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1. INTRODUCTION TO LINEAR DYNAMICS (NX NASTRAN)

Vibration analysis is a huge topic and is easily the second most common type of FEA analysis after the basic static stress
analysis. Within the field of vibration analysis, the most common type of analysis is that based on the linear behavior of
the structure or system during its operation. That is, its stress/strain response is linear and when a load is removed, the
structure returns to its original position in a stress/strain free condition. Although this might sound a bit restrictive, it
actually covers a huge swath of structures from automobiles, planes, ships, satellites, electrical circuit boards and
consumer goods. If one needs to consider a nonlinear response of the structure during operation, there exist codes such
as LS-DYNA that can solve for the complete nonlinear vibration response. But that is not simple or basic and is left for
another seminar sometime in the future.

Vibration Rich Environment Linear FEA Model (courtesy Predictive Engineering)
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1.1 SOME EXAMPLES OF LINEAR VIBRATION ANALYSIS (PREDICTIVE)

3,000 HP Transmission Drive Train Coupling

Frequency Response of Shaker Screen
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1.2  EIGENVALUE OR NORMAL MODES ANALYSIS (GOTTA HAVE MASS)

When the structure can be considered linear and we are interested in its vibration response, NX Nastran provides a
broad spectrum of analysis solution sequences to investigate its response. The starting point for all of this work is the
EOM for the dynamic behavior of a structure:

2

. . d'u  ou
Linear Dynamics:  EOM. m-—+c—+ku=r(t)
ot ot

Eigenvalue problem: undamped free vibration: m

Assuming a solution of the form: U = U‘:l Sin ot

2
Then: [k - m]{uo}: 0
For non-trivial solutions (i.e., u, # 0):

2
[k —nN |] = 0 Giving us the well-known frequency relationship: () =
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Normal Modes / Eigenvalue problem: undamped free vibration

let:
k K,....,=1000/0.0435
m=100
NX Nastran reports frequencies in cycles
m = L — w —=15.16 ra%ec per second. Hence, 15.16 radians/sec is

m 100

equal to 2.41 cycles/sec.
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This is a beautifully simple relationship but it assumes that the stiffness of your structure stays constant or does not
change due to load application. From the normal modes analysis, one can determine the natural frequencies of the
structure (w) but also the form of its vibration response or its mode shape.

For now, here’s a short list of what one can learn from a normal modes analysis:

The natural frequencies (since no load is applied, the response is “natural”)

How the structure will deform at the natural frequencies but since there is no load, the mode shapes do not indicate the
magnitude of the vibration response only its shape)

The amount of mass that is associated with that particular frequency

Strain energy plots to determine where the structure is flexing or straining the most at that particular frequency

Given that this seminar covers prior material, if these items don’t immediately make sense to you, you’ll find a more
detailed explanation in my article “Linear Dynamics for Everyone.pdf”.

Before we leave this subject, a static stress analysis is nothing more than the above equation with acceleration and
velocity at zero and time = zero:

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 10 of 123
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2. FOUNDATIONS OF FREQUENCY ANALYSIS

2.1 BABY’S FIRST BEAM MODEL

Normal modes only needs three material properties and some FEA lash up that will create a stiffness / mass

relationship. A constraint set is optional.

Elastic Properties and Mass Density (Snails)

D1 | Title Aluminum|

Color 104 Palette... Layer 1

General | Function References | Nonlinear | Ply/Bond Failure | Creep | Electrical/Optical | Phase |

Stiffness
Youngs Modulus, E
Shear Modulus, G

Poisson's Ratio, nu

Thermal
Expansion Coeff, a
Conductivity, k
Specific Heat, Cp

Heat Generation Factor

Limit Stress
Tension 0.

Compression  0-

Shear 0.

Mass Density ~ 2-64243E-4

Damping, 2C/Co 0.

Reference Temp 0.

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com
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2.1.1 HERE’S YOUR MODAL ANALYSIS CHECKLIST
o Elastic and mass properties are in consistent units

e The weight of your structure can be checked by summing the mass of the model and multiplying it by gravity
(for US units of Ibf, inch and seconds, it would be 386 in/s2)
o FEA model with a sufficient mesh density to capture the frequencies of interest (see below)
o Constraint set that reflects reality as close as one can with a numerical simulation

Three Element Mesh (Coarse) Twelve Element Mesh (Fine)

Doesn’t Exist
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2.1.2 SETTING UP THE MODEL FOR NORMAL MODES WITH MASS PARTICIPATION
[ Bkip E1GY Method ID 1
Title  NX Nastran Modes Analysis Set Real Solution Methods Range of Interest
(@) Lanczos Res Imaginar:
Analysis Program 36..NX Nastran v ) Auto (HOU/MHOU)
- Subspace From (Hz) 0: 0-
Analysis Type 2..Normal Modes/Eigenvalue v ooy Reol Solition Melhods— | 2o () 0. 0
E Run Analysis Using VisQ "‘;‘ EEE Eigenvalues and Eigenvectors
() Modified Givens - )
oK P © Inverse Power dumber Estimated 0
() Inverse Power/Sturm Number Desired 10
() Householder o
@ hodne Lol Normalization Method Mass
O Mo @ Mass ode D [0 (@) Default
Complex Solution Methods © Max — © Lumped
® DO
= Hessenberg Point E ‘ () Coupled
(= Analysis Set : 1..NX Nastran Modes Analysis Set e
Solver : NX N"astran () Complex Lanczos EaTpeXsooo e S
Type : Normal Modes/Eigenvalue NVerger 0.
Analyze : Local Soil‘lt[l)(‘l:e;ype 0.
[~ Options
[+ Executive/Solution Modal 0.
[+ Bulk Data
£ GEOMCHECK prev. | [ Next.. | [ oK | [ cance
[ MODELCHECK
[+ Modal/Buckling ——
[+ DDAM
& Rotor Dynamics MultiSet... NASTRAN XY Output for Modal Analysis
=] Modal XYPlot =
" Not Defined Copy
[+ Response Spectrum Application Output Requests
[+ External Superelement Reference
[+ Master Requests and Conditions Summary
No Cases Defined =
A Modal Participation Factors
fl Modal Effective Mass
[ |Modal Effective Weight
|¥|Modal Effective Mass Fraction
Reference Node 0
b [ ok ][ concel
AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 13 of 123
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2.1.3 INTERPRETING RESULTS BASED ON ORTHOGONALITY AND MASS PARTICIPATION

Cylindrical structures will have orthogonal modes that indicate that the structure actually has an infinite number of
mode shapes at that frequency. But if you ain’t using “rods” — you’ll never see this in your analysis.

First Frequency 386.8 Hz Second Frequency 386.8 Hz

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 14 of 123
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Mass participation tells you which modes have the “umph” and how many frequencies you need (modes) to accurately
capture the dynamic response of the structure. On this later subject, a modal frequency analysis (e.g., PSD) formulates
its response based on the number of modes chosen for the analysis. To ensure that you have captured the dynamic
response of the structure, you’ll want to use enough modes that you have at least 90% of the mass of the structure
covered. What does this mean? Take a look at this screen shot showing the Mass Participation versus Number of Modes
for the simple rod model. The bending modes capture 90% of the mass after 6 modes while to get the axial mass, it takes
26 modes.

+ Mass SUM T1 Node 0 (2)
- Mass SUM T2 Node 0 (4)
+ Mass SUM T3 Node 0 (6)

Summation of Mass Participation
o
g

0 1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Mode
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2.14 SYMMETRY AND FREQUENCY ANALYSIS

This is just a little note to remind everyone that you can rarely use symmetry in a frequency analysis since the mode
shapes are rarely symmetric. It sounds off but the higher frequency mode shapes are not symmetric. One might be able
to use symmetry if you are only interested in the most basic mode shape.

P —
o | .

At the first mode, we have the same natural frequency.

z

e

<

Output Set: Mode 1, 204,148 Hz Output Set: Mode 2. 204,148 Hz
Deformed(538.8): Total Transiation Deformed(381.): Total Transiation

o | ®

At higher frequencies, things get lost.

<

3

Output Set: Mode 4, 829.0006 Hz Output Set: Mode 3, 575.2129 Hz
Deformed(574.3): Total Transtation Deformed(621.9): Total Transiation
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2.1.5 SIGNIFICANCE OF STRAIN ENERGY FOR FREQUENCY ANALYSIS

If one wants to move your natural frequencies up or down, sometimes intuition is good enough but it never hurts to
have a quantitative tool. When a structure flexes or vibrates, there will be regions within the structure that are
deforming more and other regions less. Since a natural frequency analysis provides you with the mode shape
(dimensionless deformation); it can also easily provide you with a contour plot of the relative strains within that
structure. It sounds simple but can be tricky. Just to make sure that we understand this concept, we’ll use a very simple

model to explain this concept.

A center strip of the model has been thinned. This allows us to clearly see the effect of how strain energy plots can
show us how to modify the structure to increase or decrease its natural frequencies.

The default setup

——— e

Nodal Elementa

v 0..Full Model -
Appledioad | O-Full Model

| Constraint Force  O-Full Model -
Equation Force Al

Temperature

de

5

Mod

Mods

il 0. Full Model - Rnelic Eneroy Full Mode
Energy Loss o

Mods

Flukd Pressure
Customization
/| Element Corner Results Results Destination
Output Modes ( a,b,c THRU d ) 2..PostProcess Only -
N Echo Model

Nastran Output Requests ey ﬁ

Follow the Red - Increase the thickness
of the outer strips

9169.
8559
7948
7338.
6727
6117.
5508.
4896.
4285.
3675.
3064.
2453.
1843.
1232,

Output Set: Mode 1, 195.1324 Hz 621.8
Deformed(393.6): Total Translation 11.29
Elemental Contour: Strain Energy

To Increase the Fifth Mode — Increase
the thickness of the outer strips

893541.
834862.
776184.
717505.
658826.
600147.
541468,
482789.

248074.
189395.
130716.

Output Set: Mode 5, 1502.697 Hz 72037.
Def d(646.6): Total T i 13358,
Elemental Contour: Strain Energy

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com
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3. STANDARD NORMAL MODES ANALYSIS

To see how this is applied in practice, we will run through an analysis project from start to finish (Normal Modes, Modal
Frequency, PSD and Direct Transient). The model has been tweaked to protect the innocent.

We are starting with a PCB with two heavy electrical components. The PCB is a plate structure and the electrical
components are modeled with solid elements. The PCB is screwed into a heavy component at the ends. The client
must demonstrate that their PCB component can survive GM’s vibration, PSD and Direct Transient (pothole)
specifications (but that has been modified to confuse any automotive spies).

FEMAP Model Units: N, mm, Tonne, s
) e 5
([ ook ooty Coms Moddl Witk Vodly Ut Dokt Gop Yo Wdow by Pudcmimgmens e Define Material - ISOTROPIC u
IS FEPEEr LT | S cvresscage) 9990 +X¥YZ AS AN EHL: Baxarazemnunlissaa ) ecsonion]
Mos o Lr P8 Anlye frm Mo AVROKIA D) Ve . |
[ e D1 Title FR4 PCB Color 55 Layer 1 =
General | Function References | Nonlinear | Ply/Bond Failure | Creep | El I/Optical | Phase
Stiffness Limit Stress
Youngs Modulus, E~ 21000. | Tension 0.
Shear Modulus, G 0. Compression 0.
Poisson's Ratio, nu 0.15 Shear 0.
Thermal
Expansion Coeff, a 0.
Mass Density 3.13559E-9 '
Conductivity, k 0. D
Spedfic Heat, Cp 0. Daping 24Co
Reference Temp 0.
Heat Generation Factor 0.
[
v
(o] [ oag. |[ sove. || Copy.. | [k ][ concel

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 18 of 123
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3.1 MODELSETUP

Since we know in advance that we will be doing more advanced frequency analyses, we can set up the constraints such
that we don’t have to mess with them in downstream analyses. The RBE2 element is setup to mimic a pinned
connection at each of the PCB mounting holes. This is done by releasing the dependent DOF’s of the RBE2. If you are

not up-to-speed on multi-point-constraint (MPC) theory, take a look at our Seminar “Connections 2013: RBE2, RBE3
and CBUSH Elements”.

RBE2 Element to Common Node RBE2 with 3-DOF Dependent Nodes

ID 10427 Color 24576 | palette... | Layer 1 SRE™=
| [RBE1 | RBE2 |RBE3 ( Interpolation )|
A
S “‘\\\\ Dependent = Independent
5SS [nodes ] [463 = — "
T DOF \sblogesesn (154 = Q@ Node 1
4 =
vITX RX 432 New Node At Center
| |487
Y RY 3| |ag8
v Rz | Delete.. | [a90
———— 491
| Reset | |ao -
Thermal Expansion =
— Jie KRBt
Coefficient 0. Material, | ———— [ OK Cancel
e L comet
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3.2

NATURAL FREQUENCY RESULTS AND INTERPRETATION

A normal modes/eigenvalue analysis is the starting point for all linear dynamics work. It is simple to setup but difficult to

interpret the results.

Analysis Set

Title  XXX-0814-01 Normal Modes Analysis

Analysis Program 36..NX Nastran v

Analysis Type 2..Normal Modes/Eigenvalue v

Run Analysis Using VisQ

Net.. | [ ok ||

Cancel ]

Boundary Conditions
Primary Sets

Constraints 1..Universal All-Purpose Con: v
oad! 0..None v
0..From Load Set v
Initial tion! 0..None v
Constraint Equations 0..From Constraint Set v
Bolt Preloads 0..From Load Set v

Other DOF Sets
Master (ASET) 0..None v
Kinematic (SUPORT) 0..None v
SUPORT1 O.None v
omIT 0..None v
|| qQseT 0..None -
U CSET 0..None w
BSET 0..None v

[ preve. |[ Nete. | [ ok ][ concel |

NASTRAN Modal Analysis

|| skip EIGx Method D 1
Real Solution Methods Range of Interest
@) Lanczos Real
Il ©auto (HoumHou)
3 From (Hz) 0. 0.
Subspace
Legacy Real Solution Methods To (Hz) 0. 0.
= AL Eigenvalues and Eigenvectors
(") Modified Givens
= Number Estimated 0
) Inverse Power '
") Inverse Power/Sturm Ebae 10
") Householder
. Normalization Method Mass
) Modified Householder = =
©OmMass | (o (@) Default
I Method: ~ o L =
C(zmplex Solution s @ ‘ © Lumped
H 0 ~
 Heenbery Point : () Coupled
_) Complex Inverse Power
' *) Complex Lanczos Complex Solution Options
Corvergence 0.
Solution Type
@) Direct Regio 0.
Modal Overall Damping (G, 0.
o J[ coneel ]

r =
Nastran Output Requests = o e p— u
Nodal Elemental
Displacement 0..Full Model v [ Force [ 0..Full Model -
[ Applied Load 0..Full Model v ‘ [Flstress ‘ 0..Full Model - ‘
Constraint Force  0--Full Model v| | Fistrain ‘ 0..Full Model - ‘
D Equation Force 0..Full Model v ‘ Strain Energy 0..Full Model v
[7] Force Balance 0..Full Model v/ et ‘m‘
[ ] velocity 0..Full Model | Entholpy [0..Full Model =
["] Acceleration 0..Full Model v | Enthalpy Rate | 0..Full Model v
Kinetic Energy 0..Full Model 2 ‘ Temperature ‘ 0..Full Model v ‘
Temperature 0..Full Model | [ Kinetic Energy ‘ 0..Eull Model - ‘
| Dltnecgyioss  [0-FolMosd ~]
Fluid Pressure ‘ 0..Full Model ¥ ‘
Customization
[V Element Corner Results Results Destination
Output Modes ( a,b,c THRU d ) 2..PostProcess Only -
a con ot L
' (@) Magnitude/Phase Real/Imaginary
Relative Enforced Motion Results
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The mode shapes indicate the shape of that particular natural frequency. Since we are solving the EOM that has no
{Force} or {Load}, the mode shapes have an arbitrary magnitude but they do tell us something very important. For

example, the first mode flexes in the Y-direction and if excited in that direction, the structure would have a very strong
response.

i<zx

Output Set: Mode 1, 200.4665 Hz

Output Set: Mode 2, 380.1996 Hz
Deformed(1.112): Total Translation

Deformed(1.058): Total Translation

Output Set: Mode 3, 672.5712 Hz
Deformed(1.379): Total Translation

Output Set: Mode 4, 1015.848 Hz
Deformed(1.08): Total Translation
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3.2.1 MASS PARTICIPATION

As engineers, we like to quantify our work and just to say it has a “strong response” is not exactly very qualitative. To
remove some of this subjectiveness, it is useful to ask the model how much mass is associated with each natural
frequency. That is, each natural frequency moves or captures a certain mass percentage of the structure. Its total
dynamic response is the summation of all its natural frequencies (which can be a lot or just a few depending on the
structure).

