 ms, beta=0 (5-2000 Hz)
f N Input sine shock 50 g, 6 ms (f=83.33 Hz)
70 {
AN
\
60
[
_— l =
0 |
= 50
0
)
o 40
2
]
[&]
(8]
@ 30
20
10
0
o (=] (=] (=] (=] (=] (=] (=] (=] (=] o o o o o o o o o o o
(=] (=] (=] o (=] (=] o (=] (=] (] [e] [e] o (o] (o] (o] o (=] (=] (=]
— ~ (2] =t T (] [~ v [#)] (] —i (o] (3] =t L [(s] [~ [ve] (0] (=]
— — — — — — — — — — (']

frequency [Hz]
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File View Format
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3. Dynamic Analysis

Sh

Name:
_ShocH

Description:

2900000.00
Bs00000.00
£700000,00
SH00000,00
R 50000000
40000000
230000000
T 200000.00

3.5 Dynamic shock analysis
3.5.2 Examples

Direction of Base B

b'e 0 gwooouoz

« Now, take this spectrum and import it into the response v b LIS A A T
spectrum form sheet of the dynamic shock analysis z [0
definition dialogue rrevions | Response

H H H nalysis rum LLIT

+  Run the dynamic shock analysis e.g. with the 700 Hz- HE” (g
SDOF-system used in chapter 3.4 Spectrum of odal Combinstion Hetho

« A max. relative displacement result of 0.028 mm will be B vy Pt

(@) Acceleration

computed (see next side left). Note: Displacement output
in a Simulate shock response analysis is always given
relative to supports, never relative to ground!

OK Cancel

« Run two dynamic time analysis for cross-checking: One
relative to ground and one relative to supports, with the
measures shown below - you should obtain similar
results (units mm, t, s)

 For an SDOF-system, you can simply compute the max.
acceleration out of the shock analysis displacement result
with help of the spectra response relation (see next slide)

Measures.: Measures:

acc_base _max: 4,905000e+05 acc_base_max: 0. 000000e+00
ACC_resonator_max: 5.413873e+05 acc_resonator_max: 6. 5389017 e+04
disp_base_max: 2.61588%92+00 disp_base_max: 0.000000e+00
disp_resonator_max: 2.595781e+00 disp_resonator_max: -2.798673e-02
vel_base_max: 1.520799%e+03 vel_base_max: 0. 000000e+00
vel_resonator_max: 1.542662e+03 vel_resonator_max: -2.59685%9%e+01

Analysis "Halfsine50géms_ground” Completed

analysis "Halfsine50géms_supports” Completed

5

Remark: Using the spectra response relation for velocities may deliver a very inaccurate result compared to
the real rel. velocity, see also [3]: v,,,, = @ - dmax = (2 7+ 700Hz) - 0.027995 mm = 123.1 == » 25.97 ==
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3. Dynamic Analysis

3.5 Dynamic shock analysis
3.5.2 Examples

« Response comparison of the 700 Hz SDOF-resonator for the different analysis types
(50 g, 6 ms half sine shock, p=0)

“Window 1" - ¥_Shock - ¥_Shock

Displacement - v

{mmj
Max Dis
0.02275

Displacement result of the 0.02100

dynamic shock analysis | 001925
— 0.01750
— 0.01575
0.01400
. 0.01225
— 0.01050
— 0.00875
0.00700
0.00525
0.00350
0.00175
0.00000

T HNCS) 002500

0.02625
0.02450

“Window 2" - HalfSine50gBms_supports - HalfSine50g8ms_supports.

