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Exercise 3:
COMSOL tutorial on frequential analysis

Context: We study the vibrations modes of blade samples in two different materials:
stainless steel (E« = 200 GPa) and titanium (Er = 114 GPa). For each material, three sample
blades with different thicknesses are tested: 300 um, 350 um and 400 um. Their length is 40 mm
and their width is 10 mm. A mass M = 15 g is located at the tip of each blade. We will calculate
analytically the three first modes of vibration along the directions X, Y and Z (Figure 1) and
compare with the FEM results given by the eigenfrequency analysis for the three stainless-
steel sample blades. Then we calculate the maximum von Mises stress for each of the six
sample blades when a displacement of the tip of £ = 10 mm is imposed (Figure 2). Note that
the results obtained here will be used for fatigue tests on a later exercise.

Figure 1: The three first vibrations modes of a blade with a point mass at its extremity.
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Figure 2: Setup for measuring the vibration of a blade.
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1. Onthe VDI interface, start COMSOL (Classkit License COMSOL Multiphysics 6.2).
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2. On the New model menu, select Model Wizard.

Uniited mph - COMSOL Muiphysics
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3. On the Select Space Dimensions menu, select 3D.

e I Waterls Sty Resuts Deveoper " a
Select Space Dimension
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4. On the Select Physics — Structural Mechanics — Solid Mechanics (solid). Then press
Add, then Study.
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Select Physics
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5. On the Select Study — Eigenfrequency, then Done.

I tome  Definitions  Geometry Materials  Physics Mesh  Study Results Developer  Mode Shape (soli) 1

Select Study Eigenfrequency

4 ~® General Studies The Eigenfrequency study is used to compute eigenmodes and

. eigenfrequencies of a linear or linearized model.
i Eigenfrequency

[0 Frequency Domain Examples: In electromagnetics, the eigenfrequencies correspond to the

Stationary resonant frequencies and the igenmodes correspond to the normalized

I& Time Dependent field at the In solid mechanics, the

4~ Preset Studies for Selected Physics Interfaces h pond to the natural of vibrations and
12 ol Pretension the eigenmodes correspond to the normalized deformed shapes at the
= eigenfrequencies. In acoustics, the eigenfrequencies correspond to the

[®) Boundary Mode Analysis resonant frequencies and the eigenmodes correspond to the normalized

i Eigenfrequency, Prestressed acoustic field at the eigenfrequencies.

[ Frequency Domain, Prestressed

11 Frequency Domain, Modal

[IS, Linear Buckling

¥ Random Vibration (PSD)

sponse Spectrum

ime Dependent, Modal

Optimization

~% More Studies

~ Empty Study
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6. In File— Save as.., save the model with the name blade eigenfrequency analysis.

7. 1Inthe Model Builder — Global Definitions — Parameters I, enter the parameters and

the values as listed below.

»
Name

Expression
L 40 [mm]
b 10 [mm]
my_h_SS 300 [um]
my_h_Ti 200 [um]
dz 10 [mm]

Value

0.04m
0.01m
3E-4m
2E-4m
0.01m

Description

8. In Component 1 — Geometry I, right-click and add a Block.

4 % blade_eigenfrequency_analysis.mph (root)

4 (@) Global Definitions
Pi Parameters 1
& Materials

4 [ Component 1 (comp1)
= Definitions

4 [A] Geometry 1

% Form Union (fin) | B Build All F
Materials
= [ Import
4 £33 Solid Mechanics (solid ) g )
&% Linear Elastic Mate| LiveLink Interf; L
i Free 1 ) Block
@ Initial Values 1 <G
A Mesh1 o
4 ~® Study 1 [ Cylinder
i Step 1: Eigenfrequency ¢} Sphere
i Result
@ Results More Primitives »
B

Work Plane

9. In the settings of the Block, enter the parameters as below

CattinAc
Settings

) Build Selected v |5 Build All Objects -1
Label: Block 1
¥ Object Type
Type:  Solid

¥ Size and Shape
Width: L

Depth: b

Height: my_h_SS
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10. Right click on Materials, add a blank material and insert the parameters as below. Let
us notice that the Poisson’s ratio is set as zero because this allows us to better match
the analytical calculation. Also, the density is set to 1 kg/m’ as we neglect the mass of
the blades and setting it to 0 would cause calculation issues. Also, label the material as

Steel.

