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Introduction

Out of all metals, the most frequently extruded is aluminum. Aluminum extrusion entails
using a hydraulic ram to squeeze an aluminum bar through a die. This process will form
the metal into a particular shape. Extruded aluminum is used in many manufacturing
applications, such as building components for example. In massive forming processes like
rolling or extrusion, metal alloys are deformed in a hot solid state with material flowing
under ideally plastic conditions. Such processes can be simulated effectively using
computational fluid dynamics, where the material is considered as a fluid with a very high
viscosity that depends on velocity and temperature. Internal friction of the moving
material acts as a heat source, so that the heat transfer equations are fully coupled with
those ruling the fluid dynamics part. This approach is especially advantageous when large

deformations are involved.

This model is adapted from a benchmark study in Ref. 1. The original benchmark solves a
thermal-structural coupling, because it is common practice in the simulation of such
processes to use specific finite element codes that have the capability to couple the
structural equations with heat transfer. The alternative scheme discussed here couples
non-Newtonian flow with heat transfer equations. In addition, because it is useful to know
the stress in the die due to fluid pressure and thermal loads, the model adds a structural

mechanics analysis.

The die design is courtesy of Compes S.p.A., while the die geometry, boundary

conditions, and experimental data are taken from Ref. 1.

Note: This application requires the Heat Transfer Module and the Structural Mechanics
Module. In addition, it uses the Material Library.

Model Definition

The model considers steady-state conditions, assuming a billet of infinite length flowing
through the die. In the actual process, the billet is pushed by the ram through the die and

its volume is continuously reducing.

Figure 1 shows the original complete geometry with four different profiles. To have a
model with reasonable dimensions, consider only a quarter of the original geometry. The

simplification involved in neglecting the differences between the four profiles does not
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affect the numerical scheme proposed. Figure 2 shows the resulting model geometry.

Figure 1: Original benchmark geometry.

Figure 2: Quarter of the original geometry considered in the model.

MATERIAL PROPERTIES
The documentation for the benchmark model (Ref. 1) serves as the data source for
properties of the two main materials: AISI steel for the die and the container (the ram is

not considered here) and aluminum for the billet.
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Structural Analysis

Because only the steel part is active in the structural analysis, consider a simple linear elastic
behavior where the elastic properties are those of the material H11 mod (AISI 610) that
can be found in the COMSOL Multiphysics Material Library.

Heat Transfer Analysis

The benchmark model uses the following properties for aluminum and steel:

ALUMINUM VALUE DESCRIPTION

kal 210 N/(s°K) Thermal conductivity

Pal 2700 kg/m® Density

Cpal 2.94 N/(mm2~K)/pal Heat capacity at constant pressure
STEEL VALUE DESCRIPTION

ke 24.33 N/(s'K) Thermal conductivity

Pl 7850 kg/m> Density

Cpfe 4.63 N/(mmz-K)/pfe Heat capacity at constant pressure

Non-Newtonian Flow

The properties of the aluminum were experimentally determined and then checked using
literature data for the same alloy and surface state. However the benchmark proposes an
experimental constitutive law, suited for the structural mechanics codes usually used to
simulate such processes, in the form of the flow stress data. For this model this requires a
recalculation of the constitutive law to derive a general expression for the viscosity. The
equivalent von Mises stress, Geqy, can be defined in terms of the total contraction of the
deviatoric stress tensor as

G
Geqv = 2‘C.T

or, using T = 2n¢& where € is the strain rate and 1 is the viscosity, as

Goqy = VBN’E:E 1)

Introducing the equivalent strain rate

. 9. .
Qeqv = 5818

Equation 1 can be expressed as
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Geqv = 311 d)eqv

The strain rate tensor is defined as (Ref. 2)

. Vu+(va)l 1.
€ = = —'Y
2 2
The shear rate 7y is defined as
. 1
V== 577
so that
1.
Geqv = ﬁ“{
The flow rule
Geqv = Ky

states that plastic yielding occurs if the equivalent stress, Gggy, reaches the flow stress, K.
The viscosity is defined as (see Ref. 2 for further details)

Ke
3 d)eqv

n

The organizers of the benchmark propose specific flow-stress data expressed in terms of a

generalized Zener-Hollomon function

J3ay
where A =2.39-108 571 n =2.976, 0.= 0.052 MPa~ L, and

18

with @ = 153 kJ /mol and R =8.314 J /(K-mol).
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SOURCES, INITIAL CONDITIONS, AND BOUNDARY CONDITIONS

Structural Analysis

Because the model geometry is a quarter of the actual geometry, use symmetric boundary
conditions for the two orthogonal planes. On the external surfaces of the die, apply roller
boundary conditions because in reality other dies, not considered here, are present to

increase the system’s stiffness.