Measure  +

mm) Displacement response from
e a dynamic time analysis
relative to supports

max. -2.798673e-02

disp_resonator
o
[=]
2
(4]
]

-0.020 _|
-0.025 _|
-0.030
et
0.0000 00010 0.0020 00030  0.0040
Time
. disp_resonator

Acceleration response from
e a dynamic time analysis
relative to ground

50.00 ]

40.00 _]

%
230_00_ max. 55.187 g
J
© I} .
20.00 _| .
Alternatively, use the
i spectra response relation:
Aoy = W? - dmax
10.00 | — (2 -1+ 700 HZ)2
-0.027995mm =552 g
0.00
R
0.0000 00010 00020 00030 00040
Time
o acc_resonator
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3. Dynamic Analysis @ARBUS

= esa

3.6 Examples for dynamic analyses of big system models

« For Zero-G experiments, Airbus DS in Bremen develops various payloads for the ESA
MAXUS and TEXUS sounding rockets

« Such experiment platforms are subjected to very high dynamlc loads during launch

Movie of a MAXUS
rocket launch
(Kiruna, Sweden)

-
BN |sS Orbit: 450 km

Space Shuttle Orbit: 300 km
MASER/TEXUS

|

MiniTEXUS
140 km

MAXUS & TEXUS ballistic sounding missiles
simplified flight profile
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3. Dynamic Analysis

3.6 Examples for dynamic analyses of big system models

@ AIRBUS

DEFENCE & SPACE

(s,

{cesa

« PERWAVES: An experiment that examines combustion processes in Zero G environment

« This experiment contains mechanisms and several fragile glass tubes: Their resistance
against various flight & operational loads had to be proved

Mode 8 showing
turn drive/
carousel
oscillation
(uncritical, since
not excited over
the interface!)

= ..

"Window1" - Perwaves_Modaltest - Perwaves_Modaltest

Frame 14 of 20
Displacement Mag (WCS)
(mm)

Deformed

Max Disp 1.0000E+00
Scale 5.0000E+01

Mode 1, +3.1398E+01

Mode 1
showing
elastic
experiment
support for
dynamic load
decoupling

"Window1" - Perwaves_Modaltest - Perwaves_Modaltest

adlLTRanN



@ AIRBUS

DEFENCE & SPACE

eSa

3. Dynamic Analysis

3.6 Examples for dynamic analyses of big system models

s

 GRADECET - A high temperature furnace that melts metallic specimens at 1700 °C and
recrystallizes them convection free in Zero-G environment on MAXUS flights

« Improvements had to be found and analyzed to reduce dynamic random loading within

the heating section
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Exemplary harmonic excitation of the first
mode of the tantalum “finger”, covering a
ceramic tube around the specimen

1o-displacement response of initial

(left) and improved design (right)

adlLTRanN



3. Dynamic Analysis HOTIONANDHOBIHTY

3.6 Examples for dynamic analyses of big system models

« Computation of the force transfer functions of a tire test rig for high speed
uniformity measurements (HSU 5 from ZF Test Systems, Passau, Germany)

Animation shows
system response
at the first lateral
eigenfrequency

Uberhshungsfaletor [

“Window1"® « HEUS_VZ2oG_K1000_2p_SPA_lasstaps « HSUS_VZoG_K1000_2p_SPA_latsteps
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3. Dynamic Analysis

MOTION AND MOBILITY

3.6 Examples for dynamic analyses of big system models

Behavior of a new ZF highly-dynamic half axis test rig in hexapod architecture

> One goal of the examination was to estimate the response function for harmonic pulsing of the
two tire load cylinders with an amplitude of 20 mm

» This was done with help of the so called “seismic mass” concept

Frame 2 of 32 21,1300
Displacement Mag (WCS) 19.8094
{mm) 18.4888
Deformed
Max Disp 2.1130E+01 :;::;
Scale 2.0000E+00 e
LoadsetFRadlast 1N : HE]
13.2063
11.8856
10.5650
9.24438
7.92376
6.60313
5.28250
3.06188
2.84125

1.32063
0.00000

System response for

20 mm pulsing
within the operating
frequency (Scale 2:1)

"Window1" - LM_20mm_mitRad_51m_OeVsteif_ QC - LM_20mm_mitRad_51m_OeVstsif QC

Frame 2 of 32
Displacement Mag (WCS)

173.266
162437
151.608
140.779
4 129.950
- 119.421
108.292
97.4624
86,6332
75.8041
64.9749
54.1458
433168
324875
21,8583
10,8202
0.00000

Response for 20 mm
pulsing close to the
system eigenfrequency
(Scale 2:1)