Model Builder ~ &/| Settings -1
« T Stv Bl S~ o
4 4 blade_eigenfrequency_analysis.mph (root) _
4 (©) Global Definitions Label:  Steel 28
Pi Parameters 1 Name:  matl
% Materials
4 @ Component 1 (comp1) Geometric Entity Selection
= Definitions
4 [A] Geometry 1 Geometric entity level: ~ Domain -
@ Block 1 (bik?) Selection: All domains =
= Form Union (fin) —
4 352 Materials ‘ 1 a
b i3 Steel (matl) (I B —
4 53 Solid Mechanics (solid) @ ¥
B8 Linear Elastic Material 1 @
S Freel
&3 Initial Values 1
A Mesh1
4~ Study 1 Override
Y ﬁsjzp : Bgenfreguency ¥ Material Properties

11. Duplicate the material, name its label “ 7itanium’” and replace the value of the Young

modulus.

! R R
4 4 blade_eigenfrequency_analysis.mph (roof)
4 (@ Global Definitions
Pi Parameters 1
%) Materials
4 [ Component 1 (comp1)
= Definitions
4 [A] Geometry 1
7) Block 1 (bk1)
[E Form Union (fin)
4 3 Materials
s Steel (mat1)
b iz Titanium (mat2)
4 < Solid Mechanics (solid)
@5 Linear Elastic Material 1
S Freel
& Initial Values 1
A Mesh1
dy 1
aa Step 1: Eigenfrequency
(@ Results
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[iifl Basic Properties
b [iifl Acoustics
[iifi Electrochemistry

Material type:
Solid

~ Material Contents

»

Property Variable | Value Unit Property group
[4 | Young's modulus E 20069 Pa Youhg's modulus and Poisso...
[/ | Poisson's ratio nu 0 1 Young's modulus and Poisso...
[4 | Density tho 1 kg/m'

Label:  Titanium

Name:  mat2
Geometric Entity Selection

Geometric entity level:  Domain

Selection: All domains

1

Override
~ Material Properties

[ifil Basic Properties

fiifi Acoustics

[ilij Electrochemistry

fifil Electromagnetic Models
fiffl Equilibrium Discharge
fiffi External Material Parameters
i} Fiuid Flow

[ifi Gas Models

[iffi Geometric Properties
[ilil Magnetostrictive Models
[ifil Piezoelectric Models

Material type:
Solid

~ Material Contents

Property Variable | Value Unit Property group
[ | Density tho 1 kg/m* ic
[4  Young's modulus E 1149 Pa (Young's mofiulus and Poisso...
[/  Poisson's ratio nu 0 1 QU dulus and Poisso..
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12. In Materials — Titanium, click on Clear Selection, so the material of the blade is set

again to stainless steel.

Model Builder >R
>t | =ty Bl S~
“ Tde_eigenlvsqf]sncy_analysis‘mph (root) Labek: Titanium
4 () Global Definitions
P Parameters 1 Name:  mat2
= Materials
4 @ Component 1 (comp1) Geometric Entity Selection
? = Definitions Geometric entity level: ~ Domain
4[] Geometry 1 2
[T Block 1 (btk1) Selection: Manual

[&] Form Union (fin)

4 :iz Materials

b iiz Steel (matl)

b o4 Titanium (mat2)

4 €22 Solid Mechanics (solid)
&8 Linear Elastic Material 1

S Freel
& Initial Values 1
A Mesh1
4~ Study 1
| Step 1: Eigenfrequency
b @ Results