Analysis Set Manager/Normal Modes With the “Not Defined” item highlighted, hit the edit
[ Analysis Set Manager (Active: 1.XXX-0814-01 Normal ... [ =) [ S b utton an d th e NASTRAN XY O Utp ut fO rM Od a I An a IySIS
e g e dialog box will appear. This box requests the mass
Solver : NX Nastran .« . .
| ‘;ry\:fYZ:eN?[::allModes/EigenvaIue pa rt I CI p at I 0 n fa CtO rS .
& ‘)@PUEilscutive/Soluﬁon — s u
@ Bulk Data VIOC
A
2 Modal/Buckling ' Output Requests
[+}-DDAM
\;\ ;ot:rll;ywr[aln:ics Summary
\,?J l0dal 0]
& Resrum Application Y I Modal Participation Factors

[+ External Superelement Reference Delete

@ Master Requests and Conditions Modal Effective Mass
Title : Untitled - c
[#-External Superelement Creation D Modal Effective Welght
Modal Effective Mass Fraction

[+}-Boundary Conditions
[+-Output Requests
No Cases Defined

(- Analysis Set : 2..XXX-0814-01 Y-Axis PSD Analysis New... ¢
[+-Analysis Set : 3..XXX-0814-01 Y-Axis Transient Shock (Pothc| Reference Node 0
Edit...
|
[ oK ] [ Cancel
< n » Done
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Once the mass participation items have been requested, the results are output as functions. | like to plot the SUM
functions in the T1, T2 and T3 directions. As can be seen, the first natural frequency captures 90% of the mass of the
structure in the T2 direction (Y-direction) and would be scary if excited.
8 ow v A8 ®-0Z.-¢ |y ﬁm’ln S~
J!_zxvsrm 1# - 57 = fZ- ¢ -|j2 lig _&EOLMSE ‘
1 [ & Constraints
=%y Functions
_/ fy 1.PSD Profile Table 27 GMW3172 2
0.9 %oy 2.PSD Driver Function over Frequen
fy 3.PSD Modal Frequency Critical Dai
hy 4.Transient Shock (Pothole) from Te
08 fy 5.Mass FRAC T1 Node 0
foy 6.Mass SUM T1 Node 0
fy 7.Mass FRAC T2 Node 0
fy 8.Mass SUM T2 Node 0 3
S 07 fy 9.Mass FRAC T3 Node 0 1
5 fy 10.Mass SUM T3 Node 0
© fy 11.Mass FRAC R1 Node 0
& 061 fiy 12.Mass SUM R1 Node 0
g fy 13.Mass FRAC R2 Node 0
Eos, Mg SHMTL NoduDE) oA a0
‘S # Mass SUM T2 Node 0 (8) fiy 16.Mass SUM R3 Node 0
£ fy 17.Modal PF T1 Node 0
& 04  Mass SUM T3 Node 0 (10) fiy 18.Modal PF T2 Node 0
4 fy 19.Modal PF T3 Node 0
© fy 20.Modal PF R1 Node 0
2 53 fiy 21.Modal PF R2 Node 0
fy 22. Modal PFR3 NodeO L
0.2 lguodel lnfo"r liPost?rocesin;]
| Entity Info "2
0.1
1 2 3 4 5 6 7 8 9 Output Set: Mode 1, 200.4665 Hz
Normal Mode Number Deformed(1.112): Total Translation
JﬂMesagesI
Ready - Nodes: 7442, Elements: 6249 [ Prop:0 Ld:2 Con:1 Grp:l Out: 1
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4. MODAL FREQUENCY ANALYSIS

What does it mean to have mass and shape? It means that if your vibratory load is aligned in that direction and
near that frequency, you have the perfect storm.

A modal frequency analysis is driven by a sinusoidal varying load. Its EOM is given as:

_ 0‘u  du
EF sin(wt — 0) = mw + CE + ku

And since it has a force, we get displacements and stresses from a model; however there is a hitch, results from this type
of analysis are given in the form of magnitudes and phase angles. For example, displacement at any node is given as uo
and 6, and when requested, FEMAP can calculate the time varying response at any solved frequency (w) as:

u = u,sin(wt — 9)

Thus, a modal frequency analysis assumes that the forcing function is sinusoidal and solves the EOM in the frequency
domain with results kicked-out in the form of absolute magnitudes and phase analysis. This makes interpretation of the

results somewhat challenging and requires a bit of understanding of how the sinusoidal varying load is interacting with
the mode shapes within each frequency.
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4.1 RUNNING A MODAL FREQUENCY ANALYSIS IN FEMAP AND NX NASTRAN

7

Analysis Set

=x=)

Title

XXX-0814-01 Modal Frequency Analysisi

Analysis Program

36..NX Nastran v

Analysis Type 4..Frequency/Harmonic Respons v
[ |Run Analysis Using VisQ
| Net.. | | ok || cancel

-

We’'ll Start with this option and explore what happens
when you hit this circuit board with a sinusoidal varying 1
g acceleration in the Y-direction. Since we know from our
junior level mechanical engineering vibration class that if

we don’t apply a bit of damping to the analysis the
response goes to near infinity; hence we’ll use the
engineer’s standard of 2% critical damping

For this analysis, we’ll create the critical damping function and let the program determine the solution frequencies.

# | Functior

n Definition

o ) 3

D3

10.
20000.

Data Entry

Equatior

Title PSD Modal Frequency Critical Damping

X-Frequency Y -FracCrit

Type 7..Critcal Damp vs. Freq -

171X Axis Log Scale Y Axis Log Scale

0.02
0.02

10.

3341667 6673333 10005, 1333667 1666833 20000
requency

@ single Value (" Edit Phase ( X )
Linear Ramp Edit Magnitude (Y )

n Periodic

X 10. Y 0.02

| copy Functon... || Get Dta Series pata |

i

[ | [ Losd from Libeary... | [ Paste from Cipboerd |

| | sovetoubrery... || copyto cipboora |

3

SN | =T

Damping is given as a function and is constant over the
complete range of interest and since it doesn’t matter, |
just set it at 0.02 from 10 to 20,000 Hz.

If one wants to know more, take a look at the documents:
NX Nastran basic Dynamic Analysis
&

NX Nastran Advanced Dynamic Analysis User’s Guide
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Units for dynamic analysis can be challenging. In this example model, the units are a modified Sl system of N, tonne, mm
and second. For the acceleration load of 1 g we have 9,800 mm/s2. The load is applied at the independent node of the

RBE2 element. It may seem funny that one can apply an acceleration load to a node that has all six DOF fixed but the
modal frequency analysis understands the request and ignores the T2 SPC tag.

"
Load Set 1 Motor Frequency
Title Acceleration on Node in mm/sec~2 Coord Sys 0..Basic Rectangular -
Color 10 Layer 1
[lesin Method
Q) Components Q) Copstant
Vector Variable
Along Curve Data Surface
_Normal to Plane
Normal to Surface 2pechy... Advanced..
Load
Value Time/Freq Dependence Data Surface 0
ax [lo 0..None v 0..None = |
Ay [¥] 9800 0..None =
az [jo. 0..None v
Phase 0. 0..None -
e
- b
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This is the heart and soul of the Modal Frequency Analysis setup. As one walks through the screens, we chose the Modal
solution type, and request that 10 Eigenvalues and Eigenvectors be used to form the solution set. The next screen, we set
damping to use our 0.02 critical damping curve and we request the solution frequencies. This can be done by creating
your own function or letting FEMAP calculate the solution requests based on the natural frequencies. We chose the later
by pressing the Modal Freq button and requesting solutions over the first four natural frequencies with a band spread of

10% (default).

NASTRAN Modal Analysis u Dynamic Control Options u
i ¢ Method D 1
| Soluti Range of Interest
Real Solution Methods 9 Options for Dynamic Analysis [ Advanced 0pﬁons]
@) Lanczos L agina : : 4 o
©) Auto (HOU/MHOU) Equivalent Viscous Damping Limit Response Based on Modes
@ sipwss From (Hz) 0. 0. Overall Structural Damping Coeff (G) 0. Number of Modes 0
Legacy Real Solution Methods ~ To (Hz) g -t N Modal Damping 3..PSD Modal Frequer v Lowest Freq (Hz) 0.
@) Gi |
- Givens Eigenvalues and Eigenvectors i ["] As structural ( KDAMP ) Highest Freq (Hz) 0. i
(") Modified Givens
@ Inverse Power Nurmber Estimated 0 W Equivalent Viscous Damping Conversion Transient Time Step Intervals
(©) Inverse Power/Sturm ftinegDesked 10 Convert using Solution Freq ( WMODAL ) 0
- N
©H hold _—
Sl Normalization Method Mass W ["IRigid Body Zero Modes( FZERO) | 1.E-4 e o
() Modified Householder = =
@Magss - [o Q) Default Freq for System Damping (W3 - Hz) 0. itpu 0 W
Complex Solution Methods - =
() Max () Lumped Ereq for Elerment Darping (W4 - 0
Hessenberg 0 E X sk :
Point () Coupled
Complex Inverse Power Frequency Response Response/Shock Spectrum
Complex Lanczos Complex Solution Options = ' - S,
. = requencies Jamping/Freq Correlatio
Solution Type
() Direct ion Width 0. Modal Freq... 0..None v || by
(@ Modal mping 0.
Prev... ] [ Next... oK ] [ Cancel I e ] [ Mo ] oK l [ Cancel
= —— —
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Since the linear dynamic response of a structure is determined or composed of its natural frequencies it often makes
the most sense to request solutions at and around (Frequency Band Spread) these natural frequencies. Once this is
done, the program creates a function showing how these solutions are spaced apart. The numerical value of the
function is only for graphical utility since Nastran solves at each requested frequency.

[ Function Definition !’1 ‘\ A é@u

D5 Title Modal Frequency Table Type 3..vs. Frequency -
Frequency Table From Modal Results g

X -Frequency Y -Factor [7Ix Axis Log Scale [ |Y Axis Log Scale

F
Modal Results 19044317 1. za_dfr

S /
4 / \\
3 / / \\
1 Y A W A

EirstFreq 1..Mode 1, 200.4665 Hz v 22051314

342.17966
1066.6409
1804198 2975465 4146732 531.7999 6489266  766.0533 883.18 1000307 1117433

361.18964
LastFreq 4_Mode 4, 1015.848 HZ v 38019902
Frequency Band Spread (+/-) 10. % 117:3383, 0 Frequency
' Data Entry

399.2096
418.21959

@ Single Value () Edit Phase (X ) Add | copy Function... || Get Data Series Data |
] [ ' (O)Linear Ramp (7 Edit Magnitude (Y) P2 E

. = - 638.94268
Additional Solution Frequency Points | 672.57124
706.1998
739.82836

= s 914.26364
Number of Points per Existing Mode 5 | 965.05606

1015.8485

ool R 5ol S Sl il
o
1

[ Load from Library... ] [ Paste from Clipboard

605.31412
5 = . Update
Cancel _) Equation () Periodic ariaple | x

]
— X Y { Save to Library... ] [ Copy to Clipboard ]

N | oK
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Then, one applies the boundary conditions and then lastly, one sets the output requests.
Boundary Conditions E Nastran Output Requests g
SRRy St Nodal Elemental
Constraints 1..Universal All-Purpose Con: v Dokt 0..Eull Model ] Force ' 0..Full Model v
Loads 1..Motor Frequen v i
i) Appliedload | O--Full Model -| Siess ..Full Model v
Temperatures 0..From Load Set v
‘ &onsu-aint Force ‘ 0..Full Model v ‘ St[ain ..Full Model v
Initial Conditions 0..None v 1
| Equation Force | 0--Full Model v | | 1 strain Energy ..Full Model v|
Constraint Equations 0..From Constraint Set v Force Balance ‘ 0..Full Model v| [ ] Heat Flux --Full Model ¥
Bolt Preloads 6 Fias it s . [ velocity | 0..Full Model v| | Enthaipy ..Full Model v
- _ I
Acce'eraqon 0..Full Model Enthal Rate ..Full Model v
Other DOF Sets v = L
Master (ASET) 0..None - [ | Kinetic Energy ‘ 0..Full Model v ‘ [ ] Temperature ..Full Model v |
- 0..Full Model - i ..Full Model -
Kinematic (SUPORT) 0..None v | Temperature ‘ " [ Kinetic Energy i
— = ..Full Model v
SUPORT1 0..None v e "
| Fluid Pressure --Full Model >
oMmIT 0..None v
Customization M
QSET 0..None v Element Corner Results Results Destination ||
[
CSET 0..None v Output Modes ( a,b,c THRU d ) 2..PostProcess Only
O
BSET 0..None v ) : Echo Model
(@ Magnitude/Phase () Real/Imaginary
[ T ” R ] [ oK ” Cancel ] [ |Relative Enforced Motion Results
T =
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And the results show no surprises with the response peaking at the first normal mode at 200 Hz. If it is your first time
with Modal Frequency, then the output results will seem a bit odd since you don’t have Total Translation or a von
Mises stress. All that you have are individual displacement and stress components. This goes back to the nature of
the solution where the output is in magnitudes (uo) and phase angles (8). Hence, to get the time varying nature, you

need to expand the complex results.

Charting ~ -
M8 3.Untitled RN 28 Sty SO RN A R X-oak &)
0.135
013
0.125
0.12
0. ios View 1 Predictive Engineering [V] Dynamic Max/Min
0.1 Output Sets
— Pr : NX Nastri
0.095 11..Case 1 Freq 180.4198 v & e il
0.09 Analysis Type : Frequency
0.085 Set Value : 180.4198
0.08
0.075 Output Vectors B
0.07 - Deform @)« [ vonsform..  |[ vectormfo.. |
0.065 + T2 Translation (Node 1) vs Set Value 2..T1 Translation X - il S
0.06 ¢ : :
+ T2 Translation (Node 5192) vs Set Value 4..T3 Translation =l
0.055 Contour 6..R1 Rotation W [ Transform... ] [ Vector Info... I
0.05 7..R2 Rotation Min :
0.045 8..R3 Rotation
004 22..T1 Acceleration [ Multiple Contour Vectors... ]
y 23..T2 Acceleration
0.035 24..T3 Acceleration |
0.03 Contour 26..R1 Angular Acceleration = §
0.025 E 27..R2 Angu:ar Acce:eration :]
2t28..R3 Angular Acceleration Options...
0.02 ol 250..Complex Mode Shape Z
0.015 6043..Plate Top Fiber J
0.01
0.005
0 i
0.005
-0.01 |
100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200
AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 30 of 123



FINTE ELEMENT ANALYSIS s

PredictiveEng

ineering

Dynamic Analysis User Guide

2019

To obtain the time varying response from a Modal Frequency, one goes to Model / Output / Expand Complex and pick
your solution of interest. For this structure it is the maximum response at 200 Hz and then we’ll request that it is
expanded into 12 solutions.

[#7 Select Complex Output to Expand

Model -
Output Sets

PCB Analysis from Modal to MF to PSD to DT - Final Modal Frequency Analysis.modfem

Output Vectors

[V]All Output Vectors ~ From Cutput Set

I

®® EE

1..Mode 1, 200.4665 Hz
2..Mode 2, 380.1996 Hz
3..Mode 3, 672.5712 Hz
4..Mode 4, 1015.848 Hz
5..Mode 5, 2022.406 Hz
6.
7
8.

..Mode 6, 2625.677 Hz
..Mode 7, 4156.374 Hz
..Mode 8, 4366.092 Hz

|| 9..Mode 9, 5601.611 Hz

10..Mode 10, 6685.72 Hz
11..Case 1 Freq 180.4198
12..Case 2 Freq 190.4432

| FAIFIREAIE

Filter |0..None - Ignore

v
)

|| 2..T1 Translation
3..T2 Translation
4..T3 Translation
6..R1 Rotation
7..R2 Rotation
8..R3 Rotation
22..T1 Acceleration
23..T2 Acceleration
24..T3 Acceleration
_| 26..R1 Angular Acceleration

IS0

I

EEEEEEE

70012...
70013..
70014..
70015...
70210...
70211..
70212..
70213..
70214..
70215...