The main loads are the thermal loads from the heat transfer analysis and pressures from the

fluid dynamics analysis.

Heat Transfer Analysis
For the billet, use a volumetric heat source related to the viscous heating effect.

The external temperature of the ram and the die is held constant at 450 °C (723 K). The
ambient temperature is 25 °C (298 K). For the heat exchange between aluminum and
steel, use the heat transfer coefficient of 11 N /(s-mm-K). Also consider convective heat
exchange with air outside the profiles with a fixed convective heat transfer coefficient of
15 W/(m?-K).

Apply initial temperatures as given in the following table:

PART VALUE
Ram 380 °C (653 K)
Container 450 °C (723 K)
Billet 460 °C (733 K)
Die 404 °C (677 K)

Non-Newtonian Flow

At the inlet, the ram moves with a constant velocity of 0.5 mm/s. Impose this boundary
condition by simply applying a constant inlet velocity. At the outlet, a normal stress
condition with zero external pressure applies. On the surfaces placed on the two symmetry
planes, use symmetric conditions. Finally, apply slip boundary conditions on the
boundaries placed outside the profile.

Results and Discussion

The general response of the proposed numerical scheme, especially in the zone of the
profile, is in good accordance with the experience of the designers. A comparison between
the available experimental data and the numerical results of the simulation shows good

agreement.
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On the basis of the results from the simulation, the engineer can improve the preliminary
die design by adjusting relevant physical parameters and operating conditions. For this
purpose, the volume plot in Figure 3 showing the temperature field inside the profile gives
important information. Furthermore, the combined streamline and slice plot in Figure 4
reveals any imbalances in the velocity field that could result in a crooked profile. A proper
design should also ensure that different parts of the profile travel at the same speed.
Figure 5 shows the von Mises equivalent stress in the steel part considering the thermal
load and the pressure load due to the presence of the fluid.
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Figure 3: Temperature distvibution in the billet.
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Figure 5: Equivalent von Mises stress distribution in the container.
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Application Library path: Structural_Mechanics_Module/
Fluid-Structure_Interaction/aluminum_extrusion_fsi

Modeling Instructions

From the File menu, choose New.

NEW

In the New window, click Model Wizard.

MODEL WIZARD
I In the Model Wizard window, click 3D.

2 In the Select Physics tree, sclect Heat Transfer>Conjugate Heat Transfer>Laminar Flow.
3 Click Add.

4 In the Select Physics tree, select Structural Mechanics>Solid Mechanics (solid).

5 Click Add.

6 Click Study.

7 In the Select Study tree, select Preset Studies for Selected Physics Interfaces>Stationary.
8

Click Done.

GEOMETRY |

Import | (impl)
I On the Home toolbar, click Import.

2 In the Settings window for Import, locate the Import section.

3 Click Browse.
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4 Browse to the application’s Application Libraries folder and double-click the file
aluminum_extrusion_fsi.mphbin

5 Click Import.
6 Click the Zoom Extents button on the Graphics toolbar.

You should now see the following geometry.
0

-0.08

-0.1

-0.2

0

-0.08

GLOBAL DEFINITIONS

Parameters

I On the Home toolbar, click Parameters.