Override
¥ Material Properties

b [iffj Basic Properties

b [iiii Acoustics

13. In Solid Mechanics, tick the box Enable physics symbols.

Model Builder v

-t | 5t~

4 @ blade_eigenfrequency_analysis.mph (root)
4 () Global Definitions
P Parameters 1
% Materials
4 |@ Component 1 (comp1)
= Definitions
4 [A] Geometry 1
[T Block 1 (blk1)
@ Form Unien (fin)
4 i Materials
b i3: Steel (mat?)
b 24 Titanium (mat2)
4 53 Solid Mechanics (solid)
&% Linear Elastic Material 1
S Freel
&8 Initial Values 1
A Mesh 1
4~ Study 1
[ Step 1: Eigenfrequency

b {@ Results

14. Right click on Solid Mechanics, add Fixed constraints. Then select the left face of the

blade (boundary in -x direction).

St Elv S~

4 4 blade_eigenfrequency_analysis.mph (root)
4 (@) Global Definitions
Pi Parameters 1
) Materials
4 [ Component 1 (comp1)
b = Definitions
4 [A] Geometry 1
(7] Block 1 (blk1)
[&] Form Union (fin)
Materials
Steel (mat1)
b i Titanium (mat2)

4 522 Solid Mechanics (solid) [ ]

5 Linear Elastic Material 1 Motesial Models D
S Freel Volume Forces »
o
1S Initial Values 1 Mass, Spring, and Damper ,
A Mesh1
4~ Study 1 Domain Constraints »
lau Step 1: Eigenfrequency Variables »
b & Results More S
= Boundary Load
= Fixed Constraint
= Prescribed Displacem
= Roller
= Thin Layer
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Label:  Solid Mechanics

Name:  solid
~ Domain Selection

Selection:  All domains

Equation
RQysics Symbols

Ble physics symbols
o) or hide all physics symbols
Select All Clear All

Uabet Fied Consriet 1
~ Boundary Selection
Selecon: Manual

=

Overrde and Contribuion
Equaton

~ ohyscs Symbols

2 Show physics b

B P




=PrL

15. Right click on Solid Mechanics — Connections — add Rigid Connector. Then select
the right face of the blade (boundary in +x direction).

~ # Settings

= Lv T

4 @ blade_cigenfrequency.analysis.mph (root
4 @ Global Definitions Labek  Solid Mechanics ~ bty suacton

P Parameters 1 Name:  solid Sdecto | Mot

Materials
=
4 W Component 1 (comp1) ~ Domain Selection
= Definitions

Selection:  All domains

3 Block 1 (bik1) 1
&5 Form Union (fin) Edoeseocten

4 53 Materials Sore seson

s Steel (mot) e —
43 Tranium (mot2) Eqmon

4 5 Solid Mechanics (s0id) © Conrane spmsecin
B Linear Elstic Material 1 Material Models T ——— -

1 Volume Forces

Equation

Mass, Spring, and Damper » Ppe——
~ Physics Symbols
Domain Constraints , By Syt o
e s ) Enable physics symbols =
Laa Step 1: Eigenfrequency o ) Show or hide oll physics symb

» & Results Select Al Clear All oma
Boundary Load = s Dihcumer ot o Rtaion
Fixed Constraint ¥/ Structural Transient Behav| et rcion

Prescribed Displacement
Roller

Transieng Salger Setings acttins bt
ThinLayer y

Connections »[@ Rgdca 4] < habed R
Mass, Sprng, and Damper » | Anachmen o

More Constraints »| @ Periodic Condition i 2

Reessed Oegres o rodom \
Paies O Dependent Variables Rescien Force Setngs x

More. B —

16. Right click on Rigid Connector 1 — add Mass and Moment of Inertia. Set the mass

value to 0.015 kg and no inertia.