SolidC1 Z Normal Stress
SolidC1 XY Shear Stress
SolidC1 YZ Shear Stress
SolidC1 ZX Shear Stress
SolidC2 X Normal Stress
SolidC2 Y Normal Stress
SolidC2 Z Normal Stress
SolidC2 XY Shear Stress
SolidC2 YZ Shear Stress
SolidC2 ZX Shear Stress

|

|

1|

L/

71011...
71012..
71013..
71014..
71015..
71210..
71211..
71212..
71213..
71214..

SolidC6 Y Normal Str
SolidC6 Z Normal Str
SolidC6 XY Shear Sti
SolidC6 YZ Shear Str
SolidC6 ZX Shear Sty
SolidC7 X Normal St
SolidC7 Y Normal Str
SolidC7 Z Normal Str
SolidC7 XY Shear Sty
SolidC7 YZ Shear Str

V] 13..Case 3 Freq 200.4665 7..R2 Angular Acceleration 70410..S0lidC3 X Normal Stress 71215..S0lidC7 ZX Shear St
i 14..Case 4 Freq 210.4898 || 28..R3 Angular Acceleration 70411..5S0lidC3 Y Normal Stress 71410..SolidC8 X Normal Sty
|| 15..Case 5 Freq 220.5131 (L 250..Complex Mode Shape 70412..S0lidC3 Z Normal Stress (. 71411..S0lidC8 Y Normal Str
|| 16..Case 6 Freq 342.1797 |_| 6043..Plate Top Fiber 70413..S0lidC3 XY Shear Stress || 71412..S0lidC8 Z Normal Str
|| 17..Case 7 Freq 361.1896 || 6044..Plate Bottom Fiber || 70414..50lidC3 YZ Shear Stress {__| 71413..S0lidC8 XY Shear St
|| 18..Case 8 Freq 380.1996 L 7020..Plate Top X Normal Stress Ll 70415..5S0lidC3 ZX Shear Stress ; 71414..S0lidC8 YZ Shear Str
[ | 19..Case 9 Freq 399.2096 || 7021..Plate Top Y Normal Stress || 70610..SolidC4 X Normal Stress | | 71415..S0lidC8 ZX Shear St
|| 20..Case 10 Freq 418.2196 |__| 7023..Plate Top XY Shear Stress || 70611..SolidC4 Y Normal Stress {__| 100007..PItC1 Top Fiber
|| 21..Case 11 Freq 605.3141 |__| 7420..Plate Bot X Normal Stress || 70612..SolidC4 Z Normal Stress || 100008..PItC1 Bottom Fiber
] 22..Case 12 Freq 638.9426 ; 7421..Plate Bot Y Normal Stress || 70613..SolidC4 XY Shear Stress " | 100220..PitC1 Top X Normal
[ 23..Case 13 Freq 672.5712 || 7423..Piate Bot XY Shear Stress || 70614..SolidC4 YZ Shear Stress || 100221..PIitC1 Top Y Normal
|| 24..case 14 Freq 706.1998 |__| 60010..Solid X Normal Stress || 70615..SolidC4 ZX Shear Stress {__| 100223..PItC1 Top XY Shear,
| 25..Case 15 Freq 739.8284 (L 60011..Solid Y Normal Stress £ 70810..SolidC5 X Normal Stress L] 100620..PItC1 Bot X Normal
[ 26..Case 16 Freq 914.2636 || 60012..Solid Z Normal Stress || 70811..SolidC5 Y Normal Stress || 100621..PitC1 Bot Y Normal
|| 27..case 17 Freq 965.0561 |__| 60013..Solid XY Shear Stress || 70812..S0lidC5 Z Normal Stress |__| 100623..PItC1 Bot XY Shear
|| 28..Case 18 Freq 1015.848 | 60014..Solid YZ Shear Stress | 70813..S0lidC5 XY Shear Stress || 150007..PItC2 Top Fiber
[ ] 29..Case 19 Freq 1066.641 |__| 60015..Solid ZX Shear Stress || 70814..S0lidC5 YZ Shear Stress |__| 150008..PitC2 Bottom Fiber
|| 30..Case 20 Freq 1117.433 |__| 70010..SolidC1 X Normal Stress |_| 70815..S0lidC5 ZX Shear Stress |__| 150220..PItC2 Top X Normal
__| 70011..SolidC1 Y Normal Stress | 71010..So0lidC6 X Normal Stress | 150221..PitC2 Top Y Normal
PN T »
Add Similar Layer/Ply Results Add Component/Corner Results 0K l [ Cancel

Expand Complex Output Data
Expand For
- First Phase 0.
(") Single Eh"a“se“ Lot Phase | 360.

Increment 30.

ok || cancel |
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After expanding the solution, we have the full-field solution with Total Translation and von Mises stresses. Keep in mind
that this maximum response requires that the excitation is in the direction of the mode shape (Y-direction) and that this
particular mode has mass (mass participation 90%).

W Femap with NX Nastran - [PCB Analysis from Modal to MF to PSD to DT - Final Modal Frequency - [Predictive

=)

@ 13.Case 3 Freq 2004665
&) 14.Case 4 Freq 2104898
&) 15.Case 5 Freq 2205131
@ 16.Case 6 freq 3421797
& 17.Case 7 Freq 3611896

‘T2 Translation (Node 1) vs Set ID
‘T2 Translation (Node 5192) vs Set ID 15 Caie v o0 9%
@ 19.Case 9 Freq 399.2096

o1 & 20.Case 10 Freq 4182196

& 21.Case 11 Freq 6053141

l 22.Case 12 Freq 638.9426

009 @ 23.Case 13 Freq 6725712

& 24.Case 14 Freq 706.1998

) 25.Case 15 Freq 739.8284

007 & 26.Case 16 Freq 9142636

@ 27.Case 17 Freq 9650561

& 28.Case 18 Freq 1015848

005 & 29.Case 19 Freq 1066.641

& 30.Case 20 Freq 1117.433

@ 31.Frequency 2004665, Phase 0.
003 & 32.Frequency 2004665, Phase 30.
@ 33.Frequency 2004665, Phase 60.
8] 34 Frequency 2004665, Phase 90.
001 i 35.Frequency 2004665, Phase 120.
& 36.Frequency 2004665, Phase 150.
@ 37.Frequency 2004665, Phase 180.
001 &l 38.Frequency 2004665, Phase 210.
) 39.Frequency 2004665, Phase 240.
@l 40.Frequency 2004665, Phase 270.

immwwmwmmwmmmwmw -8%
ME s fCVTOE L {ﬂ@lgoooa AXYE sgg!s Ege walie- Lo BPme. sy 2 wemmmml:@usonoos i
B (ool o 8 5 Pradictive Enginesring 4 x

R R R R R a1 2 1 AN ISR X3

30.65
28.61
26.57
24.52

003 @ 41.Frequency 200.4665, Phase 300.
e @ 42.Frequency 2004665, Phase 330.
e B s Y 10.22
08 e i
A Seection Ut - X 8.175
008 [EiModel info &l Meshing | i PostProcessing|
009 } Entity Info 2 x Ve 6.132
Node 3674
B g&::?(l:(:(lo) ;?ﬁlé@z@: 2581492, 0624917 4 088
gz Output Set: Frequency 200.4665, Phase 90. ’
- Deformed(0.185): Total Translation 2045
o Elemental Contour: Solid Von Mises Stress
o Second Contour: Plate Top VonMises Stress 0.00129
T P % % » 3 P Second Contour double sided: Plate Bot VonMises Stress
| [ Messages|

Ready - Nodes: 7442, Elements: 6249

| Prop:0 L1 Com1 Gl Out:34
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5. INTRODUCTION TO RANDOM VIBRATION

Random Vibration is vibration which can only be described
in a statistical sense. The magnitude at any given moment

is not know, but is instead described in a statistical sense TSUNAM| HAZARD ZONE

via mean values and standard deviations

Random vibration problems arise due to earthquakes,
tsunamis, acoustic excitation (e.g., rocket launches), wind
fluctuations, or any loading which is inherently random.
Often random noise due to operating or transporting
conditions can also be considered. These vibrations are

usually described in terms of a power spectral density IN CASE OF EARTHQUAKE, GO
(PSD) function. TO HIGH GROUND OR INLAND
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5.1 THE PSD FUNCTION

Random vibration is unique because it can excite all frequencies at once, whereas a sine sweep will excite one frequency
at a time (think slamming all keys on a piano instead of sliding your hand across them). The PSD function is created by
subjecting a structure to white noise vibration and measuring the RMS amplitude of the response of the structure
across a range of frequencies, squaring the response, and dividing it by the frequency range which results in units of
G2/Hz.

A typical power spectral density is shown below:

PSD Function

Frequency PSD N T
(Hz) (G*/Hz)
20 0.01
100 0.05 ;"
900 0.05
1,100 0.01

Frequency (Hz)
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A system subject to random vibration does not have a single resultant stress. Luckily for us, the stress results do
typically follow a Gaussian distribution (think bell-curve):

99.7% of the data are within

€ 3 standard deviations of the mean >
95% within
2 standard deviations
68% within
<— 1 standard —>
deviation
uw— 30 u—20 U—ao u u+ao u+ 20 u+ 30

The Gaussian distribution allows stress results to be reported statistically. FEMAP will generate 1-o stresses,
which represent the stress that the system will likely see 68% of the time. The 2-o stress level covers 95% of
cases, and 3-o covers 99.7%. Most of the time a system is designed to the 3-o stress level.
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5.2 THE NX NASTRAN METHOD

Given an input PSD function, an output response can be calculated by using the systems transfer function.
— 2
PSDGut — |g(W)| PSDin

The g(w) represents the system transfer function. A system transfer function simply represents its output to input ratio.
NX Nastran performs a frequency response analysis on the system to obtain the system transfer function, and then does
the random vibration analysis as a post processing step based on this transfer function.

There are several steps to setting up the analysis in FEMAP:

1. Defining the system damping

Creating the PSD function

Creating a Modal Frequency Table (or Requested Solutions Function)
Creating the excitation node and tying it into the model

Loading the model

Constraining the model

Specifying output groups for nodal and elemental output

Setting up the analysis in the Analysis Manager

O NO U A WN
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5.3 PSD UNITS
It can be tricky keeping track of the units in any analysis; this is especially true with PSD analysis. The table below
shows the input and output units for a few of the most common unit systems. It doesn’t matter which system you go
with but be sure you are consistent throughout your analysis. The table below shows the properties for aluminum in
each unit system.
Inputs RMS Outputs
Units Young's Mass Densi PSD Acceleration Deflecti 5
Modulus ass Density Eunction Load eflection tress
3 2 2
SI (m, kg,sec) 6.89e10 Pa 2710 kg/m 1g°/Hz 9.807 m/s 1m 1000 Pa
51 (mm,Mg,sec) 6.89e4 MPa | 2.71e-9 Mg!mm3 1 ngHz 9807 mm,!s2 1000 mm 1.0e-3MPa
Imperial (in, snail, sec) 10.0 e6 psi | 2.54e-4 snail;’in‘g' 1 gZ;"Hz 386.1 in,.l"s2 39.37 in 0.145 psi
AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 37 of 123
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6. EXAMPLE 1: PSD ANALYSIS OF PCB WITH TWO HEAVY ELECTRICAL COMPONENTS

For completeness, let’s do a simple PSD analysis on our circuit board. Again, units are very important. The PSD spectrum
(load) is given as g2/Hz. In the center of the spectrum from 115 to 500 Hz, the PSD input is 1.31 g2/Hz and then tapers.

— 5
[# ] Function Definition - @‘m
D1 | Title PSD Function (g~2/Hz) Type 3..vs. Frequency v
X -Frequency Y -Factor X Axis Log Scale Y Axis Log Scale
I I
20. 0.005 Factor
115. 1.31 >=1.00E+1 —
500. 1.31
2000. 0.657
1.00E+0 /—\
1.00E-1
1.00E-2
<=1.00E-3 T T 1
<=1.00E+1 1.00E+2 1.00E+3 >=1.00E+4
Frequency
Data Entry
@) single Value () Edit Phase ( X ) | add | [ copyFunction.. || cetData Seriesata |
@ Li @) Edi i Deltz 1
: Linear Ramp ‘:.Edlt Magnitude (Y) a 7 [ Update ] [ Load from Library... H Paste from Clipboard‘
() Equation () Periodic ¢ Variable | X I
- Save to Library... l [ Copy to Clipboard ‘
X 2000. Y 0.657
Coem ) [ o [ oo
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The PSD procedure is almost identical to the modal frequency analysis. There are some new screens but the only
critical one is where you apply your PSD spectrum (lower-right-hand-corner). Otherwise, it is identical to that of the
prior modal frequency analysis.

r

Analysis Set

Title  XXX-0814-01 Y-Axis PSD Analysi|

Analysis Program 36..NX Nastran
Analysis Type 6..Random Response v
[|Run Analysis Using VisQ
[ met. | | ok || cancel
= ——

Dynamic Control Options
—————

ey N TR e

[ NASTRAN Modal Analysis ﬂ

LEiEs wavodD 1 1
Real Solution Methods Range of Interest
9 Lanczos
Auto (HOU/MHOU)
Subspace From (Hz) o 0
Legacy Real Solution Methods  To (Hz) 0. 0.
Drwis Eigenvalues and Eigenvectors
| Modified Givens
Inyerse Power 2
Inverse Power/Sturm IR Dackad 10
Householder
Normalization Method Mass
" Mags. o ©) Default
Complex Solution Methods: © Max ;
senber ; o o
Hessenberg e s
Complex Inverse Power
Complex Lanczos Complex Solution Options
.
Solution Type !
Diregt t .
© Mogal 0. W
Prev.. Next.. oK cancel i

[ ] use Load Set Options

Options for Dynamic Analysis IM Options|

Equivalent Viscous Damping
Overall Structural Damping Coeff (G

[] As Structural ( KDAMP )

["IRigid Body Zero Modes( FZERO )
Freq tem Damping (
Freq for Element Damping (W4

Frequency Response

Equivalent Viscous Damping Conversion

Limit Response Based on Modes
) [o: Number of Modes

Modal Damping 3..PSD Modal Frequer v Lowest Freq (Hz) 0.

Highest Freq (Hz) 0.

Transient Time Step Intervals

[~ convert using Solution Freq ( WMODAL ) Number of 0

LE-4 Time per 0.

0. tput Interva 0

0.

Response/Shock Spectrum

Frequencies  5..Modal Frequency Table v Damping/Freq Correlati

0..None v

NASTRAN Power Spectral Density Factors g

Correlation Table

Master=>Master 1.(1) :Int1=0 Excited Master

Load Set: 1..Motor Frequency

Applied Master

Load Set: 1..Motor Frequency

Edit Correlation Table
R PSD Function PSD Interpolation
Real 1. X 1..PSD Function (g~2/Hz) v 0..loglog
Imaginary | 1. X | 0..None ~ | | 0..Log Log
I Apply

o« | [ conce
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Given that a PSD analysis can be a numerically intensive calculation, FEMAP provides the ability to restrict your analysis
output to just a few items or the complete model. For this analysis, all output requests are left blank except the very last
screen where just displacements and stresses are requested. This is identical to that which was done for the modal
frequency analysis. At the end, we have the RMS von Mises stresses contoured over the system and they are significantly

greater than just the modal frequency result.