"Window1" - LM_20mm_mitRad_51m_OeVsteif_ QC - LM_20mm_mitRad_51m_QOeVsteif QC




3. Dynamic Analysis

HENSOLDY

3.6 Examples for dynamic analyses of big system models

« Random response analysis of a thermal imaging system to compute optical surface

| 0.00039

. 0.00025

]

displacements under specified acceleration spectral density (Hensoldt, Oberkochen)

Displacemert Y (WCS)
(mm)

Location: Volumes
Max Disp 12388E-03

5796e-04 | Displacement Z (WCS) 1.190e-03
543%e-04 |(mm) 1116e-03

5081604 Location: Volumes 1.042-03
Max Disp 12388E-03

Loadset IN_Vorspannkratt | 10_097_02_0133025-000-F pa2iene Loadset IN_Vorspanrikraft . 10_097_02_0193025-000-F Ebag
= N 4.367e-04 = pe Rl e B 5 936e-04

4.009e-04 B 5 1966.04

3652004 . 7.457e-04

3.295¢-04 . 6.7170-04

2937e04 . 5977e-04

2.580e-04
-. 2.223e-04
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3. Dynamic Analysis HENS OLt:)jl'

Detect and Protects

3.6 Examples for dynamic analyses of big system models

« Shock response behavior of an imaging system for visible and short wave infrared
light (Hensoldt, Oberkochen)

DR EDD s A NNNRN W
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4. Feedback to the software developer PTC

4.1 Missing functionality & enhancement requests to PTC for dynamic analysis

« Missing discrete damper:

> add a linear, discrete damper that connects two points at least with A
a simple translational and/or rotational damping constant C O— ——=©°
« Missing support for rotating machinery: outont axi
utput axis
> Support gyroscopic effects in modal analysis: Whereas for slim
rotors (e.g. the shaft example) this effect can be neglected, for +
massive, disk-shaped rotors (fly-, gearwheels) it is of fundamental (
importance for correct prediction of their rotordynamic behavior! vl )
> Support centrifugal softening (also called “spin softening”): This Spin axls: ":éut“axis
effect leads to a decrease of fundamental frequencies since the -
elastic stiffness K has to be replaced by the effective stiffness: ; [Wikipedia]
K, =K—w2m s
(can be obtained by balancing spring and centrifugal force). K m

This is of importance if the radial displacement v under centrifugal — AWM —e
. dedion™ force cannot be neglected compared to the radius r(e.g. for fast
S — spinning turbine blades). In case K < w/m: Instability appears!

&‘,Y_ST‘ Y_Shock r i W
.+ Improved functionality for dynamic shock analysis: L
Frige > Support more modal combination methods from literature, like e.g.

Quantity | Display Location _Display Options 15t mode absolute, all higher modes as SRSS

ym/;—'\ m > Support not only displacement, but also velocity and especially m:f Output

E:?st N acceleration fringe plots in the postprocessor (similar for measures) =

sneermPerunevenme | 3> Since translational excitation can just be defined in the world AT i Comblontion 1l
j\ 5 — coordinate system, also support usgr—defmed coordinate systems =

! (Workaround: Assemble the model into a higher-level assembly
\/ with suitable orientation!)
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4. Feedback to the software developer PTC

4.1

« Better support of results superposition in the post processor:

» Currently, results superposition is only supported within a
single linear static analysis containing at least 2 load sets

> It would be pretty useful if the user could superpose and scale

results of (any) different analyses (even, although risky, any
load step of a nonlinear analysis), as long as the models have
similar geometry, mesh and plotting grid

» This could e.g. allow to combine the static (constant)
prestress state of a prestress modal analysis e.g. with the
varying stress states of a dynamic time or frequency analysis
based on a prestress modal analysis (enables mean- and
deflection stress evaluation, which is currently not possible)

« Missing measures: Unfortunately, several measures are not
supported in various dynamic analysis types, like e.g.:

> No phase output for spring forces in dynamic frequency
analysis (workaround is using displacements and phase of
displacements of the spring end points, but this is by far not
accurate enough for very stiff springs!)