4 =3 Solid Mechanics (solid)
& Linear Elastic Material 1
25 Freel
% Initial Values 1
mw Fixed Constraint 1
w Rigid Connector 1

A Mesh 1 s Thermal Expansion
4 ~d Study 1 s Harmonic Perturbation
. B [;_:s:;esp 1: Eigenfrequency & Applied Force
= Applied Moment
£=7 Mass and Moment of Inertia
&7 Spring Foundation

17. Right click on Mesh 1— More Generators — add Mapped.

4 =27 Solid Mechanics (solid) e Contributor
%8 Linear Elastic Material 1 Solid Mechanics (solid)
S Freel

o= Initial Values 1
w Fixed Constraint 1
4 (mw Rigid Connector 1
£ Mass and Moment of Inertia 1

/A Mesh 1 - -
4~ Study 1 Build All F8
i, Step 1: Eigenfreque A2 Edit Physics-Induced Sequence
b @ Results
&\ Free Tetrahedral
4 Swept
1 Boundary Layers
Boundary Generators » | B Free Triangular
Al size ] Free Quad
a_:_] Size Expression i Mapped D
B2 Distribution A Edge
% Corner Refinement . Vertex
B8 Scale [
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18. Select the top face of the blade (boundary in +z direction).

[#] Mapped 1
4~ Study 1 1 Build Selected F7
laa Step 1: Eigenfreque o1 sipe
(@ Results =
Ef Distribution
EZ  Edge Groups
Copy as Code to Clipboard »
[Z] Copy
[5] Duplicate Ctrl+Shift+D
@ Delete Del
7) Disable F3
=} Rename F2
5 Settings
[E Properties
B Hep F1

20. In the first Distribution, select one of the long edges of the top face of the blade. Insert
60 as number of elements.

21. In the second Distribution, select one of the short edges of the top face of the blade.
Insert 12 as number of elements.

) Build Selected B Build Al
Labet Distribution 2
~ Edge Selection

Selection:  Manual

=0

~ Distribution
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22. Right click on Mesh 1— add Swept.

4 /5 Mesh1

2]

Build All

A5 Size
K Mapped 1

edral

&\ Free Tetr,

N

&

Swept

Distributiof
| Distributiof

=

Boundal

E

SYErs

4 ~dd Study 1

Boundary Generators

[a Step 1: Eigenfrequs

b @ Results

23. In Swept 1 - Domain Selection, choose Domain and select the blade as domain.

Souce faces
Ovstiation faces
Sweep Method

Contrd rtaes

kg faces

 fomaticn

3
i
]
i
i
3

et St
~ Oomain Selection
Gecmerc oty vt | Dot
Seecion:

=

24. Right click on Swept 1 — add Distribution. Set 4 as number of elements — Build All.

4 A Mesh1

&4 Distribution 1

AY Size
4 % Mapped 1

Distribution 2

By
Swept 1

4 ~do Study 1

Build Selected

_/_-\_] Size

Copy as Code to C

Distribution
1 Move Up

=]

la Step 1: Eigenfrequency

b @ Results

Ctrl+Up

25. Your mesh should look like this.
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26. Right click on Study 1 — add Parametric Sweep. Press the plus button and set the

parameters as below.

4 ~® Study 1
laa Step 1: Eige =
{® Results

Compute 2]

Parametric Sweep
Function Sweep

= Material Sweep
Study Reference

Combine Solutions

= Compute C* Update Solution

Label:  Parametric Sweep
¥ Study Settings
Sweep type:

Specified combinations

»
Parameter name
my_h_SS

: =
Mo gs for jobs

Keep solutions:  All

Parameter value list
~ | range(300,50,400)

Parameter unit

um

27.In Study 1 — Step I. Eigenfiequency — Study Settings — Desired number

Eigenfiequencies, enter 3. Then right click on Study 1 — Compute.