T )

& Femap with NX Nastran - [PCB Analysis from Modal to MF to PSD to DT - final Modal Frequency Analysis. Predictive Engi
I I 2t
X, PGB Anayisfrom Moda .. resce- 101401 M10BD V.|

iddosielinio
|2 SS s s

al 15.Case 5 Freq 2205131

@l 16.Case 6 Freq 3421797

@l 17.Case 7 freq 361.1896

il 18.Case 8 Freq 380.1996

-l 19.Case 9 Freq 399.2096

@l 20.Case 10 Freq 418.2196

@ 21.Case 11 Freq 6053141

@l 22.Case 12 freq 638.9426

«i 23.Case 13 Freq 6725712

& 24.Case 14 Freq 7061998

« 25.Case 15 Freq 739.8284

il 26.Case 16 freq 914.2636

il 27.Case 17 Freq 965.0561

«) 28.Case 18 Freq 1015848

il 29.Case 19 Freq 1066.641

o 30.Case 20 freq 1117433

il 31.Frequency 200.4665, Phase 0.
@l 32.Frequency 2004665, Phase 30.
4 33_Frequency 2004665, Phase 60.
-l 34.Frequency 2004665, Phase 90.
i) 35.Frequency 2004665, Phase 120.
il 36.Frequency 2004665, Phase 150.
«il 37.Frequency 2004665, Phase 180,
s 38.Frequency 2004665, Phase 210,
«il 39_Frequency 2004665, Phase 240.
-l 40.Frequency 2004665, Phase 270.
«l 41.Frequency 2004665, Phase 300.
l 42.Frequency 2004665, Phase 330.
o 43.RMS Values =
ai 44_Positive Crossings

& T Views

i I Groups

+ £ Layers
| b Seectontst =
| 1 Model nto 3 Meshing| & PostProcessing

| Entity Info 2 x
3674

d(0) = 8829983, 2581492, 0624917
IDefCS = 0 OutCs =0

Output Set: RMS Values

Elemental Contour: Solid Von Mises Stress

Second Contour: Plate Top VonMises Stress

Second Contour double sided: Plate Bot VonMises Stress

< AT
AL
IRLTATES
i

e

v, rawy
e .
AL AIATTE
RELITIILE
II AT FTATS
pSTT2

g,

138.3
1291
119.8
110.6
101.4
92.18
82.96
73.75
64.53
55.31
46.1
36.88
27.66
18.45
9.228
0.0111

4 Messages | -
Ready - Nodes: 7442, Elements: 6249

| Prop:0 Ld:1 Com1 Grp:l Out43
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7. EXAMPLE 2: CANTILEVER BEAM

7.1 PROBLEM DEFINITION

A cantilevered aluminum beam 5 inches in length

is used to support a 0.50 Ib mass. Our objective is
to determine the dynamic stresses and fatigue life
of the beam for vibration along the vertical axis.

The FEA model is a single beam element. A
picture of the beam element, with its cross section
displayed is shown on the right.

We will compare the FEA results to an analytical
solutionys. The PSD input used by St

PSD;, = 0.2 G2/Hz

This Excitation was applied to the fixed end of the
beam (where the rectangle is drawn)

Our unit system is Ib/in/s and 1 g=386 in/s?

\

v Steinberg, Dave S. Vibration Analysis for Electronic Equipment. 2nd ed. New York: John Wiley & Sons, 1988. 226-231.
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7.2 ANALYTICAL SOLUTION
A cantilever beam with the dimensions previously given and an end load of 0.5 |bf experiences an end deflection of:
L3

Y. _w —8.01E — 4
St 3g]

Based upon this end deflection, the beam’s resonant frequency and transmissibility can be calculated as:

g
= — |~ =1105 - -
o 7o Q=2/f, =21

fn

Miles’ equation can be used to approximate the Gout:(RMS) value:

T
Gaut — JEPSDIH * fn * Q = 27.0

This output is in G, if an equivalent value is desired in English units, simply multiply this by gravity.

276 = 27 =222 gravity = 10,422 7Y,

gravity

The max output PSD can also be obtained using:
PSD,,, = Q% * PSD;,, = 21? * (0.2 * G?) where G = 1g or 386 in/s?

In English units, the max PSDouwt=13.14e6 in?/s*. This can also be verified against the FE Model
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7.3  DEFINING THE SYSTEM DAMPING

Determining how the system is damped can Sl Euictioh:Defiition H X
be complicated. In NX Nastran there are D 2 Titla| Damping Type [ 7..Critical Damp vs. Freq =
three ways to do this: erae o (X Avislog Scale [ ]Y Ais Log Scale
. . . 0. 0.0238 i
1. If the structural damping coefficient (G) "o47s -
. . . 04165 —
is known then function type 6: i
Structural Damping vs. Frequency °§Z: iy
should be used. 01785 -
0119 4
2. If the critical damping ratio is known, el
then function type 7: “Critical Damping 0. 01 02 03 04 05 06 07 08 09 1
Frequency
vs Frequency” should be used. Dota Entry
. . . @ Single Value (O Edit Phase ( X ) Copy Function... Get Data Series Data
3. If the Quality/Magnification factor (Q) Olineor Bamp O Edit Magaitude (¥)  DeltaX |1 = e e
is known, then function type 8: “Q Opfguation O Periodic X Variable | x e e
Damping vs. Frequency” should be = o - Bl S
used To X Reset OK Cancel

An approximation of the transmissibility of the beam is Q = 21. This value yields a critical damping ratio of 2.38%;

this is what we will use.
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7.4  CREATING THE PSD FUNCTION

B ' Function Definition

a X

ID 3 Title ‘ Type ‘ 3..vs. Frequency v ‘
X -Frequency Y -Factor X Axis Log Scale []Y Axis Log Scale
10. 0.2 Factor
The input to the cantilever beam is a 2000. 02 ol
white-noise vibration with a PSD input 2
28 o
of 0.20 G2/Hz from 20 to 2000 Hz. o o
2
This is entered directly with no scaling. 1
It will be scaled for the desired unit o
. . oy . . 04 4
system in the Load Definition dialog . ‘ ‘ : : : : : : .
(Section 5.6). 10. 209. 408. 607. 806. 1005. 1204. 1403. 1602. 1801. FreqUZeO"OCOy,
Data Entry )
@ Single Value (O Edit Phase ( X) Add Copy Function... . Get Data Series Data |
g 5 5 1
O Linear Ramp O Edit Magnitude (Y ) Lol Update ‘ Load from Library... Paste from Clipboard
(O Eguation O Periodic X Variable | x 3 = =
‘ Save to Library... Copy to Clipboard
X ’ Y ’ Delete
To X ok Reset ‘ oK Cancel
Page 44 of 123
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7.5 CREATING THE MODAL FREQUENCY TABLE/SETTING UP THE LOAD SET OPTIONS FOR DYNAMIC ANALYSIS

The Modal Frequency Table is a function which defines

which frequencies NX Nastran will obtain a solution for; Analysis Set X
fchat !s, each frequency repre.sents a separ.ate squt!on that Title

is written out to the results file. The function can either be : |
created manually, or FEMAP can create one for you. If you Analysis Program  36..NX Nastran ¥ |

do not know about which frequencies you’d like the ; .Y = :
. L. . Analysis Type ' 2..Normal Modes/Eigenvalue v
analysis to focus, it is preferable to have FEMAP set it up,
otherwise you will most likely end up with a large amount [[]Run Analysis Using VisQ
of extraneous output.

Next... oK Cancel

To have FEMAP set up the table for you, you must first run an eigenvalue analysis. Once the eigenvalue
analysis has run, FEMAP will know about which frequencies to concentrate.

The normal modes will be used to define the solution frequencies of the Random Analysis. Think of it as
guiding the Random Analysis such that only frequencies of interest (significant frequencies) are processed.

This greatly limits the amount of post-processing that is required for the Random Analysis. More will be said
on this later on....
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It is good practice to run the normal
modes analysis first to see how the
structure will behave. In this simple
beam model, we have fixed the end of
the beam in all six DOF. The beam is also
massless (material density of 0.0). This
was done to allow us to exactly match
the analytical solution.

After the analysis has finished running,

you should have three modes. In Section 123456
5.8 we will show you how these Normal
Modes are used to generate the Solution . Model ifs [ |
Frequencies for the Random Analysis. & ER LA E
+/& Connections A
+/% Aero Model
+ @ Model
+% Analyses
—~lad Results
[+lJ Analysis Study
[=ls2 All Results

@ 1..Mode 1, 110.4497 Hz
& 2.Mode 2, 834.8205 Hz
« 3.Mode 3, 4422.165 Hz
+ Views
+/® Groups
+ £ Layers v
“EI Model Info[i MeshingliIPostProcessingl
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7.6 LOADING & CONSTRAINING THE MODEL
An acceleration load must be given to the base node = x
Load Set 1 PSD Excitation Node
in the direction of the excitation. Since the PSD is T | Acceleraton o fode Coord Sys [0.Basc Rocangulr v
. . 2 Color | 10 Palette... Layer| 1
given in G“/Hz, we must scale theloadbyalg == —
. . . . . (® Components @ Constant
gravitational acceleration in our unit system of OvVectr OVarisbe
. . . . Along Curve (O Data Surface
choice. We want our deflection results in inches so ONormel to Plane - - S:d )
Normal to Surface ol 2] Lo et
we will enter an acceleration of 386 in/sz. . We | TrFDewdes o St
ax  [Hlo. 0..None v % | 0.None
AY [ 386. 0..None
AZ] 0. l 0..None
Phase | 0. 0..None vl
Concel
The Load Constraint constrains the base node in all
sex degrees of freedom
This constraint set should identical to the constraint Create Nodal Constraints/DOF %
set used for the eigenvalue analysis. The node used Constraint Set 1 Load Constraint
to constrain the model is the same node to which Title | | Coord Sys | 0..Basic Rectangular v]
the unit acceleration was applied. Color 120 | Palette... Layer| 1 |
. . . . . . . DOF R
X Symmetry X AntiSym
The idealization concept is that the base is fixed in OGN g1z = . o &
. . . . ymmetry ntiSym
the TX, .TZ, BX, RY, RZ whllg thg structure |§ excited in Elrx BIRY IRz e E— . e
the Y-direction (i.e., there is displacement in the Y- ZSymmetry  Z AntiSym
direction).
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7.7 SPECIFYING GROUPS FOR NODAL AND ELEMENTAL OUTPUT

A group can be created to specify certain nodes
and elements to recover data from. For this
analysis we will skip creating a group to simplify
the analysis.

If we wanted a group for the beam element we
could create a single group with our single
element and two nodes. We are not recovering
any data from the Mass Element, so we can leave
it out of the group.

1
123456
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7.8 CREATING AN ANALYSIS SET — SIMPLE PSD
Next up is creating an analysis set. There are a lot of B Analysis Set X
options to tailor the output to exactly what you need, but 7
let’s look at a straightforward analysis. This will allow you Tite | PSD Analysis
to see RMS Stress and positive crossings, which is enough TR
. . . . i = astran v
information for a general PSD stress analysis and fatigue AhialEs Brogeam
life estimate. Analysis Type i ' 6..Random Response v
Solve Using
First, create a new Random Response Analysis Set. @ Integrated Solver
O Linked Solver
Select Next... Solver is undefined. Go to File Preferences Solvers.
OVisQ
Next... OK Cancel
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Keep pressing Next... until you arrive at the NASTRAN NASTRAN Modal Analysis X
Modal Analysis window. ‘
odal Analysis windo []5kip EIGX Method ID |1
Real Solution Methods Range of Interest
In the modal analysis tab you can decide between a (@©)1anczo Lmagnaty
. . . . . O Auto (HOU/MHOU) ) ,
Direct or Modal Solution Type. For this analysis, we will o From (H2) 0. 0.
. . . ubspace
u§e a Modél squtlpn. For more information about the Logoy Real Sokiton Methode— || o () 2000. o
difference in solution types take a look at the NX Nastran .
. . . . O Givens Eigenvalues and Eigenvectors
Basic Dynamic Analysis User Guide, Chapter 6.4 Modal O Modified Givens
Versus Direct Frequency Response. O Inverse Power Number Estimated 0
O Inverse Power/Sturm Number Desired ‘ 0
. O Householder
For Range of Interest you can set the maximum O Modifid Household Normalization Method Mass
L. . ifi ouseholder
frequency at your upper limit of the PSD spectrum. This _ ®Mass | 1p 0 @® Default
. . . Complex Solution Methods B
will guarantee your entire PSD spectrum is covered and —— OMax O Lumped
. . . Point O Coupled
not spend extra computing power (and time) processing T
frequencies above that. Copiex loncas Complex Solution Options
Convergence 0.
Solution Type :
O Direct Region Width 0.
® Modal Overall Damping (G) 0.
Prev... Next... OK Cancel
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In the Dynamic Analysis tab, one can specify the damping
function and define the frequency range of the analysis (#
of modes, or Lowest and Highest Frequency).

For Frequency Response, Select the “Modal Freq...”
button, and then choose the modes you would like to
create a Modal Frequency Table from. For this analysis
only the first mode will be selected to match up with the
analytical solution.

It is recommended to use the default values for the Points
per Mode and Frequency Spread. See appendix for details.

NASTRAN Dynamic Analysis
[[JUse Load Set Options
Options for Dynamic Analysis ~ Solution Frequencies

Equivalent Viscous Damping

Overall Structural Damping Coeff (G) HO. ¢

Modal Damping | 2..Damping | i

[[J As Structural ( KDAMP ) )
Equivalent Viscous Damping Conversion
Convert using Solution Freq ( WMODAL )
[JRigid Body Zero Modes( FZERO ) ~ 1.E-4
0.

0.

Frequency ID 2

Limit Response Based on Modes
Number of Modes | 0

Lowest Freq (Hz) 0.
\:‘,VHighest Freq (Hz) | 2000.
ranSient Time Step INErvais~

0
0.

0

Frequency Response Response/Shock Spectrum
Frequencies :4..Moda| Frequency Table vy |
{ Modal Freq... 0..None
Prev... Next... OK Cancel
Frequency Table From Modal Results X
Modal Results
' FirstFreq  |1.Mode 1,110.4497 Hz v
Last Freq 1..Mode 1,110.4497 H. v

Frequency Band Spread (+/-)

Additional Solution Frequency Points

Number of Points per Existing Mode

Cancel
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In the NASTRAN XY Output for Modal Analysis window, NASTRAN XY Output for Modal Analysis
you can leave all of the options un-checked. This Otk Reuests
information can be gathered when you run a standard 5]
modal analysis so there is no need to request it here. [] Modal Participation Factors
[[1Modal Effective Mass
[[IModal Effective Weight
[[IModal Effective Mass Fraction
Reference Node ’ 0 '
Prev... OK Cancel
NASTRAN Output for Random Analysis
. . Nodal Of R
In the NASTRAN Output for Random Analysis window, ©f’Non‘:°”t Saplests
select none for nodal and elemental output. P Pee Shectial Dty Fundtions
O Autocorrelation Functions
(O Root Mean Square
PSD Functions: Generates ‘PSDF’ output set for each Ol
frequency in the Modal Frequency Table Flemental Ogtput Requests
. o N
Autocorrelation Functions: Creates output for the @ None | |
X i X i (O Power Spectral Density Functions
autocorrelation functions if applicable O Autocorrelation Furcbons
Root Mean Square: Generates ‘CRMS’ results for each 8"“‘ fiosl ibes
. All
frequency in the Modal Frequency Table
Prev... Next... oK Cancel
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If you are interested in getting data for your entire NASTRAN Output for Random Analysis
structure, deselect everything in the NASTRAN Output for Nodal Output Requests
Random Analysis window. This will give you 1-0 stress Displacement [ ]T1 [J12 073 [JR1 [JR2 [IR3
. locif
results for your full model. For this example deselect all. Velody —Um Um2 O DRt [IR2 [IRs
Acceleration Om1 12 0713 [OR1 [JR2 [JR3
Elemental Stresses
If you have an extremely large model and you only want =orhos L1 %l
e : Rods [Axial [ Torsional
specific nodal outputs, or results from certain elements, e DAX::I orsens
this is where you specify that. You can also use this EdA L lteel [llec2 [lscd [llocA
window to request specific data such as T2 acceleration EndB [(Jloc1 [Jloc2 [Jloc3 [Jloc4
for a group of elements and nodes that you could have Beams EndA [Jloc1 [Jloc2 [Jloc3 [Jloc4
created in Section 5.7. If you select PSDF it will generate a Erda JEo Uy he a1 A et
o . N | | h
function with the acceleration vs frequency for a group. Blotse  Bottom [1XNormal [ ¥ Nomml| [ XY Sheer
Top [JX Normal []Y Normal []XY Shear
Solids [JX Normal  []Y Normal []Z Normal
[CIXY Shear  []YZ Shear [ ]ZX Shear
Axisym [[JRadial [JAzim [JAxial []Shear
Forces
[]Summary Data Only [1PSDF [CJAuUTO
Prev... OK Cancel
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Select your PSD Function and be sure to select Apply. If :
. Y .. y PP y” Choose your constraint set and load created for the PSD
desired you can scale the PSD function in the “Factor .
. analysis
input here.
Boundary Conditions X
Primary Sets
NASTRAN Power Spectral Density Factors X Constraints v
Correlation Table Loads ’ 1..PSD Excitation Node v ‘
Master=>Master _1.(3 Excited Subcase: Master Temperatures 0..From Load Set
Load St 1.PSD Loadd Initial Conditions 0..None
Appfed o acier Constraint Equations ‘ 0..From Constraint Set v ‘
Load Set: 1..PSD Load
Bolt Preloads ‘ 0..From Load Set v ‘
Edit Correlation Table
Factor PSD Function PSD Interpolation Other DOF Sets
Real (1. | x |3.PSD Function ~ | [0..Log Log - Master (ASET) 0. None v]
Imaginary 1. X  0..None 0..Log Log Kinematic (SUPORT) |0..None v
SUPORT1 0..None v
Apply | |
: , oMmIT | 0..None v
Autocorrelation Function Time Lag
QSET | 0..None v
Lag Intervals | O Starting Lag | 0- Max Lag | 0.
' - ) CSET ’ 0..None v ‘
Prev..  Next.. oK Cancel BSET 0. None 2
Prev... Next... ‘ OK ‘ Cancel
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Choose the output requests desired. For this analysis we | NASTRAN Output Requests X
will request Displacements, Equation Force, Nodal Elemental
Acceleration, and Stress. Displacement | 0-Full Model v] JForce 0..Full Model
[ Applied Load 0..Full Model e 0..Full Model v
[ Constraint Force ~ O--Full Model []Strain 0..Full Model
Equation Force | 0--Full Model v] Shein Energy 0..Full Model
[JForce Balance 0..Full Model Heat Flux 0..Full Model
[ Velocity 0..Full Model Enthalpy 0..Full Model
Acceleration 0..Full Model v Enthalpy Rate 0..Full Model
Kinetic Energy 0..Full Model Temperature 0..Full Model
Temperature 0..Full Model Kinetic Energy 0..Full Model
Energy Loss 0..Full Model
Fluid Pressure 0..Full Model
Customization
Element Corner Results Results Destination Prev...
Output Modes ( a,b,c THRU d ) 2..PostProcess Only v |
Echo Model
(® Magnitude/Phase (O Real/Imaginary ‘ ‘ Cancel
[[JRelative Enforced Motion Results
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7.9 INTERPRETING THE OUTPUT

The PSD output sets are titled RMS Values and
Positive Crossings. RMS Values will give all of the In the RMS Values output set you can contour all the usual
traditional stress, displacement, and acceleration output vectors. Beam EndA Pt1l Comb Stress is shown

data. Positive Crossings will output the frequency of | contoured over the beam. This output shown is the RMS Stress,
positive crossings for each of the requested output and is also known as the 1-0 PSD stress value. This represents
vectors. This frequency is utilized to calculate fatigue | how much stress the beam will experience 68.3% of the time.
damage based on the duration of excitation.