> No constraint or resultant force/moment measure output in
dynamic analysis at all

» No velocity and acceleration output in dynamic shock analysis
(just displacement and stress output, even for fringe plots!)

» No support of any fastener measures in random response
analysis

Missing functionality & enhancement requests to PTC for dynamic analysis

Name Title

Window1

Study Selection
Design Study

atisch_%g

| | SuperpossCase 3-2-1

B4_Quasistatisch ]

nclude Load Set:
W sgU
M sgv
M eow

Display
Fringe

Com... Scaling
MAW.. 9

MAW...

MAW.. 1

Quantity | Display Location Display Options

Stress

Component
von Mises

|| MPa v

L

Include contributions from beams

[ Bending

[ Tensile [+ Torsional

At Maximum

Include contribution

W Membrane [

At Top and Bott| »

0K

Measure Definition X
Name

spnng_furca-| PR

Quantity
Force ~|N
Spring -
Component
X -

Coordinate System
NS ewes
Spatial Evaluation

Spring
k fed_support;

[ Time/Frequency Eval
Dynamic Evaluation

At Each Step -
[] cumulative

Valid for Analysis Types

Dynamic Time Analysis =
Dynamic Freguency Analysis

Dynamic Random Analysis -

B’ Visible at higher assembly level

oK Cancel
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4. Feedback to the software developer PTC

4.1 Missing functionality & enhancement requests to PTC for dynamic analysis

« Improved support for analyzing very large system models:

> Experience won in many industrial projects shows that the code works very fine for
analyzing large CAD-assemblies (see chapter 3.6): The excellent CAD-FEM integration
and associativity of the analysis model with the CAD model allows a very quick
modification of the design which can immediately be re-meshed and re-analyzed in the
p-FEM environment

> Also all idealizations (beams, shells, springs, discrete masses, rigid and weighted links)
are supported and are well suitable to decrease model size

> However, the level of detail which can be taken into account in the model is usually
driven by the modal analysis with the requested number of modes, the chosen plotting
grid and the optional modal stress request. For big models, a lot of RAM is required so
that the engine does not crash!

> To decrease RAM resource consumptions, it would be useful that subsequent dynamic
analyses (which typically need much less RAM compared to the modal analysis) can
reference a series of modal analyses with split frequency band requests, respectively,
e.g. from 0-1000 Hz, 1000-2000 Hz and 2000-3000 Hz, and not only one single
modal analysis requesting all modes of the complete frequency domain (0-3000 Hz)

> Multi-threading should be supported in dynamic analysis, too (in modal analysis, the
code already addresses many CPU automatically). Until now, the user can only obtain a
significant speed increase in dynamic analysis by using an SSD hard drive!

« Implementation of superelements for model size reduction:

> For very large system models, a submodeling technique would be very useful, that
means certain subassemblies can just be represented as a “superelement” to decrease
hardware resources and increase analysis speed
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4. Feedback to the software developer PTC

4.2 Known issues in dynamic analysis and possible workarounds

Project work with the product uncovered the following issues to be fixed by PTC R&D:

« SPR 4714483: Off-diagonal terms in the spring stiffness matrix of advanced springs
lead to incorrect results in fundamental frequency computation (no workaround
available, currently do not use off-diagonal terms at all!)

« SPR 2875703: In dynamic frequency analysis with force excitation and phases
between the exciting forces, wrong animations/PP plots for certain result components
may appear (try with the shaft example in chapter 3.3.2 and compare with dynamic
time results; you may use dynamic time analysis as workaround!)

« SPR 2847768: In a random response analysis, Simulate may compute wrong von Mises
stress hot spots (this may appear especially for very big system models)

* SPR 2867898: Mixed models with shell-solid links may deliver wrong results in a
modal analysis (locking appears especially at high p-levels).
Workaround: Try to prevent shell-solid links by suitable modeling/meshing!

* SPR 4461169: In a model containing thin solid elements (wedges and bricks); Simulate
does not correctly detect rotational rigid body modes with standard settings in a
modal analysis (wedges and bricks - unlike tetrahedrons - need very high p-levels to
correctly detect rigid body modes at a frequency of zero!). Workaround: Use
tetrahedrons or enforce high accuracy in the modal analysis to use high p-levels!