2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

D_alfe 1[mm] 0.00l m Thickness of the
high conductive
layer

Heat_alfe 11[N/ (s*mm*K) ] 11000 W/(m?-K) Aluminum-steel heat
exchange
coefficient

T billet 460[degC] 733.15K Billet temperature
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Name Expression Value Description

T_container 450[degC] 723.15 K Container
temperature

T_ram 380[degC] 653.15 K Ram temperature

T pdi 404[degC] 677.15 K Initial temperature

around thermocouple
at point PD1

V_ram 0.5[mm/s] 5E-4 m/s Ram velocity

P_init O[bar] 0 Pa External reference
pressure

T air 25[degC] 298.15 K Ambient temperature

Q_eta 153000[J/mol] I.53E5 J/mol Parameter Q for the
generalized
Zener-Hollomon
function

n_eta 2.976 2.976 Parameter n for the
generalized
Zener-Hollomon
function

A_eta 2.39e8[1/s] 2.39E8 I/s Parameter A for the
generalized
Zener-Hollomon
function

alpha_eta 0.0521[1/MPa] 5.21E-8 I/Pa Parameter alpha for
the generalized
Zener-Hollomon

function

H_conv 15 15 Convective heat
exchange
coefficient with
air

F sqrt(1/3) 0.57735 Factor for the

conversion of the
shear rate to
COMSOL’s definition

DEFINITIONS

Variables |
I On the Home toolbar, click Variables and choose Local Variables.

2 In the Settings window for Variables, locate the Variables section.
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3 In the table, enter the following settings:

Name Expression Unit Description

Z_eta F*spf.sr*exp(Q_eta/ I/s Zener-Hollomon parameter
(R_const*T))

mu_al asinh((Z_eta/A_eta)~(1/ Pas Viscosity of aluminum

n_eta))/(3*alpha_eta*F*
spf.sr+sqrt(eps))

Create the selections to simplify the model specification.

Explicit |

I On the Definitions toolbar, click Explicit.

2 In the Settings window for Explicit, type Outside in the Label text field.

3 Locate the Input Entities section. From the Geometric entity level list, choose Boundary.

4 Select Boundaries 35-38, 42, 43, 48, 49, 51, 53, 68, 69, 76-79, 84, 85, 91, 93, 100,
101, 103, and 105 only.
For more convenience in selecting these boundaries, you can click the Paste Selection
button and paste the above numbers.

Explicit 2

I On the Definitions toolbar, click Explicit.

2 In the Settings window for Explicit, type Interior in the Label text field.

3 Locate the Input Entities section. From the Geometric entity level list, choosec Boundary.

4 Select Boundaries 8, 11, 14, 15, 19, 20, 24, 29-34, 41,47, 50, 56-58, 62, 67,70, 71,
74,75, 83, 86-90, 99, 102, 106, and 107 only.

Before creating the materials for the model, specify the fluid and solid domains. Using this

information, the software can detect which material properties are needed.

HEAT TRANSFER (HT)

Fluid 1
I In the Model Builder window, under Component | (compl)>Heat Transfer (ht) click Fluid
I.

2 Select Domains 3 and 4 only.
3 In the Settings window for Fluid, locate the Domain Selection section.
4 Click Create Selection.

5 In the Create Selection dialog box, type Billet in the Selection name text field.
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6 Click OK.

LAMINAR FLOW (SPF)

On the Physics toolbar, click Heat Transfer (ht) and choose Laminar Flow (spf).

I In the Model Builder window, under Component | (compl) click Laminar Flow (spf).
2 In the Settings window for Laminar Flow, locate the Physical Model section.

3 From the Compressibility list, choose Incompressible flow.

4 Locate the Domain Selection scction. From the Selection list, choose Billet.

SOLID MECHANICS (SOLID)

On the Physics toolbar, click Laminar Flow (spf) and choose Solid Mechanics (solid).

I In the Model Builder window, under Component | (compl) click Solid Mechanics (solid).
2 In the Settings window for Solid Mechanics, locate the Domain Selection section.

3 Click Clear Selection.

4 Select Domains 1 and 2 only.

Now, define the material for each domain.

ADD MATERIAL
I On the Home toolbar, click Add Material to open the Add Material window.

2 Go to the Add Material window.

3 In the tree, select Material Library>Tool Steels>HI1 mod (AISI 610)>HI1 mod (AISI 610)
[solid]>HI1 mod (AISI 610) [solid,triple tempered].