+% Analyses
-« Results
+J Analysis Study

=« All Results
«1.Mode 1, 110.4497 Hz
& 2. Mode 2, 834.8205 Hz
« 3. Mode 3, 4422.165 Hz
« 4..RMS Values
& 5..Positive Crossings

3162.
2964.
2767.
2569.
2372.
2174.
1976,
1779.
1581.
1383.
1186.
988.1
790.5

+3Views \ e
+® Groups 395.3
P X 197.6
+£ Layers Output Set: RMS Values 0.

Elemental Contour: Beam EndA Pt1 Comb Stress

> Selection List
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7.10 POSITIVE CROSSINGS
This is a vibration analysis, so of course we are also sro_,_ —
. . SI@ Vi Attach To Results
concerned about fatigue. We will use the output from bl e
positive crossings to calculate the fatigue life. WPEEEES L S
+IE Layers Remove From Study
& Selection List Ma!'xage
Activate
e . . . Envel
To access data for the positive crossings, Right click on the .
Positive Crossings result in the model info tree, and select . ;I“f
elete
”POSt Data” #1 Renumber
Send Output Vectors to Data Table
No Deformation
Deform
Animate
MultiSet Animate
Vector
No Contour
Contour
Criteria
Post Data
Select PostProcessing Data : ),(
View 1 default [A1 bynamic Max/Min
In the Post Data toolbar select the Dynamic Max/Min box i — a Program : WX Nasan
in the upper right freies e Rorcen
.. . Output Vectors
Select the output vector for the positive crossing R 5.ccam En s Comb S L T Tt
frequencies desired. In this model, all stress recovery i _—1 o Fement Hos
. Contour halll - Transform... Vector Info...
points on Beam EndA show the same frequency. Max Min
Double-Sided Planar Contours Multiple Contour Vectors...
Contour Options... Contour Arrows... Trace Locations... Expand Complex... II
Laminate Options... Section Cut... Streamline Options... Cancel
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Positive Crossings can also be contoured over the model. PostProcessing Toolbox
This can help the user understand how the positive o t68L-8- 03
crossing frequency changes throughout the model. Defoiin 3
‘Style Contour 4 bt
Results
‘17..Positive Crossings - -
iOutput Vector 3154..Beam EndB Pt4 Comb Si « -
~Additional Mactor(e) 0
Options
“ Transform ki
+ Data Conversion Average ‘7 M
Data Selection Contour Group ~
A Type Elemental ‘l
Show On Groups ‘Full Model / Visible Groups :J B
Show As Filled ,l.
I Levels
“ Legend
Freebody x
Output Set
Calamt min Miidini b Cad fav Mavdaiie Mafavian mnd Toaalaadis vaailia

[T‘EI Model Infolﬁ MeshingliﬁPostProcessing |
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7.11 FATIGUE ANALYSIS USING RMS STRESS AND POSITIVE CROSSINGS

We can see that Beam EndA Pt1 Comb Stress vector gives a positive
crossing frequency of 110.4 Hz. This means that given the white noise
PSD input of 0.2 G2/Hz, the beam will experience a fully reversible
stress of 3,162 psi at a frequency of 110.4 Hz.

Statistically speaking, this stress value represents the 1-o value and
will be experienced 68.3% of the time. A 2-o stress of 2*3,162 or 6,324
psi will be experienced 27.1% of the time and a 3-c value of 9,486 psi
will be experienced 4.33% of the time. These values represent 99.73% H n

of the stresses the beam will see at point A. It is probable that the Rﬂ — 1 _I_ 3 _I_
beam will see stresses at and above the 4o level, but this will only
happen 0.27% of the time, so we will ignore them.

14
siN1 N» N3

All three o level stresses fall into the “run-out” range on a fatigue
curve for aluminum. To demonstrate how to treat the problem if this
is not the case, let us assume that there is a small hole in the beam
which causes a stress concentration factor of 3. This would put the 1-0
stress level at 9,486 psi. We can use Miner’s cumulative damage index
to get a sense of how long the beam will last under this condition.
Miner’s cumulative damage is given by the equation on the right.
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7.12 FATIGUE ANALYSIS — TIME TO FAILURE

On the right is a table containing values taken from a 0 : =
fatigue curve for aluminum. For a given stress, the 70 il ‘ .
amount of cycles needed to cause failure is given. = R it MR

z‘. 80 -

R R RS R S
These values can be substituted into Miner’s g & Ml il I -
equation to calculate how many cycles can occur » B i i) 2
until the beam fails. Substituting in the values and o] NOTE. svesses adsus LI 2
solving for n, yields a beam life of 1.80E6 cycles. If the e —
beam is vibrating at a frequency (number of positive Fatigus Life, Cycies

) ) . Figure 3.6.2.2.8. Bes'-f?t S/.N curves f'or unnotched 6061-Té aluminum alloy, various
crossings) of 110.4 Hz, then it will take the beam oMl paa it longubicl des e,
approximately 16,300 seconds or about 4.5 hours to _
fail. Point A lo 20 30
Stress 9,486 psi 18,972 psi 28,458 psi
# of Cycles
Fv'l infinite 11.0E6 cycles 14.0E4 cycles

As long as the beam is exposed to the while noise to Fai

vibration for less than 4.5 hours, it should not fail.

~0.6831'n N 0.271-n N 0.0433'n
o0 11.0E5 14.0E4

1
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8. EXAMPLE 3: SOLID MESHED BEAM

The beam properties are shown below:

w=2in
Let’s take a look at the same beam geometry modeled with T=025in
solid elements. The beam is massless, with a point mass of _
0.5Ibf (1.30e-3 snails) attached via RBE2 on the end. Lbeam =5 in
W = 0.5 Ibf
E = 10e6 psi
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8.1 ANALYTICAL SOLUTION

Let’s first take a look at the hand calculations to show how the beam is expected to behave.
First up is maximum deflection Ymax

wiL? _
Yinax = 3E] = 8e —4in

Based upon this deflection, the beam’s first natural frequency and transmissibility can be calculated as:

1/g
— |— =110.6 H =2fa = 21
I ZH(}’;HM) ‘ ¢ In

Utilizing Miles’ Equation to estimate Grms we see that Grms is approximately 27 Gs:

TT r
GautRMS — _JEPSDI'H ﬁ.lQ =27G's
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8.2

PSD FUNCTION INPUT

Then we generate the functions necessary for the PSD Analysis. Note the Modal Frequency Table is centered at the first
natural frequency with 10% spread in both directions.

P50 Spectrum

T
41

PSD Spectrurm, G 2/Hz
L T
1L

]

-

29798
0O 200 &0 0 B0 000 1200 1400 BRSO 1E00 JOO0

Frequency, Hz
* S0 Function (3]

Damping Function

02 03 04 05 06 07
Frequency, Hz

ng

Scale Factor

22

18
16
14
12

'
o8
a6
04
02

0

* Damging 2}

Modal Frequency Table

Q2
100 %02 04 6 108 110 112 1% 116 118 10 122 M 126

Frequency, Hz
* Moda Fraguency Table (First Mode) (5)
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8.3 PSD STRESS RESULTS

After running the analysis, let’s take a look at the results. The PSD results can be validated by checking the resultant
acceleration against the Miles’ equation prediction. Miles’ equation predicted 27 G’s for the maximum acceleration. The
results show an acceleration of 10,300 in/s2 which matches up with the Miles’ equation prediction.

10300.
9352.
8404,
7456.
6508.
5560.
4612.
3664.
2716.

fz’

y 1769.
Output Set: RMS Values 820.6
Elemental Contour: T1 Acceleration '

in
2

fn — 27 Gs

386.09

10,300
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8.4 COMPARING MILES’ APPROXIMATION AND PSD RESULTS

An additional verification is done by comparing the PSD stress results to the static analysis with the acceleration given
by Miles’ equation. The images below show an 8% difference between the two results, with similar stress patterns. In
addition, the hand calculations show ~10% higher stresses than the static analysis.

2735.
2465.
2194,
1924,

2957.
2665.
2372.
2080.

1654. 1787.
1384. 1495,
1113, 1203.
843. 910.1
LY 572.8 LY 617.7
302.5 - 325.3
Output Set: RMS Values 3227 Output Set: G.out (Miles Eqn) 3292
Elemental Contour: Solid Von Mises Stress . Elemental Contour: Solid Von Mises Stress "
Hand Calculations:
F,=27+«W S, =135 lbf
T
Mc  (Fal)3) |
Stress = = = 3,240 psi

This comparison between the PSD results, Miles’ equation, and hand calculations offer some insight into the relative
accuracy of the analysis.
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9. DIRECT TRANSIENT ANALYSIS

Sometimes you just want to whack the structure and not mess around. In this scenario, we are going to hit the circuit
board with a 100 g pulse at a frequency of 200 Hz in the Y-direction (one can detect a theme to this seminar?). The
procedure just requires a function for the hit and then a few setup screens. The equation of motion is even simpler:

o =motp 2y
o()—mw cop thu

Our equation is developed in FEMAP B i [
US|ng a SIH(('X/0.004988)*180) tO create D4 Title Half-Sine Wave at 200 Hz Type 1l.vs. Time -

. X -Time Y -Factor ["1X Axis Log Scale [ Y Axis Log Scale
a 200.4 Hz half-sine wave: T e teeee

0.0009977 0.9510176 1 =
0.001047585 0.9685503

0.00109747 0.9822613

0.001147355 0.9920965 9 4
0.00119724 0.9980172

0.0012471251.

0.00129701 0.998037 8
0.001346895 0.992136
0.00139678 0.9823203
0.001446665 0.9686286 7
0.00149655 0.9511149

0.001546435 0.9298483 —
0.00159632 0.9049128
0.001646205 0.8764068
0.00169609 0.8444426 5 -
0.001745975 0.8091465

0.00179586 0.7706577
0.001845745 0.7291281 4
0.00189563 0.6847215
0.001945515 0.6376132

0.0019954  0.587989 34
0.002045285 0.5360448
0.00209517 0.4819854
0.002145055 0.4260243
0.00219494 0.3683822
0.002244825 0.3092865 A <
0.00229471 0.2489704
0.002344595 0.187672
0.00239448 0.1256331 0.

T T T T T T T T T 1
0.002444365 0.06309846
o 0. 249425E4 0.00049885 7.48275E-4 0.0009977 0.00124712 0.00149655 0.00174597 0.0019954 0.00224482 0.00249425

Time

[

Data Entry

(©)single Value  (*) Edit Phase (X ) [ add ] [ copyFunction... | cetData Series bata |
“)Linear Ramp () Edit Magnitude (Y) ~ DeftaX 85e-5

Update | | Load from Library... | Paste from Clipboard |

' ©) Eguation () Periodic X Variable X [ —— H T ]
ave rary... opy to Clipboar
X Y sin((x/.004989)*180) Delete

ToX .004989 L Reset [ oK ] l Cancel ]
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For our work, we are just going to use half the sin wave to give the system a shock pulse. The load for this analysis is 100
g (98,000 mm/s2) with our half-sine function at 200.4 Hz.

95000. (4]

Analysis Set ﬂ

Title  )814-01 Y-Axis Transient Shock (Pothole) Analysis

Analysis Program 36..NX Nastran| v
Analysis Type 3..Transient Dynamic/Time Hist v

|| Run Analysis Using VisQ

[ Next... ] [ oK ] [ Cancel
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Our transient analysis is based on the first ten Eigenvalues and Eigenvectors.

. i . T -~
NASTRAN Modal Analysis e S Dynamic Control Options o
[ skip EIGx Method D 1 ["Juse Load Set Options
Real Solution Methods Range of Interest
. g Options for Dynamic Analysis lAdvanoed Opﬁonsl
(@) Lanczos Real Imaginary . ) A o
©) Auto (HOU/MHOU) Equivalent Viscous Damping Limit Response Based on Modes
@) Sibpace From (Hz) 0. 0. \ Overall Structural Damping Coeff (G) 0. Number of Modes 0
Legacy Real Solution Methods ~ To (Hz) 0. 0. | Modal Damping 3..PSD Modal Frequer v Lowest Freq (Hz) 0.
(@] : . =
~ Givens Eigenvalues and Eigenvectors As Structural ( KDAMP ) Highest Freq (Hz) 0.
() Modified Givens
() Inverse Power selingiEadiize 0 | Equivalent Viscous Damping Conversion Transient Time Step Intervals
(") Inverse Power/Sturm Number Desired 10 ||| []convert using Solution Freq ( WMODAL ) Number of 1000
(*) Householder = .
= Noralbaton Method e ‘ [T]Rigid Body Zero Modes( FZERO ) | 1.E-4 ] Time per 1.E5
() Modified Householder - = ——
©@Mass | . o [p | (@ Default Freq for System Damping (W3 - Hz) 0. Output Interval 10
Complex Solution Methods ) Max g © Lumped
Hetnabore = DOE 0 ‘ = Freq for Element Damping (W4 - 0.
Point () Coupled
Complex Inverse Power Frequency Response Response/Shock Spectrum
Complex Lanczos Complex Solution Options B B .
0 ‘ Frequencies | 0..None v | | by Damping/Freq Correlation
Solution Type
(©) pirect 0. | Modal Freq... 0..None | | by |
(@) Modal 3 0. ‘
[ prev. | [ Next.. | [ oK | [ concet | Prev. || next..
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At the end of the simulation, one has a hundred result sets to claw through.