Builder

Mod

«

, @
Q

i

Ete Blv v
4 % blade_cigenfrequency_analysis.mph (root)
4 (@) Global Definitions
Pi Parameters 1
% Materials
4 @ Component 1 (comp1)
= Definitions
4 [A] Geometry 1
[7) Block 1 (bik1)
[&] Form Union (fin)
4 iz Materials
2 Steel (mat1)
7 Titanium (mat2)
4 £ Solid Mechanics (solid)
&5 Linear Elastic Material 1
3w Freel
&5 Initial Values 1
i Fixed Constraint 1
4 (s Rigid Connector 1
3 Mass and Moment of Inertia 1
4 A Mesh1

£ Distribution 1
udy 1

Parametric Sweep

Step 1: Eigenfrequency
& Results

v
= Compute
Label: Eigenfrequency B
¥ Study Settings
Eigenfrequency solver: ARPACK -
Eigenfrequency search method: Manual v
Desired number of eigenfrequencies: 3
Unit: Hz -
Search for eigenfrequencies around: 1[Hz] Hz
Eigenfrequency search method around shift:  Closest in absolute value -
Use real symmetric eigenvalue solver: Automatic -
[] Real symmetric eigenvalue solver consistency check
Values of linearization point
Settings: Physics controlled -
[[] Include geometric nonlinearity

~ Physics and Variables Selection
["] Modify model configuration for study step

»
Physics interface

@®  Solid Mechanics (solid)
Values of Dependent Variables
Mesh Selection
Adaptation and Error Estimates

Study Extensions

Solve for | Equation form

[/ | Automatic (Eigenfrequency)

28. You have now access to the nine eigenfrequencies values (three modes times three

thicknesses). In Results — Derived Values — add Global Evaluation. In Data —

select the Dataset Study 1/Parametric Solutions 1. In expression, add solid. freq —
Evaluate. The eigenfrequencies values will be shown in 7able 1.

4 @ blade_eigentrequency_analysis.mph (1000

4 0 Rigid Connector 1

Mapped 1
Distribution 1

] Tobles
@ Mode Shape (s0lid)

& Bigentrequencies (Study 1)
ipation Factors (Study 1)
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= Evluste +

Libet Global Evlustion 1
~ oaa

Dataset Study VParsmetic Soltions 1 (s02)
Parameter seection (my by | AN

Eigentrequency seection: Al

Table columas: Data only

~ Expressions

* Epressor Unit
solidreq He

Expression

Descrption:

Parameters

" home Vo  Unt

Descrption
Frequency

Description
solidrefprtx |0 m  Reference point for moment computation, x-coordinate
solidefpnty |0 m Reference point for moment computation,y-cocrdinate
solidrefpntz |0 m | Reference point for moment computation, z-coordinate

~ Data Series Operation

of
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29. Use the form on Moodle (FLEX FORMULAIRE.pdf) to calculate analytically the X,
Y and Z translation stiffnesses in the Excel file EXO 3.xlsx, also on available on
Moodle. Hint: the three modes are bending, transversal bending and traction. Finally,
calculate the corresponding frequencies with the following formula:

f _ i Kxyz
VZ"on | M

30. Compare the values given by the FE model and by the analytical formulae and explain
the potential mismatch between the two sets of values.

31. We will now add the Titanium blade, assign the material, copy and paste the mesh
and perform a static analysis to calculate the von Mises stress. Right click on Block

1 in Geometry 1 — Duplicate.

32. In Settings — Size and Shape — change the Heightto my h Ti. In Settings —
Position — change the corner y-position to +20 mm — Build All Objects.

B Build Selected + 8 Build All Objects B
Label: Block 2

~ Object Type

Type | Solid

¥ Size and Shape

Width: L m
Depth: b m
Height: my_h_Ti m

~ Position

Base:  Comer

ol
lastic Materia
f lues
ixed Constraint =
4 G Rigid Connector 1

Mass and Moment of Inertia 1 x 0 m
= Rigid Connector 2 o 20e-3 -

4 A Mesh1 =
z 0 m

Al size

33. In Materials — click on 7itanium — Select the previously created blade.
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34. In Solid Mechanics — click on Fixed Constraint 1 — select the fixed extremity of the
second blade.

aa@- @M L KO w @@ EY 260 @ @EHe-o@

35. Duplicate the Rigid Connector 1. Rigid Connector 2 — select the moving end of the

second blade. Set the Prescribed Displacement in z direction to -dz (do it also for the
Rigid Connector 1).