4 Click Add to Component in the window toolbar.

MATERIALS

HI'I mod (AISI 610) [solid,triple tempered] (matl)
I In the Model Builder window, under Component | (comp I)>Materials click HI 1 mod (AISI
610) [solid,triple tempered] (matl).

2 Select Domains 1 and 2 only.

3 In the Settings window for Material, locate the Material Contents section.
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4 In the table, enter the following settings:

Property Name Value Unit Property group
Heat capacity at Cp 4.63[N/(mm~2*  )/(kg'K) Basic
constant pressure K)1/rho(T[1/

K1) [kg/m"3]

Because the heat capacity only enters the transient heat transfer equation, this setting
does not affect the steady-state simulation described here; it is provided for

completeness in case you want to extend the model to perform transient simulations.

Material 2 (mat2)
I In the Model Builder window, under Component | (compl) right-click Materials and
choose Blank Material.

2 In the Settings window for Material, type Billet in the Label text field.
3 Locate the Geometric Entity Selection section. From the Selection list, choose Billet.

4 Locate the Material Contents section. In the table, enter the following settings:

Property Name Value Unit Property

group
Thermal conductivity k 210 W/(m-K) Basic
Density rho 2700 kg/m? Basic
Heat capacity at constant Cp 2.94[N/  J/(kg')K) Basic
pressure (mm~2%

K)1/rho

Ratio of specific heats gamma 1 | Basic
Dynamic viscosity mu mu_al Pa‘s Basic

5 On the Home toolbar, click Add Material to close the Add Material window.

With the materials defined, you can set up the remaining physics of the model.

LAMINAR FLOW (SPF)
In the current model the viscosity in the fluid flow part is large, which implies that the
model is diffusion dominated. Pseudo time stepping works poorly for this model because

it is based on the scale of the convective flux.

I In the Model Builder window’s toolbar, click the Show button and select Advanced Physics
Options in the menu.
2 In the Model Builder window, under Component | (compl) click Laminar Flow (spf).

3 In the Settings window for Laminar Flow, click to expand the Advanced settings section.
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4 Locate the Advanced Settings section. Find the Pseudo time stepping subsection. Clear

the Use pseudo time stepping for stationary equation form check box.

Initial Values |
I In the Model Builder window, under Component | (compI)>Laminar Flow (spf) click Initial

Values |I.
2 In the Settings window for Initial Values, locate the Initial Values section.
3 In the p text field, type P_init.
4 In the Model Builder window, click Laminar Flow (spf).
Symmetry |
I On the Physics toolbar, click Boundaries and choose Symmetry.
2 Seclect Boundaries 9 and 112 only.
Inlet |
I On the Physics toolbar, click Boundaries and choose Inlet.
2 Select Boundary 10 only.
3 In the Settings window for Inlet, locate the Velocity section.
4 Click the Velocity field button.

5 Specify the ug vector as

0 X

0 y
V_ram z
Wall 2

I On the Physics toolbar, click Boundaries and choose Wall.

2 In the Settings window for Wall, locate the Boundary Selection section.

3 From the Selection list, choose Outside.

4 Locate the Boundary Condition section. From the Boundary condition list, choose Slip.
Outlet |

I On the Physics toolbar, click Boundaries and choose Outlet.

2 Seclect Boundary 40 only.

3 In the Settings window for Outlet, locate the Pressure Conditions section.

4 In the p text field, type P_init.
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HEAT TRANSFER (HT)

Initial Values |
I In the Model Builder window, under Component | (compl)>Heat Transfer (ht) click Initial

Values |I.
2 In the Settings window for Initial Values, type T_container in the T text field.
3 In the Model Builder window, click Heat Transfer (ht).
Temperature |
I On the Physics toolbar, click Boundaries and choose Temperature.
2 Seclect Boundaries 2, 5, and 7 only.
3 In the Settings window for Temperature, locate the Temperature section.
4 In the T text field, type T_container.
Heat Flux |
I On the Physics toolbar, click Boundaries and choose Heat Flux.
Select Boundary 10 only.
In the Settings window for Heat Flux, locate the Heat Flux section.

2

3

4 Click the Convective heat flux button.
5 In the A text field, type Heat_alfe.
6

In the Ty text field, type T_ram.