Output Set: Case 20 Time 0.0013

Deformed(0.108): Total Translation

Elemental Contour: Solid Von Mises Stress

Second Contour: Plate Top VonMises Stress

Second Contour double sided: Plate Bot VonMises Stress

14.24
1328
12.34
11.39
10.45
9.436
8546
7.596
6.647
5.697
4748
3798
2849
1.893
095
0.000427

Output Set: Case 101 Time 0.01

Deformed(7.363): Total Translation

Elemental Contour: Solid Von Mises Stress

Second Contour: Plate Top VonMises Stress

Second Contour double sided: Plate Bot VonMises Stress

1278
1183
1108 F
1023
9375
85.23
7671
68.19
59.66
51.14
4262
34.09
2557
17.05
8.527
0.0038
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A much simpler way to process transient results is to use the FEMAP envelope function and then select all the output

sets with “time” in the title:

Filter Output Set -

| [ o [ conca |

Filter
Title Contains | time]

[ Process Output Data

What to Process

(@ Complete Output Sets ~) One or More Selected Output Vectors

Processing Operations

() Max Absolute Value @) Envelope Each Vector Independently

Envelope Every Vector across Multiple Output Sets

[ copy | Merge | Linear c: | Rss ion | Envelope | Error Estimate | Convert|
Type Envelope Approach Create Envelopes
(@ Max Value Envelope All Selected Vectors Within Output Sets
(©) Min Value Envelope All Locations For Each Vector Across Output Sets

Store Set/Location Info

Operations That Will Be Processed - Review Before Pressing 0K

Select Output To Process... Store Output in Set | 0..New Output Set

Max 45..Case 1 Time 0. -> New Set ... Envelope Each Vector Across Sets with SetInfo
Max 46..Case 2 Time 1.E-4
Max 47..Case 3 Time 0.0002
Max 48..Case 4 Time 0.0003
Max 49..Case 5 Time 0.0004
Max 50..Case 6 Time 0.0005
Max 51..Case 7 Time 0.0006
Max 52..Case 8 Time 0.0007
..Case 9 Time 0.0008
Case 10 Time 0.0009
Case 11 Time 0.001
..Case 12 Time 0.0011
..Case 13 Time 0.0012
..Case 14 Time 0.0013
..Case 15 Time 0.0014
..Case 16 Time 0.0015
..Case 17 Time 0.0016
..Case 18 Time 0.0017
..Case 19 Time 0.0018
..Case 20 Time 0.0019
..Case 21 Time 0.002
..Case 22 Time 0.0021
..Case 23 Time 0.0022
..Case 24 Time 0.0023
..Case 25 Time 0.0024
..Case 26 Time 0.0025

=

>

Delete

=== = ——— == =

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com

Page 70 of 123



FINTE ELEMENT ANALYSIS fAT

Predictive Engineering

Dynamic Analysis User Guide

2019

With the envelope technique, one graphic can say it all.

’ Femap with NX Nastran - [PCBAnﬂ!sisMoﬂmh;m PSD to DT - Final PSD.modfem : Predictive Engineering]

o — -

9% PCB Analyssfrom Modal to.. | Preece-1014-01 M1080 Vibat. |

. g

@ 119.Case 75 Time 0.0074
il 120.Case 76 Time 0.0075
«fl 121.Case 77 Time 0.0076
) 122.Case 78 Time 0.0077
@i 123.Case 79 Time 0.0078
¢ 124.Case 80 Time 0.0079
@ 125.Case 81 Time 0.008
ol 126.Case 82 Time 0.0081
@ 127.Case 83 Time 0.0082
@ 128.Case 84 Time 0.0083
¢ 129.Case 85 Time 0.0084
i 130.Case 86 Time 0.0085
@ 131.Case 87 Time 0.0086
@ 132.Case 88 Time 0.0087
@ 133.Case 89 Time 0.0088
g 134.Case 90 Time 0.0089
< 135.Case 91 Time 0.009
el 136.Case 92 Time 0.0091
@ 137.Case 93 Time 0.0092
< 138.Case 94 Time 0.0093
<8 139.Case 95 Time 0.0094
< 140.Case 96 Time 0.0095
@ 141.Case 97 Time 0.0096
@ 142.Case 98 Time 0.0097
@i 143.Case 99 Time 0.0098
il 144.Case 100 Time 0.0099
<l 145.Case 101 Time 0.01

+ T Views

@ 146.Envelope (Max 45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,
@i 147.Envelope Set Info (Max 45,46,47,48,49,50,51,52,53,54,55,56,57.58,59, |

2% 7

Coord(0) = -4069991, 2581492, 7.449904
DefCS =0 Outcs =0

[ Messages]] =
Ready - Nodes: 7442, Elements: 6249

Output Set: Envelope (Max 45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65...
Deformed(7.363): Total Translation

Elemental Contour: Solid Von Mises Stress

Second Contour: Plate Top VonMises Stress

Second Contour double sided: Plate Bot VonMises Stress

127.8
119.3

110.8
102.3
93.75 |-
85.23 |
76.71
68.19
59.66
51.14
42.62
34.09
25.57
17.05
8.527

0.0038

Prop:0 Ld:3 Com1 Grp:1 Out 146
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10. QUESTIONS AND ANSWERS ABOUT FREQUENCY ANALYSIS

Question: What happens when a structure is loaded by harmonic load that is below the structures lowest natural
frequency?

Answer: Let’s say that we have a transmission where the motor has an operating speed of 1,800 RPM (30 Hz). The
transmission’s first natural frequency is 36 Hz (20% margin since we don’t really trust our FEA results). The transmission
is stable and the applied load has a magnitude effect equal to that of a static load.

Question: | have a very small natural frequency number (i.e., <<0.1), what happened?

Answer: Well, most likely you have something not constrained and NX Nastran is telling you that you have a rigid body
motion. If one animates this frequency, one will see the complete model moving. Note: A structure that has no
constraints or a constraint set attached to the solution, will have six low-number natural frequencies and likewise, if you
have a part within your model that is not attached, it will exhibit a low frequency mode (rigid body motion). This is a
super effective trick to find lose parts in your model that would cause a static stress analysis run to fail.
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11. BEING AN EXPERT: VIBRATION IS ABOUT MASS AND CONSTRAINTS
11.1 CHECK FO6 FOR MASS SUMMATION AND KNOW WHAT YOU KNOW

Although this is just another check, we wanted to let you guys know

FO6 Check-Out Basics Vibration Analysis White Paper

o Do the element types and numbers make
sense?

% FINITE ELEMENT ANALYSIS
FEATURE

o  Does the model mass exactly match that
reported in the “OUTPUT FROM GRID POINT Linear Dynamics

WEIGHT GENERATOR” for Everyone: Part 1

o  Error and Warning Messages?
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11.2 GROUND CHECK IF YOU ARE DOING AEROSPACE QUALITY WORK

This check-out technique provides a numerical proof that your stiffness matrix is up-to-snuff. It is a rather dry subject
and we’ll leave it up to the seminar to flesh-out exactly how to do Ground Check, but if you have ever wondered what
this screen does — this is your opportunity.

Model Check
Weight Check Ground Check
DOF SET [ig FlE DOFSET [Tg FE
FIN (Wl ] Ca
I N+AUTOSPC Cv "I N+AUTOSPC
Print Fort DOYE
] CGI ( Center of Gravity ) DATAREC \ 10
Ref Node ‘ 0 Ref Node ‘ 0
Units | 0..Weight ~ Max Strain Energy | o,
‘ Prev... J Next... ‘ oK | ‘ Cancel

For more information see our User Guide: What is Groundcheck?

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com

Page 74 of 123



RN
Predictive Engineering Dynamic Analysis User Guide 2019

12. RANDOM VIBRATION CONCLUSION

The topic of Random Vibration is complex. What is presented here is a brief introduction to the theory and

implementation of the subject. It is suggested that the user read a bit of the documentation provided on this subject
within the NX Nastran library that is installed with every license of FEMAP & NX Nastran.

For a lot of FEA work, a straightforward recipe to accomplish your analysis task is seldom available and if it does, could
easily lead you down the wrong path. Thus, I’'m fond of saying that nothing beats having a good theoretical

understanding of what you are doing and being highly suspicious of any result generated in “color”. Or as | have read
“Computer models are to be used but not necessarily believed.”
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13. INTRODUCTION TO RESPONSE SPECTRUM ANALYSIS

Response spectrum analysis is widely used for the
design and assessment of structures that are subject to
earthquakes or shock events. The reason we want to
use a response spectrum is that it allows us to analyze
transient events (time based events) without having to
review hundreds or thousands of results sets. In
essence, it allows us to assess the maximum dynamic
response (stress, acceleration, velocity or
displacement) of a structure using a very simple
analysis technique (normal modes). Moreover all of this
goodness can be had by only having to interrogate one
(1) output set.

This tutorial will walk you through the theoretical
background of response spectrum analysis and how to
actually implement it within FEMAP & NX Nastran.
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13.1 THE ACCELEROGRAM

The whole key to a response spectrum analysis is generating the response spectrum that is used to drive the FEA model.
A response spectrum is the “load” to the FEA model that allows us to reduce a complicated transient analysis (time
based) to simple normal modes analysis (frequency based). In general terms, response spectrums are generated from
acceleration versus time measurements or accelerograms. An example of an accelerogram is shown below for an
earthquake event. The three traces (Up, East and South) were generated by a tri-axial accelerometer mounted onto a
concrete foundation. Similar traces can be obtained during shock events (e.g., rocket launches).

A response spectrum (an example is shown on the right) is created in a somewhat non-intuitive manner from an
accelerogram. The conversion from time based data into a response spectrum is mathematically complex (Note: it is not
a Fast Fourier Transform (FFT)). In the next section we will give an equation-less explanation of this mathematical
procedure.

PR TR Pevtreatment R

A:ml-ﬂ:lm(mu‘lz) Cale Mo 4040 PTF S0 5141 90001, Rev. 88

§ . 88.88.38

=]
8
8

Tore {.} Froguency i)

Accelerogram image courtesy of Chorles Ammon, Fenn State),

The response spectrum image is courtesy of the U 5. Taxpayers.
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13.2 CREATING A RESPONSE SPECTRUM

As we mentioned before, converting an accelerogram (Time domain) to a response spectrum (frequency domain) is not
done with a FFT. Let’s explore this procedure using a simple example. We want to create a response spectrum that
goes from 0 to 10 Hz using our acceleration versus time history data (i.e., accelerogram).

Think of a shaker table having ten little spring/mass units attached onto its o ——_—
surface. At the top of each spring is a mass block. To measure the acceleration
of the spring/mass system we have fixed an accelerometer onto the block. Our
spring/mass systems are then tuned to range in eigenvalues or natural modes
from 1 to 10 Hz in 1 Hz increments. The shaker table is then driven with our
accelerogram. The output from the ten accelerometers are normalized with
respect to gravity giving us g’s (dimensionless). Our final step is to plot these
normalized values against their respective eigenvalues. The resulting graph is

- ~N .-
" " J

o
o™
A

Spectral Acceleration (G's)
o o
- o

o
~N
"

then called a “Response Spectrum”. Of course, there exists a purely . "1 '2 T T R ”‘m
mathematical approach for turning accelerograms into response spectrums / / Natural Frequency (hz) /
but the theory is a bit dry and left for graduate students in mechanics. / /
Accelerometer
= Max Accel. Max Accel.
- Accolerabon time history normaized 10 0 049 on masses
; POB-EW Spring and mass
withf,=1hz
5 Shaker Table\
?: 0 \ LE R J
Spring and ma7_\ss . é /
005
Y : U e “Systefh Base with fn =2 hz >Ping and/]mass with fa =10 hz

Excitation
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To account for system damping (which exists to some degree in all structures), we can attach dampers to our springs and
rerun the shaker table experiment. As you might expect, another curve is generated that follows the exact same profile
but with lower acceleration values. Below is a classic example of a family of response spectrum curves for 1%, 2.5% and
5% of critical damping.

Response Spectrum

1.4
125 —e—1% Damping
4 —a—2 5% Damping
) d —&—5% Damping
(&)
e 0.8 -
8
S ]
5 06 -
3
Q
< 04
0.2 - \-\

o
-

4 5 6 7 8 9 10
Natural Frequency (hz)

o
-l
[~
[¥8 )
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Accelsrabon bme history normaized to 0 (8g
005

POBEW

acceleraton [g]

©
o
a3
>

%
3
&

Measure acceleration

from an earthquake or
| shock event

(accelerogram)

Use accelerogram to
excite a system of

Response $pectum

springs with unique

natural frequencies

Plot maximum
acceleration of each
individual spring against
their natural frequency

levels of oscillator
damping

Repeat with different

N
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13.3 NX NASTRAN METHOD

Nastran starts off the response spectrum analysis by calculating the normal modes of the system and then the modal
participation factors (PF). We seek the solution to;

([K] = +[MD[2] =0, » = w?
Which is an eigenvalue problem, the non-trivial solution to the problem is found from;
det([K] = +[M]) = 0

This gives non-zero eigenvectors [@]#0. The response spectrum is used in conjunction with the PF’s and a modal
combination method to determine the system response to the spectrum. The PF’s are calculated by;

PF = [0]" [M][]]

Where [@] is the mode shape vector, M is the mass matrix and | is a unit vector of the same dimensions as M.

What we are saying is that each normal mode shape has a bit of mass associated with it. To generate displacements
and stresses within the structure, each mode shape (and its PF) is factored against the response spectrum at that
particular frequency. That is to say, a standard linear stress analysis is performed at each normal mode submitted in
the response spectrum analysis. After all of the requested mode shapes have been processed, the resulting
displacements and stresses are summed up using some sort of combination method (see next slide) and then written
out into one final result set for subsequent post-processing.
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As we had mentioned, at the end of the analysis, the individual results set generated at each mode are summed up.
An idea of some of the methods that are available:

1. ABS — This combination method is the most conservative, the absolute value resulting from each mode are
summed.

2. SRSS —Square root of the sum of the squares, also contains a provision to use the ABS method for mode
combination that are within a user specified closeness (default is 1.0).

3. NRL-U.S. Navy Shock Design Modal Summation Convention, this method combines the SRSS and the ABS
methods

4. NRLO — Updated NRL method to comply with NAVSEA-0908-LP-000-3010 specification.

The choice of the combination method is dependent on the analysis, the SRSS method is generally the method of
choice since it includes the provision for using the ABS method for close modes.
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14. RESPONSE SPECTRUM ANALYSIS EXAMPLE: CANTILEVER BEAM

Doing a Response Spectrum Analysis in FEMAP:
1.
2.

Creating the FE model

Defining the response spectrum or
spectrums

3. Creating the interpolation table

Creating a modal damping function

5. Creating the excitation node and tying it

into the model

. Constraining the model

. Setting up the analysis in the analysis

manager

. Post-Processing the results
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14.1 PROBLEM DEFINITION

A cantilevered beam six inches in length is
used to support a mass of 1.0 [lbs:s2/in]. Our
objective is to determine the dynamic stresses
of the beam for vibration along the vertical
axis.

Foundation Mass for
Seismic Analysis

The FEA model is a single beam element. A
picture of the beam element, with its cross
section displayed is shown on the right.

We will compare the FEA results to an
analytical solution. v

Our unit system is Ib/in/s and A

1 g =386 in/s2. The elastic modulus of steel is
taken as 2.9E+07 psi.

0.25in

1.0 Ibf Mass
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14.2 ANALYTICAL SOLUTION

The stiffness of the cantilever beam can be determined from the Young’s modulus for steel, the moment of inertia and
the length of the beam:

2+ 0.25°
3El 3% 29E7*(—7 ) lbs
= = 1048.9—

k= L3 63 in

With the stiffness and the weight, the circular natural frequency can be determined:
k 1048.9 rad
w, = ’—: ’ =32.387 —
m 1.0 S

w, 32.387

fn 2 27

And the natural frequency can be found:

= 5.1545 Hz

We will determine the systems response to a simple response spectrum, to highlight the abilities of Nastran, we will use
a damping value of 3%, this value is intermediary between the given response spectrum curves (just like a standard
engineering problem, i.e., we never get exactly what we want for an analysis). This is no big deal since NX Nastran can
interpolate between the given damping values.

Values for the problem have been chosen in order to provide a clean and straight forward solution. Since the beam
model is a 1 degree of freedom system, we know that the modal participation factor (PF) for the above calculated natural
frequency will be 1.0 (since all the mass of the system is at the only mode that the system has — never in real life but
great for this example).
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Response Spectrums From the value that we previously determined from
the natural frequency (5.155 Hz), using the response
144 spectrum shown below, we can see that the response
12 will be 1.2 and 1.0 G’s. The system is linear, and as
é such linear interpolation can be used to determine the
3 g system response with 3% damping.
E oo
§ —1% Damping
§ L e . Response with 1% damping (Sa) — 1.2 G’s
B 04 -
2
w
b J Response with 3% damping (Sa) — 1.1 G’s (using
0 : : . . . . . : - | linear interpolation) = 1.1*386 in/s2 = 424.6 in/s2

0 5 10 15 20 25 30 35 40 45 50
Natural Frequency (hz)

J Response with 5% damping (Sa)—-1 G

5.155 Hz
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Knowing that the spectral acceleration (Sa) is 1.1 G’s or 424.6 in/s (the response spectrum acceleration at the normal
mode frequency), we can find the spectral velocity (maximum velocity at end of the beam) and the spectral displacement
(the maximum displacement at the end of the beam).

s, 42465 in
Sv =a)_=—1= 1311?
n  3238=
S
s, 4246
S, = = S =0.405 in
d w..2 1
n 32.387¢

The dynamic force can be determined from the weight at the end of the beam and the maximum acceleration (Samax).
Then the dynamic stresses can be found;

F =ma
S * 52 in
denmax =mxS, =1.0 n * 42465—2 = 424.6 lbs
Finally the dynamic stress is given by;
Me (4246 +6) » 22 |
o=T= 57 0253 = 122,285 psi
o v

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 87 of 123



PF\NwsdEL_eMsr:E_ANAWSISE »’://"i ;':A“:\;.\\‘
redictive cngineerin . . .
9 9 Dynamic Analysis User Guide 2019

14.3 STEP 1: CREATING THE FE MODEL
— 2in —.(
Create a beam element with the cross section as L
shown. The length of the beam is 6 in _ 0.95 in

Add a point mass of 1.0 at one end of the beam. T

Add a large point mass of 10e6 to the end of the
beam where the excitation will later be applied.