36. Right click on Mesh 1 — Copying Operations — add Copy Face. Drag and drop Copy
Facebetween Distribution 2 and Swept 1.
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37. In Settings — Select the Source as the upper face of the steel blade and the Destination
as the upper face of the titanium blade. In Swepf 7, add the second blade to the selection.

— Build All

= . ~—_ o \\V/

38. In the Ribbon — Study — Add Study — Stationary — + Add Study

“ Home  Definiti y Materials Physics Mesh Stud Results  Developer
& Show Default Plots

i Reset Default Plots >
= Study Parametric

(¥ Update Solution
Show
Steps »  Sweep

., Get Initial Value Default Solver

39. Right click on Study 2 — add Parametric Sweep — set the same parametrization as in

shown.
v Study Settings

Parameter value lst Parameter unit

~ | range(300,50,400)

* parsmeter name
my_h.Ss

myhTi ~ | range(200,100,400)

Mg lgs forjobs
Keep solutions: Al

40. Right click on Study 2 — Compute — Wait. In Results — Stress — untick the box

Plot dataset edges — Plot.

41. In Stress — Volume 1 — Settings — Data — Dataset — select Study 2/Parametric
Solutions 2. In Range — set the Minimum to 0 and the Maximum to 800e6. In Stress

— Volume | — Deformation, set the scale factor to 1.

4 @ Stress (solid
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42. Right click on Volume 1 — Duplicate (twice). Then, right click on Volume 2 — add
Translation. In Translation settings, set the zvalue to -20 mm. Do the same for Volume
3 with a translation value of -40 mm.

4 [ Results
> 1 Datasets
4 117 Derived Values
@) Global Evaluation 1
v B Tables
> W@ Mode Shape (solid)
4 W Stress (solid)
4 @ Volume 1
=5 Deformation
4@ Volume2 [
=5 Deformati & Plot ©
4 @ Volume 3 Plotin

> @ tiger
5 & pari

5 @ Eport = Marker
CuteDown B Reports

”
4 MaveDoun . -
® CuteshineD % Selection
. od A Translation
- . © Tonsparency

43. In Volume 1 — Data — Parameter value — select the first set of parameters. In Volume
2and 3, select the second and third set of parameters.

Model Builder % | Settings
4 @ blade_sigentrequency_nalysis.mph (rost) Pt = = =
4 @ Glob Definitions
Labet Volume2 =)
~ Data
Dataset Study 2/Parametric Solutions 2 (s}
Solution parameters: Manual
; A ﬁ:.’:kwm e Parameter value (my_h_S5 (um).my_h_Ti (- [ 2 my_h_S5=350 um, my_h_Ti=300 um

v Expression

~* Translation 1 ~ i
» B Bgenrequencis Study 1) Tiletype | None
» & Participation Factors (Study 1)
2 s —

44. In Volume 2 (and Volume 3) — Title > None. In Volume 2 (and Volume 3) —

Coloring and Style — untick the box Color legend. Y ou should now see the six
studied blades:

Volume: von Mises stress (N/m?)

x10°
8

/\s
3

o

ke

x
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45. In Results — Derived Values — Maximum — add Volume Maximum — Data —
Dataset — select the Study 2/Parametric Solutions 2. In Selection — select the

stainless steel blade. In Expression — type solid.mises — Evaluate.

46. Unselect now the steel blade and select the other blade. Evaluate in the same table
(Table 2).

47. Right click on the 7able 2— Copy Table and Headers to Clipboard. Paste the values
in your excel sheet and store them in a cold place for future use during EXO 6.

To summarize, we have seen in this tutorial:
e Eigenfrequency study.
e Analytical formulae derivation of eigenfrequencies.
e Comparison with FE values.
e Copy of a mesh from a domain to another domain.
e Multi-material simulation.
e Parametric sweep over a geometrical dimension.

e Display of several parameters’ solutions in the same graphic viewport.
Answer to the point 30: shear contribution is not considered in formula, while it is considered
in FEA. Shear is neglectable in the calculation of axial and bending stiffness and is not in the

case of transversal stiffness.
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