« SPR 4967524: In a model containing variable thickness shells; msengine hangs up
during mass calculation. Workaround: Replace variable thickness shells with volumes
or with stepwise varying constant thickness shells!
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Any Questions?

173.266
162437
151.608

Swp 108, Trre 6.25006-02
Shwas von Mises (VICS)
Lol
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Scae 10000802

Losduatunt_torce_Y - VOLUME_UNBALANCED_DRIVE_SHAFT

Wincowt" - vomam_shafl_rmort_erwen_st_rmag - vhaarm_shalt_mmod_sirmes_st_=p
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Random Vibration Specification Magnitude Equations

When performing a random vibration analysis, an input spec is generally given in a form such as the
1og-0g plot in the figure or written in the table below. The problem is what to do with such infermation.
We cannot input these values directly into NASTRAN because it will not accept a slope in dB/Oct.
Individual points in GZ/Hz vs. Hz are required. This page details how to get from the input to graphical
points needed

Zienkiewicz, O.C., ,The Finite Element Method";

3. Edition, McGraw-Hill, 1977, page 500-526 = =
https://femci.gsfc.nasa.gov/random/randomequations.html ! 3
Berechnung von Schockantworten in Mathcad;

Dr. Wigand Rathman; Universitat Erlangen-Nirnberg, [T T

18. Nov. 2010; Vortrag zum 10. Simulationsanwender-
treffen im Rahmen der Plant PTC live (www.saxsim.de)

Berechnung von Schockantworten fiir gemessene
Anregungen; Dr. Wigand Rathman; Universitat
Erlangen-Nurnberg, 18. April 2011; Vortrag zum
Mathcad-Workshop im Rahmen des 3. SAXIM
(www.saxsim.de)

Zienkiewitz, O and Zhu, J: A simple error estimator and
adaptive procedure for practical engineering analysis;
Int. J. Numer. Methods Engr. 24 (1987); 337-357

o]

(Note that regardless of popular opinion, G%/Hz is actually an acceleration spectral density (ASD)
ot a power spectral density (PSD). PSD refers to the actual plot generated during testing, which
simply reads the power output from the accelercmeters.)

In tabular form, the input may be given in this form (beginning and ending frequencies are not ahways
necessary if a continuous line is assumed)

Random Input Spec
3.01 dB/Oct
100,00 Hz [o.0500 6%z
60000 Hz[0.0500 G2+z]
-4.02 dB/Oct

Because no beginning or ending frequencies, Fand Fyy, are given in this table, they must first be
decided upon. This is generally project specific. However the frequency range is usually 20Hz to
2000Hz. From the graph. F| = 20Kz and Fy = 2000Hz. F, and Fy are 100Hz and 600Kz, respectively

First, determme the number of octaves between thelwo frequermes Keep in mind that an ctaveis
the do b\ of the fre e ncy. So going from 1Hz octave and going from 1000Hz 1

S0 4 S an cerave Thos, e vooer of sctaves euld be acrmated fom e e graph at abow
The equauon o caicuists the exact numer

log(FH /FL)
log(2)

where Fy is the higher frequency and F is the lower frequency.

#O0ctaves =

Second, detenine the numberof by multpling the number of oetsves by thesiope. mking surs
to use the corect sign (pesitiv ive) for lope:

dB (dBJ (#0ct) =101 (ASDJ
= X | F
Oct ¢ 8 45D

The proions equaticn also shows the deﬂmuon nf dE whsve ASDy and ASD, are the acceleration
ectral densities for the higher and lower fre espectively (NOT for the higher and lewer ASD
et Thal is, ASD_ can bo gvealev than ASDH herias Fiy is always greater than FL)

Finally, solve for the ASD at the desired frequency

ASDH - lo(ds/m)
ASD,

O, for these of you whe want a more expanded and complete version (where m is the slope in
dB/Oct):

[ log 3 m
ASD, 10[‘@”\%” . [FHJWOH
ASD, \F

L
And afinal, simplified version:

ASD, (FHJSTH dlLTRAan

48D, \F,

L

L
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