The cross section of the beam is chosen to be thin  Large Mass for Seismic Analysis

along the bending direction in order to minimize

shear effects, this provides very close agreement /

between the FE results and the analytical results. i= 6in >‘

For this type of analysis, no load set is required,

the analysis is performed by creating response 5
spectrum, interpolation and damping functions.

Then everything is tied together in the Analysis

Manager as a Normal Modes/Eigenvalue analysis

2
Point Mass (1.0 [Ibs's /in])
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14.4 STEP 2: DEFINING THE RESPONSE SPECTRUM

A total of 2 functions will be created to define the

B ' Function Definition ] X
response spectrum for the analysis, they are Type 3: vs. i T Acclrtion . Fresoency G) B s s %
Frequency. One will be created for the 5% damping curve X-Frequency Y -Facer [T tog Scle (1Y i Log ol

o0 N p—
(Function ID 1) 2 : ] o
and another for the 1% damping curve (Function ID 34). 5 :
The curves are plotted below. Any number of response 1/
spectrums can be defined, depending on the requirements g
of the design. For this example, we will be using 3% of Do ey -
L . ) @ Single Value (O Edit Phase ( X ) Add Copy Function... Get Data Series Data
critical damping. The user can choose from Q damping, i e U e e
Equation Periodic Variable X = o Cli
structural damping or critical damping % oy T e e
To X ToY Reset OK Cancel
Response Spectrunms R Function Definition o %
ID 2 Title | Frequency vs. Acceleration (1%)| Type ' 3..vs. Frequency v
14 4
X - Frequency Y -Factor [[]X Axis Log Scale Y Axis Log Scale
12— O N
I / " 5. 12 V:
% ' N oy Y "
E 08 4 f:
3 —— 5% Damping “
< 08 4 —— 1% Damping »
£ 04 ] .
ﬁ o 5 0 2 = » £ 4@ 5, quns‘i'
02 4 P
0 . . . ; ; ; ; ; . . @single Value (O Edit Phase (X ) Add Copy Function... Get Data Series Data
0 5 10 15 20 2 0 33/ 40 45 Olbwiiire: ONWoiii(y) Dowx Updsts | Lood from Library.. | Past from Cipboard
Matural Frequency (hz) Clfitgs Clwiie ede | X = Save to Library... Copy to Clipboard
X ¥ s
T Reset oK Cancel
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14.5 STEP 3: CREATING INTERPOLATION TABLE

Nastran requires an interpolation table to determine

the system response, if the system damping is not

given directly from a response spectrum curve. i

IMPORTANT, the interpolation table is mandatory, il o S,
even if no interpolation is required between curves. (3 U ccsertion Responis Speciu | Tree 16-Functon v Gt Darp_~ |
A function is created that assigns damping values to ; = e
the previously created functions. 2 -~ ]

The function is Type 16..Function vs. Critical Damp. :

We will give the function a title of “Acceleration =]

Response Spectrum” | \
A value of 0.05 (5% of critical damping) is assigned to — L Hom B 0w v B m E S
function ID 1 and a value of 0.01 (1% or critical @Single Value O Edit Phase (X) Add i |
damping) is assigned to function 2. In this manner, ;gf'“" e (0 X/D)‘T‘Xl BEEER | oo from Librery... || Paste from Cipboard
the system response to a damping value other than D v Delete vt b | TGSy Chheets
the damping associated to the defined response ToX L et = el

spectrum curves can be calculated via interpolation
between the defined curves.
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14.6 STEP 4: CREATING A MODAL DAMPING FUNCTION

The system damping can be defined as a function of
frequency; we will use a 3% of critical damping across
the frequency range. & Function Definition o x
The damping function is defined as Type 7..Critical T+ [QEE Response Spectrum Damping BN 7 i Degsi g =]
Damp vs. Freq. We will give the function a title of X -Frequency Y -Frac Crit X Axis Log Scale [ ]Y Axis Log Scale
“Dam pi n g’ ’ oo. FU: C‘
The function is used in association with the 1
interpolation table. Since we have chosen a modal =y
damping value of 3%, the system response will be o]
found in the response spectrum between the 5% ] ‘ B

. 0 . . 0. 100. 200. 300. 400. 500. 600. 700. 800. 900. Fvequg‘ff‘l/
damping and the 1% damping curves. Note thatif the |
system response at 5% damping was desired, the @single Value  OEdit Phase (X ) e add Copy Functon...  Get Data Series Data
. . . . QO Linear Ramp (O Edit Magnitude (Y ) elta e T -
interpolation function previously created would only o e X variile [x SRS [ oTom ey || Peeefom b

. . ) B Save to Library... Copy to Clipboard

need to be defined for the function ID 1, and the x[0 | y[os Delete ‘
damping function would then be defined as 5% over Bl o e o —_

the frequency range.
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14.7 STEP 5 CREATING THE EXCITATION NODE

For the response spectrum analysis, a foundation mass
must be added to the excitation node. The mass should
be 103 to 106 times the mass of the system.

Since this is a base excitation problem, and the base of
the structure consists of one node, it is that node to
which we will apply our acceleration response spectrum.
In the case where the base of the structure is not one
node, a rigid link approach is used to tie the multiple
nodes of the base to a single node.

Base Node
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14.8 STEP 6: CONSTRAINING THE MODEL

In order to perform the response spectrum analysis, 2

constraint sets must be created.

The first set will constrain the model in all degrees of
freedom except the excitation direction (in this example,

y-direction).

| W7 Constraint Set Manager

£1..Setsmic Constraint

The second constraint set will be used as a kin

DOF. This is known as a SUPPORT set in Nastran. The DOF

that the excitation is in is constrained.

ematics

Available Constraint Sets - Selected Constraint Set is Active

£2_Seismic Kinematc Constraint

New Constraint Set...

Note: Foundation mass not shown

Editing Consteaint Definition X
Conatrant Set 1 Semuc Conatrant
Tele 1. e Nodel Outpt Syshar
Color 120 | pueme.  Layer !
o KSymowty  XAMSym  Mondaro Constraet > 13456
Bw Ow an Fived Pored S EEE—
i Ay ¥ Symmetry Y ArtiSym o
Erx ey free No Rotaton g
LSymmetry T Aty Cancel
Edting Constraint Defivtion x 2
Conatraint Set 2 Sessric Kinermatc Constrase
Tete 1. s Nodal Outpet Systen
Color 120 | Palema. Loyer }
il KSymomtry X AtSym NonZero Constraint >>
O &w On Fived Poned
Finx ey T ¥ Symeatyy Y AntiSym o
Orx Ory Orz Froa o Rotaton
ISymmetty 7 ArtSym Cancel
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14.9 STEP 7: SETTING UP THE ANALYSIS
(B Analysis Set Manager (Active: 1..Random Spectr... O X
E Analysis Set : 1..Random Spectrum (shock spectrum) Analyze
Set up a new analysis set as type 2..Normal Solver : NX Nastran
. Type : Normal Modes/Eigenvalue Analyze Multiple
Modes/Eigenvalue. Integrated Solver : NX Nastran
+/Options
+/Master Requests and Conditions
No Case ="
B ' Analysis Set
Title Random Spectrum (shock spectrum
\\w 36..NX Nastran

Analysis Type 2..Normal Modes/Eigenvalue

Solve Using
(@ Integrated Solver
O Linked Solver

Solver is undefined. Go to File Preferences Solvers

OVisQ

o o

-
Done
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Click Next button 5 times, in the Range of Interest, NASTRAN Modal Analysis X
typein;

ypein; [ skip EGx Method ID
Real Solution Methods Range of Interest
1.0in the From (Hz) f|e|d\ (® Lanczos Real Imaginary
Subspace From (Hz) E i
- : L egacy-Reak-Solution-Methods——To-{Hz) »s500 | o
50.0 in the To (Hz) field. .
8_|vens Eigenvalues and Eigenvectors
Modified Givens
.. . . . . Number Estimated 0
This is very important since the first mode that will be Onyerse Power _
H H H O Inverse Power/Sturm BiEbEE e tic D
calculated will be the rigid body motion (natural
. . . Householder
frequency of zero). If this field is left blank, the analysis o Normalization Method Mass
. . . . . (O Modified Householder
will be performed from 0 Hz, this will give the incorrect , ®Mass | v o (® Default
. . Complex Solution Methods Om - OL d
value for the nodal velocity and displacement, and as e & e o PR
: : Point N O Coupled
such the stresses will be incorrect. CYCamplecTiveise Pows:
O Complex Lanczos Complex Solution Options
.. - Convergence 0.
Note: The minimum frequency does not have to be 5°‘“t§" e oot il 6
. . |re(_:t efle] FVIC .
1.0, it can be any small number such that mechanisms L
luded Modal Overall Damping (G) 0.
are excluded.
Prev... Next... oK Cancel
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Press Next button once. For the modal analysis, it is very NASTRAN XY Output for Modal Analysis %
useful to ask Nastran to output the Modal Participation

Factors (PF). Select Summary and Modal Effective Mass
Fraction. Nastran will output the PF’s to the .fO6 file. This
is a very important tool when analyzing larger models that
have multiple DOF and many eigenvalues. The PF’s are []Modal Participation Factors

Output Requests

used in combining the response from the individual modes [ ]Modal Effective Mass
based on the combination method selected. [ ]Modal Effective Weight

Modal Effective Mass Fraction

However, you don’t need to request’em since they are Referonca Node 0
automatically calculated. This toggle just dumps them out
to the f06 file and creates functions in FEMAP. o Nl oK e
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Press Next button once. This is the step that ties all the
functions together.
NASTRAN Response Spectrum Application X
In the Spectrum — Spectrum Function ID drop down box, Spectrum
select “Acceleration Response Spectrum”. = Spectrum Function ID
@ Acceleration ’ 3..Acceleration Response Spe« VJ
O Velocity Scale Factor
In the Scale Factor box, type in 386, this will scale the O Displacement—> \ 386. \
response spectrum curve from G’s to actual acceleration o
L. Modal Combination
values in in/s2.
Mathod | 0..ABS v
loseness ’ 1.0 ‘
In the Modal Combination - Method box, select any type
. . . Base DOF
since only one mode is calculated in the 1.0 Hz to 50 Hz =
. . 2..Seismic Kinetic Constraint v
range. Here we are using ABS method, but for this SUPORT & 2. Séuriciinetic Gt
example, the same results are obtained with all methods.
Modal Damping
W [4..Response Spectrum Dampii v ‘
In the Base DOF - SUPORT Set drop down box, select
“Seismic Kinematic Constraint”. Prev... Next... oK Cancel
In the Modal Damping — Damping Func drop down box
select “Damping”
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Boundary Conditions X
Primary Sets
Constraints v |
oads 0..None
0..From Load Set
. ial Conditions 0..None
Press Next button twice.
Constraint Equations 0..From Constraint Set v
. . Bolt Preloads 0..From Load Set v
In the Boundary Conditions — Primary Sets — ‘
Constraints drop down box select “Seismic Other DOF Sets
Constraint”. Master (ASET) 0..None %
w 2..Seismic Kinematic Constrai
. . // SUPORT1 0..None v
In the Other DOF Sets — Kinematic (SUPPORT) drop ’
down box select “Seismic Kinematic Constraint”. oMIT 0. Nare e
QSET 0..None v
CSET 0..None v
BSET 0..None v
Prev... OK Cancel
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Press Next button once.
NASTRAN Output R t. X
In the Nastran Output Request — Nodal select, SRR
Nodal Elemental
/ /> [ Displacement 0..Full Model ¥ | [JForce 0..Full Model
Displacement 1 el Lo 0..Full Model o 0..Full Model v
i | | o b 0..Full Model - trai 0..Full Model
Constraint Force e rain
[JEquation Force ~ O-Full Model Strain Energy 0..Full Model
Velocity [JForce Balance  0--Full Model T 0..Full Model
Acceleration— A Veloci 0..Full Model v Enthalpy 0..Full Model
[ Acceleration 0..Full Model v Enthalpy Rate 0..Full Model
Kinetic Energy RL08 oo Temperature 0..Full Model
In the Nastran Output Request — Elemental select; Temperature  O-Full Model CJKinetic Energy  0-Full Mode
[JEnergy Loss 0..Full Model
Fluid Pressure 0..Full Model
St Fess Customization
s Prev...
. . El t Co Results Results Destinati
In the Customization area; iiEicmerk Coroe Resi Esulls Destination
——Qutput Modes (a,bc THRUd) _PostProcess Ony RS
= oo
Magnitude/Phase Real/Imaginary Cancel

Set Results Destination to

“2..PostProcess Only”

Click Ok

Relative Enforced Motion Results
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In the Analysis Set Manager, make sure
that the Seismic analysis set is active,
then click Analyze

We will also set up a Normal Modes
analysis to determine the natural
frequencies of the model (should get
two eigenvalues, one being zero and
the other being a bending mode).

! Analysis Set Manager (Active: 1..Seismic Analysis)

S Analysis Set : 1. Seismic Analysis|
Solver : NX Nastran
Type : Normal Modes/Eigenvalu
Integrated Solver :
+Opti

+ Master Requests and Conditions
/ No Cases Defined

Analyze

Analyze Multiple...

Export
Active...

Preview Input

MultiSet...
Copy
Delete

Renumber...

Load...
Save...

New...

Done
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14.10POST PROCESSING THE RESULTS

Press F5 and select Beam Diagram from the Contour Style. Use the Post Data tool to look at the beam diagrams for the
acceleration, velocity, stress etc. Below is the acceleration contour plot, note that the max acceleration is at the free

end and has a value of 424.6 in/s2.

Z

Output Set: Case 1 Time 0.
Deformed(0.417): Total Translation
Elemental Contour: T2 Acceleration

4246

398.1

3715

345.

3185

2919

2654

238.8

2123

1858

1592

1327

79.61

53.08

26.54

0.0000425
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14.11 RESULTS COMPARISON

The results from the FE analysis follow very closely with the analytical results. The acceleration, velocity and

displacement are exact (slight difference between analytical and FE velocity). Note that the natural frequency found in
Nastran is slightly different than the analytical calculated value, this is because Nastran calculates the shear area of the
beam. One can obtain the exact same results for the natural frequency in the FE model by excluding the shear area

from the calculations, when this is done, the FE results match with the analytical results to 3 decimal places.

Results Comparison

Analytical Nastran

Natural Frequency 5.1545 5.1509
Acceleration (in/s?) 424.6 424.6
Velocity (in/s) 13.11 13.12
Displacement (in) 0.405 0.405

Stress (psi) 122,285 122,293
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15. EXTRA CREDIT: SOLID MESHED BEAM

We can verify this method using a hex meshed solid beam. The beam is massless, with a point mass of 0.5Ibf (1.30e-3
slugs) on the end. The beam properties are shown below:

W=2in W=0.5Ibf
T=0.25in E=10e6 psi

Lbeam = 5 |n IXX = 2.6e‘3 in4
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An Acceleration vs. Frequency spectral plot was created for 1% and 5% damping, an interpolation function was
created to find intermediate damping values, and a damping function was generated.

12 005
1 _— 0,045
»
9 o8 0.04
s
§ i 0035
kT 003
§ 04
& 0025
02 /
/ 002
{ N
o— 0015
100 0 100 200 300 400 500 600 700 800 900 1000 61

Frequency, Hz

*- Acceleration vs. Frequency (1%) (10)
* Acceleration vs. Frequency (5%) (11) * Acceleration Response Spectrum (12)

99 10 101 102 103 104 105 106 107 108 109 11 111

01
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

0
-100 0 100 200 300 400 S00 600 700 800 900 1000
+- Response Spectrum Damping (13)
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Let’s first take a look at the hand calc’s to show how the beam is expected to behave.