Heat Flux 2

I On the Physics toolbar, click Boundaries and choose Heat Flux.
In the Settings window for Heat Flux, locate the Boundary Selection section.
From the Selection list, choosc Outside.

2
3
4 Locate the Heat Flux section. Click the Convective heat flux button.
5 In the A text field, type H_conv.

6

In the Toyy text field, type T_air.

Outflow |

I On the Physics toolbar, click Boundaries and choose Outflow.

2 Sclect Boundary 40 only.

Thin Layer |

I On the Physics toolbar, click Boundaries and choose Thin Layer.

2 In the Settings window for Thin Layer, locate the Boundary Selection scection.
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3 From the Selection list, choose Interior.
4 Locate the Thin Layer section. From the Specify list, choose Thermal resistance.

5 In the R text field, type 1/Heat_alfe.

SOLID MECHANICS (SOLID)
I In the Model Builder window, under Component | (compl) click Solid Mechanics (solid).

2 Select Domains 1 and 2 only.

For faster convergence use linear elements. You can always refine the solution using the
default quadratic elements.

3 In the Model Builder window’s toolbar, click the Show button and select Discretization in
the menu.

4 In the Settings window for Solid Mechanics, click to expand the Discretization section.
5 From the Displacement field list, choose Linear.

Roller |

I On the Physics toolbar, click Boundaries and choose Roller.

2 Sclect Boundaries 2, 5, and 7 only.

Symmetry |

I On the Physics toolbar, click Boundaries and choose Symmetry.

2 Seclect Boundaries 1, 4, 110, and 111 only.

Boundary Load |

I On the Physics toolbar, click Boundaries and choose Boundary Load.

2 Select Boundaries 8, 11, 14, 15, 19, 20, 24, 29-34, 41, 47, 50, 56-58, 62, 67, 70, 71,
74,75, 83, 86-90, 99, 102, 106, and 107 only.

3 In the Settings window for Boundary Load, locate the Coordinate System Selection
section.

4 From the Coordinate system list, choose Boundary System | (sysl).

5 Locate the Force section. Specify the F'p vector as

0 tl

0 t2
_p n
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MULTIPHYSICS
I In the Model Builder window, under Component | (compl)>Multiphysics click
Non-Isothermal Flow | (nitfl).

2 In the Settings window for Non-Isothermal Flow, locate the Flow Heating section.
3 Seclect the Include viscous dissipation check box.

Thermal Expansion | (tel)

I On the Physics toolbar, click Multiphysics and choose Domain>Thermal Expansion.
2 Select Domain 1 only.

3 In the Settings window for Thermal Expansion, locate the Thermal Expansion Properties

section.
4 In the T\ text field, type T_container.
Thermal Expansion 2 (te2)
I On the Physics toolbar, click Multiphysics and choose Domain>Thermal Expansion.
2 Select Domains 2—4 only.

3 In the Settings window for Thermal Expansion, locate the Thermal Expansion Properties

section.

4 In the T'ef text field, type T_pd1.

MESH 1|

On the Mesh toolbar, click Boundary and choose Free Triangular.
Free Triangular |
I Click the Zoom Box button on the Graphics toolbar.
2 In the Model Builder window, under Component | (compl)>Mesh | click Free Triangular 1.
3 Select Boundary 40 only.
Size |
I Right-click Component | (compl)>Mesh I>Free Triangular | and choose Size.
In the Settings window for Size, locate the Element Size section.
Click the Custom button.
Locate the Element Size Parameters section. Select the Maximum element size check box.

2
3
4
5 In the associated text field, type 0.0014.
6 Sclect the Curvature factor check box.

7

In the associated text field, type 0.2.
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8 Click Build Selected.

9 On the Mesh toolbar, click Swept.

Swept |

I In the Model Builder window, under Component | (compl)>Mesh | click Swept 1.
2 In the Settings window for Swept, locate the Domain Selection section.

3 From the Geometric entity level list, choose Domain.

4 Select Domain 4 only.

5 On the Mesh toolbar, click Distribution.

Distribution |

I In the Model Builder window, under Component | (compl)>Mesh I>Swept | click
Distribution I.

2 In the Settings window for Distribution, locate the Distribution section.
3 In the Number of elements text field, type 24.