Deflection is calculated first:

wL? .
Yiae = e 8e —4in
xXx

Based upon this end deflection, the beam’s resonant frequency can be calculated as:

fo= |=(-) =1106 Hz

Spectral acceleration for this condition is

S, = 1.1%386.09 = 424.6 =
5
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Continuing, we can approximate the spectral velocity, displacement, and stress:

Velocity:

Displacement:

Stress:

S; =2 =880 10 *in

Wy 2

F,=W S, = 0.55 lbf

T
Fal)(
Stress = M;C =G 132 psi

XX
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First up is a normal analysis for the solid model, the first mode is at 113 Hz:

=W 2.NX Nastran Modes Analysis Set
@ 2.Mode 1, 112.9961 Hz
«d 3.Mode 2, 845.2501 Hz
& 4.Mode 3, 4466.077 Hz

— 7
f»z

¥
Output Set: Mode 1, 112.9961 Hz
Deformed(27.79): T1 Translation
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With the normal modes calculated, next is a shock response analysis:

Qutput Set: Case 1 Time 0.
Elemental Contour: T1 Translation

0.000842
0.000758
0.000674
0.00059
0.000505
0.000421
0.000337
0.000253
0.000168
0.0000842
1.091E-13

T1 Translation shows 8.42e-4 inches, hand calcs
predicted 8.80e-4 inches.

Y

Qutput Set: Case 1 Time 0.
Elemental Contour: T1 Velocity

0.598
0.538
0478
0.419
0.35¢
0299
0.239
0.179
0.12
0.0598
T.747E-11

T1 Velocity shows 0.598 in/s, hand calcs predicted
0.611in/s.
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With the normal modes calculated, next is a random response analysis:

2
Max T1 Acceleration result is 424 in/s , the hand
2
calcs showed 424 in/s

= ¢

Qutput Set: Case 1 Time 0.
Elemental Contour: T1 Acceleration

Max stress in the Z direction is 116 psi, the hand
calcs predicted 132 psi

Qutput Set: Case 1 Time 0.
Elemental Contour: Solid Von Mises Stress
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The FEA results for the solid model are not as close to the hand calculations as the beam element, but you can see the

relative accuracy below:

Results Comparison

Analytical Nastran
Nautral Frequency (Hz) 110.6 113.0
Acceleration (in/s?) 425 425
Velocity (in/s) 0.611 0.598
Displacement (in) 8.42e-4 8.80e-4
Stress (psi) 136 116
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The error in the maximum stress of the FEA model is 12%, which seems a bit on the high side. Let’s check a hand
calculation of a 1G static load versus the finite element static load to explore the behavior. This beam with 1G static
loading should see 120psi maximum stress based on the simple calculations.

Maximum stress is 110 psi with a hex meshed solid element beam,
which is 8% error from the hand calculations. This is similar to the
error seen in the dynamic analysis.

10,

.

v

Outout Set: NX NASTRAN Case 1 )
Elemental Concur S0kt Von Mises Stress

Maximum stress is 124 psi in a fine hex meshed solid element beam.
This gives an error of just over 3% compared to the hand calculations.

¥

Quiput Sat: NX MASTRAN Casa 1 o=
Elernertal Contcur: Sakd Vo Mises Stress

Maximum stress is 123 psi with a 10-node tet meshed solid element
beam. This gives an error of under 3% which is a large improvement.

¥

Outout Set; NX NASTRAN Case 1
Elnmental Conicnr: Soilt Vo Mises Stress

Maximum stress is 119.8 psi with a quad meshed plate element
beam. This matches with the hand calculations very closely with an

error of 0.2%.

8

Y

2

Output Set: NX NASTRAN Case 1

Elemenal Contur: Flate Top Voniises Stress
Cortour coutle: Plate Bat VenMises Syess

e & 2 8 & 8 ¥ 2 8
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It is interesting to compare the accuracy with the # of nodes required for analysis. In a solid element model it seems
that the coarse hex mesh does not have enough definition to capture the stresses and has a relatively large error. The
fine hex mesh drops the error down to 3% with just under 4,000 nodes. Meshing with a fine 10-node tetrahedral mesh
gives similar accuracy but requires 26,000 nodes, a significant increase! The plate meshed beam is the closest with

0.2% error and under 900 nodes.

A summary of the findings for a 1 G static load is shown in the table below.

_E

Hand Calculation 120 psi
Coarse Hex Mesh 110 8%
Fine Hex Mesh 124 3%
Fine 10-node Tet Mesh 123 3%
Fine Quad Plate Mesh 119.8 0.2%

236
3,782
26,274
884
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16. APPENDIX

16.1 FLOW CHART FROM NX NASTRAN THEORETICAL MANUAL

Enter 1

Cross
yes Spectral o
Density
?

-
=TT
S.i gf, Hia Hib San

Compute Autoccorrelation

b4
fute- yes
corrglation Functions
? |
no
v

Compute rms value \

r
Exit '

Figure 1. Flow diagram for random enalysis module.

i2.2-2
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16.2 CREATING MODAL FREQUENCY TABLE

When Nastran calculates the RMS stress value for a PSD analysis it first calculates the frequency response at each value
on the Modal Frequency Table, and uses that response to calculate the stress due to PSD excitation.

The chart below shows the frequency response for a simply supported beam with the first mode at 227 Hz, and the
next mode above 300 Hz. The response acceleration ramps up near the natural frequency and gradually drops off as
you move away from it.

227, 800844
8000

_‘.H.-_._.—o—-h
—a

7000

6000

5000

4000

Response (in/s2)

3000

2000

1000
1, 386.009

0 50 100 150 200 250 300
Frequency (Hz)
—@— T3 Acceleration (Mode 41) vs Set Value
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PSD analysis is statistical and the 1-sigma stress output is simply the stress the structure will likely see when subject to
a specified acceleration spectrum. The random vibration solver doesn’t calculate the stress at every frequency—it only
solves for the stress at the frequencies specified in the Modal Frequency Table. The simplified process is that it solves
for the stress at each value in the Modal Frequency Table, and then combines those stress results to give the RMS

stress.

The red line in the image below shows the response at the natural frequency. The orange lines show the response at
multiple points with a 10% spread from the natural frequency. As you can see, the response drops off as you move
away from the natural frequency so adding more solve points, or a greater spread from the natural frequency does not
improve accuracy of the results, but it does add significant computational cost.

8000

7000

6000

5000

4000

Response (in/s2)

3000

2000

1000

1, 386.009

227, 8008.44

oo o o .
.’_..—.—‘—'_‘F

100

150 20 2o 300
Frequency (Hz)
—@— T3 Acceleration (Node 41) vs Set Value
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The chart below shows Modal Frequency Tables (X-axis is frequency, Y-axis is arbitrary) with varying number of solution
points and the resultant RMS stress on a simply supported beam. With a single solve point at the natural frequency it
significantly overestimates the RMS stress. The default 5 points with 10% spread gives a more reasonable result, and
you can see even going up to an impractical 55 points with 20% spread gives a result within a few percent of the
default table configuration.

1-c RMS Stress, 1 Point at f,

1-c RMS Stress, 5 Points with 10% Spread

1-0 RMS Stress, 55 Points with 20% Spread

2 /\
15 i 20
// \\\
1 - 1 / \a\
S/ S 10
05 / \
[ 0
226 2265 227 2275 228 200 210 220 230 240 250 130 200 220 240 260 280

Frequency (Hz)

—@— MFT (227)(5)

Output Set: RMS Values 11932

Elemental Contour: Plate Top VenMises Sh'essassa

Contour double: Plate Bot VonMises Stress

47999,
44720,
41442,
38183,
34884,
31605,
28326,
25047,
21769,
18490

wZA~ 15211,

Frequency (Hz)
—@— Modal Freguency Table, 5.10 (204-250) (9}

19293,
17975.
16657.
15339,
14021,
12703.
11385,
10068,
8750.
7432.
Y\Zv)‘ 6114,

Qutput Set: AMS Values 4796.
Elemental Conlour: Flate Top VanMises Stresngs
Contour double: Plate Bot VonMises Stress .

Frequency (Hz)
—@— Maodal Frequency Table, 55.20 (180-270) (11)

19866,
18509
17152,
15795,
14438,
13081,
11724,
10367

g010.

7653,

wZA~ 6296,

Output Set: RMS Values 4939
Elemental Contour: Plate Top VonMises {-‘atress:sse1
Contour double: Plate Bot VonMises Stress ’
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16.3 AUTOCORRELATION FUNCTION

A newly supported feature in FEMAP 11.3 is the ability to generate Autocorrelation functions during random vibration

analysis. The Autocorrelation Function Time Lag input is available in the NASTRAN Power Spectral Density Factors
dialog as shown below:

MNASTRAN Power Spectral Density Factors X

Correlation Table

e ted Subease:  Master The three inputs available are Lag Intervals, Starting

T T Lag, and Max Lag. These inputs do not change the way
the random vibration analysis is conducted, it merely
defines the autocorrelation function which will be
generated in addition to the output.

Applied Subcase: Master
Load Set:  1..PSD Exdtation Node

Edit Correlation Table
Factor PSD Function PSD Interpolation
Real | 1. X | 3..PSD Function ~ 0..Log L N . .
[ x| ¢ | [0-togtos | Lag Intervals: How many times to chop up the time
Imag 1 X 0.N 0..LogL . .
sy — o band between the starting lag and maximum lag
Apply

Starting Lag: Starting time step

Autocorrelation Function Time Lag

P Startng Lsg ix Lag Max Lag: Final time step
... | (g | o Cares
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If we take our beam example and plot the autocorrelation function for displacement on a couple of nodes we can get
a more intuitive idea of what is going on. No matter the lag time, the autocorrelation at the excitation node is very
close to zero. At lag = 0, the autocorrelation for the node at the end of the beam is high while the node at the middle
of the beam is lower amplitude, and follows the same sinusoidal pattern. From this plot we can infer that a small lag
time results in a high autocorrelation at the beam end, and it tapers off as you increase the lag time. It is worth
noting that the period of the sinusoidal response shown here is 0.009 seconds, which matches the 110 Hz natural
frequency of the beam.

Excitation Node

0.0005 Excitation Node (100}

——— Middle Node (101}
MNode at Free End (102)

0.0004

0.0003

0.0002

Autocorrelation
[=]
1
|

Node at Free End

T T T T T T
0 002 0.04 0.06 008 0.1 012 014 016
Lag Time (seconds)
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At this point you may be wondering how to generate the autocorrelation function in your analysis. In the first NASTRAN

Output dialogs, select “Autocorrelation Functions” or “All”. Choose the desired nodal or elemental outputs to plot, and
then enter the desired Autocorrelation Function Time Lag values.

NASTRAN Qutput for Random Analysis X
Modal Output Reguests
Displacement Ori

T2 13 [ri [Jr2 [Ir3

NASTRAN Power Spectral Density Factors *
Velodity Or1 L1m3 et [Or2z [r3
MASTRAN Output for Randem Analysis X Acceleraton  [Jr1 [tz [J13 [Jrt [JrR2 [Jr3 Correlation Table
T TS Excited Subcase: Maste
Nodal OuIpUT Requests Master=>Master  1.(3) :Int1=0 Xd uDCase astEr
ONone Blemental Stresses Load Set: 1..PSD Excitation Node
- Springs [ Axial

JPower Speciral Density Functions
O = & Rods axial  [Torsional Applied Subcase:  Master
C'Autocorrelaﬁon Functions .

e Bars [ xial Load Set:  1..PSD Exdtation Mode
lean Square
Loc 1 Loc 2 Loc 3 Loc 4
Enda [Jioc [ec [ec [Jeoc Edit Correlation Table
EndB [Jloc1 [Jloc2 [Jloc3 [Jloc4 )

Hemental Output R . bacmy PSD Function PSD Interpolation
emental Ou eques
. Beams Enda Jloc1 [ioc2 [Hoc3 [loc4 Real | L | « |3..PSD Function V| |0..ch Log »

MNone EndB [Jloc1 [Jlec2 [toc3z [loc4

. ] ) Imaginary 1. ¥ | 0..None 0..LogLog
C Power Spectral Density Functions o Tadam |:| X Mormal D ¥ Normal D XY Shear

) Autor lation Functi -
O Autocarrelation Functions Top X Mormal [ ]YMNormal  []XY Shear Apply
Root Mean Square

@al Solids Jxmormal  [JvMormal  []Z Normal
. B
%y shear [ |vZShear  []Z%Shear

- . : - Lag Intervals | 10000 Starting Lag E Max Lag -
E— ok Cancel Axisym [Jradial [Jazm [Jaxial []shear _ _ _
Forces
Prev... | MNext... I oK Cancel

Autocorrelation Function Time Lag

] summary Data Only CJesor AUTO

Prev... Mext... oK Cancel

AppliedCAx.com / Predictive Engineering - Please share with your friends and visit us online at www.AppliedCAx.com Page 119 of 123



P
—

2SN

FINITE ELEMENT ANALYSIS )

Predictive'EngViineerAi‘hg 2019

16.4 MULTIPLE EXCITATION SPECTRUMS

In some cases you may need to analyze a system with multiple excitation spectrums. This can be due to a difference in
structure mounting points, wheels driving on different surfaces, or an array of other situations. In this example we will
take a look at a hypothetical red wagon, where the wheels on the —Z side are on a smooth section of road, and the -Z

side is rolling on over a rougher road.

First the boundary conditions must be set up as shown—with your excitation points defined in separate load sets
and all of the constraints in one Constraint Set.

= & Loads
5 & 1.+Z Side Excitation
# & 2.-Z Side Excitation
= & Constraints
i 48 1.Pinned Constraints
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With the boundary conditions set up, prepare the random analysis in the usual manner, but do not specify boundary
conditions. Instead, specify the boundary conditions as subcases in the Analysis Set Manager.

Boundary Conditions p o B Analysis Set Manager (Active: 4..Random Respons... a x

Pri Sets

mery . - (- Analysis Set : 1..Normal Modes Analysis o=
N ~ | -- Analysis Set : 2..Random Response 10 modes (w ATOC) ——
Loads | 0..None - | [1| Analysis Set : 3..Random Response 10 modes (no ATOC) Analyze Multiple. ..
- =R Analysis Set : 4..Random Response Example
lemperatures 0..From Load Set i--Solver : NX Nastran Expoct

o - Type : Random Response
Lnkial Condtions o Hone Integrated Solver : NX Nastran Active...

(- Options ;
Constraint Equations | 0..From Constraint Set ~ | E Master Reguests and Conditions N
Bolt Preloads | 0..From Load Set v] g"?se : ; : fzsé‘:;e
tl-Lase : & MultiSet. ..
Other DOF Sets T
Master (ASET) | 0..None v ——
Dele

Kinematic (SUPORT) [ 0..None o | -
SUPORT1 | 0..None v]
omMIT | 0,.MNone v| _ Load...
QSET | 0..None v| | Save...
CSET | 0..None v| New...
BSET | 0..Nane v Edit...
prev. [Net.. | | o || concel | [ ooe |
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After that is set up, go back to edit the PSD Factors tab. Here you will notice it looks a little different than the previous
method. You can now choose PSD Functions for each subcase, and you can correlate the two sub cases for coupled

analysis if desired. If you do not wish to correlate the sub cases, leave the settings at their default values.

MNASTRAN Power Spectral Density Factors X

Correlation Table

1=>1 1.(3) :Int1=0 Excited Subcase: 1

1=>2 1.(4) + 1.(5)i :Int1=0 :Int2=0
2=x>2 1.[5) JIntl=0

Load Set:  2..-Z Side Excitation

Applied Subcase; 2
Load Set:  1..+Z Side Exdtation
Edit Correlation Table
Factor PSD Function PSD Interpolation

Real | 1, ‘ X ‘ 4,2 PSD Function V| ‘ 0..Log Log el ‘

Imaginary | 1. | X |5..4x PSD Function ~| |0.LogLog v
Apply
Autocorrelation Function Time Lag
Lag Intervals D Starting Lag Max Lag
e o | e
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16.5 WHY WE DO A PSD ANALYSIS

Dynamics are tricky. Structures that seem sturdy intuitively may have unexpected responses when excited dynamically.
The images below show a circuit board which was subjected to an intense PSD spectrum where the assembly was
expected to see accelerations near 700 g’s! In this case, the circuit board was not designed for that level of excitation

and the chips removed themselves from the board during testing.

CET AN L S S
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