4 Click Build All.

5 On the Mesh toolbar, click Free Tetrahedral.

Free Tetrahedral |

In the Model Builder window, under Component | (compl)>Mesh 1 right-click Free
Tetrahedral | and choose Size.

Size |

I In the Settings window for Size, locate the Element Size section.

2 Click the Custom button.

3 Locate the Element Size Parameters section. Select the Maximum element size check box.
4 In the associated text field, type 0.0085.

Free Tetrahedral |
Right-click Free Tetrahedral | and choose Size.

Size 2

I In the Settings window for Size, locate the Geometric Entity Selection section.
2 From the Geometric entity level list, choosc Boundary.

3 Select Boundaries 12 and 13 only.

4 Locate the Element Size section. Click the Custom button.

5 Locate the Element Size Parameters scction. Select the Maximum element size check box.
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6 In the associated text field, type 0.002.

Free Tetrahedral |
Right-click Free Tetrahedral I and choose Size.

Size 3

I In the Settings window for Size, locate the Geometric Entity Selection section.
From the Geometric entity level list, choose Boundary.
Select Boundaries 24, 31, 32, 70, 88, and 106 only.

2

3

4 Locate the Element Size section. Click the Custom button.

5 Locate the Element Size Parameters section. Select the Minimum element size check box.
6

In the associated text field, type 1e-5.
Size
I In the Model Builder window, under Component | (compl)>Mesh I click Size.
2 In the Settings window for Size, locate the Element Size section.
3 From the Predefined list, choose Finer.
4 Click Build All.

You should now see the following meshed geometry.

- =01

-0.2

-0.08
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STUDY 1

Step [: Stationary

Use two stationary study steps. Solve first for the fluid dynamics and heat transfer to
determine the thermal load and the pressure load and then for the structural mechanics.
I In the Model Builder window, expand the Study | node, then click Step I: Stationary.

2 In the Settings window for Stationary, locate the Physics and Variables Selection scection.
3 In the table, clear the Solve for check box for the Solid Mechanics interface.

Stationary 2
On the Study toolbar, click Study Steps and choose Stationary>Stationary.

Step 2: Stationary 2

I In the Settings window for Stationary, locate the Physics and Variables Selection section.

2 Seclect the Modify physics tree and variables for study step check box.

3 In the Physics and variables selection tree, select Component | (compl)>Laminar Flow
(spf).

4 Click Disable in Solvers.

5 In the Physics and variables selection tree, sclect Component | (compl)>Heat Transfer (ht).

6 Click Disable in Solvers.

7

In the Physics and variables selection tree, select Component | (comp1)>Multiphysics>
Non-Isothermal Flow | (nitfl).

8 Click Disable in Solvers.
For the structural analysis, use a memory efficient iterative solver to make it possible to
solve the problem also on computers with limited memory.

Solution | (soll)

I On the Study toolbar, click Show Default Solver.

2 In the Model Builder window, expand the Study 1>Solver Configurations node.

3 In the Model Builder window, expand the Solution I (soll) node.

4 In the Model Builder window, expand the Study 1>Solver Configurations>Solution |
(sol1)>Stationary Solver 2 node.

5 Right-click Study I>Solver Configurations>Solution | (soll)>Stationary Solver 2 and

choose Iterative.

6 On the Study toolbar, click Compute.
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RESULTS

Temperature (ht)

The first default plot shows the temperature (Figure 3).

I In the Model Builder window, under Results click Temperature (ht).
2 In the Settings window for 3D Plot Group, locate the Data section.
3 From the Data set list, choose Exterior Walls.

4 On the Temperature (ht) toolbar, click Plot.

Data Sets

Modify the third default plot to see the velocity field and streamlines at the profile section
(Figure 4).

Study I/Solution Store | (sol2)
In the Model Builder window, expand the Data Sets node, then click Study 1/Solution Store
I (sol2).

Selection

I On the Results toolbar, click Selection.

2 In the Settings window for Selection, locate the Geometric Entity Selection section.

3 From the Geometric entity level list, choose Domain.

4 From the Selection list, choose Billet.

Velocity (spf)

I In the Model Builder window, under Results click Velocity (spf).

2 In the Settings window for 3D Plot Group, locate the Data section.

3 From the Data set list, choose Study 1/Solution Store 1 (sol2).

Slice

I In the Model Builder window, expand the Velocity (spf) node, then click Slice.
In the Settings window for Slice, locate the Plane Data section.
From the Plane list, choose XY-planes.

2
3
4 From the Entry method list, choose Coordinates.
5 In the Z-coordinates text field, type 0.0151.

6

On the Velocity (spf) toolbar, click Plot.

Velocity (spf)
In the Model Builder window, under Results right-click Velocity (spf) and choose Streamline.
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Streamline |

I In the Settings window for Streamline, click Replace Expression in the upper-right corner
of the Expression section. From the menu, choose Model>Component |>Laminar Flow>
Velocity and pressure>u,v,w - Velocity field (Spatial).

2 Locate the Streamline Positioning scction. From the Pesitioning list, choose Start point
controlled.

3 Locate the Coloring and Style section. From the Line type list, choose Tube.

4 Click to expand the Inherit style section. Locate the Inherit Style section. From the Plot
list, choose Slice.

Color Expression |

I Right-click Results>Velocity (spf)>Streamline | and choose Color Expression.

2 In the Settings window for Color Expression, click Replace Expression in the upper-right
corner of the Expression section. From the menu, choose Model>Component |>Laminar

Flow>Velocity and pressure>spf.U - Velocity magnitude.
3 On the Velocity (spf) toolbar, click Plot.

To get a better view, rotate the geometry in the Graphics window and use the Zoom Box
tool to obtain a close-up. You can preserve a view for a plot by creating a View feature
node as follows:

4 In the Model Builder window’s toolbar, click the Show button and select Advanced Results

Options in the menu.

Streamline |
In the Model Builder window, expand the Results>Velocity (spf)>Streamline |1 node.

View 3D 2
I Right-click Results>Views and choose View 3D.
2 Use the Graphics toolbox to get a satisfying view.
3 In the Settings window for View 3D, locate the View section.
4 Select the Lock camera check box.
Next, apply the view to the velocity plot.
Velocity (spf)
I In the Model Builder window, under Results click Velocity (spf).
2 In the Settings window for 3D Plot Group, locate the Plot Settings section.
3 From the View list, choose View 3D 2.

4 On the Velocity (spf) toolbar, click Plot.
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Stress (solid)

The last plot shows the von Mises stress and deformation distribution in the container. To
reproduce the Figure 5, apply the View 3D 2.

I In the Model Builder window, under Results click Stress (solid).

2 In the Settings window for 3D Plot Group, locate the Plot Settings section.

3 From the View list, choose View 3D 2.

4 On the Stress (solid) toolbar, click Plot.

Velocity (spf)

I In the Settings window for 3D Plot Group, locate the Data section.

2 From the Data set list, choose Study 1/Solution I (soll).

3 On the Velocity (spf) toolbar, click Plot.
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Created in COMSOL Multiphysics 5.2a

Fluid-Structure Interaction in a Network of Blood
Vessels

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

This example studies a portion of the vascular system, in particular the upper part of the
aorta (Figure 1). The aorta and its ramified blood vessels are embedded in biological
tissue, specifically the cardiac muscle. The flowing blood applies pressure to the artery’s
internal surfaces and its branches, thereby deforming the tissue. The analysis consists of
two distinct but coupled procedures: first, a fluid-dynamics analysis including a calculation
of the velocity field and pressure distribution in the blood (variable in time and in space);
second, a mechanical analysis of the deformation of the tissue and artery. Any change in
the shape of the vessel walls does not influence the fluid domain, which implies that there
is only a one-way fluid-structural coupling.

Figure 1: The model domain consists of part of the aorta, its branches, and the surrounding
tissue.

Model Definition

Figure 2 shows two views of the model domain, one with and one without the cardiac
muscle. The mechanical analysis must consider the cardiac muscle because it presents a
stiffness that resists artery deformation due to the applied pressure.
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Figure 2: A view of the aorta and its ramification (branching vessels) with blood contained,
shown both with (left) and without (right) the cardiac muscle.

The main characteristics of the analyses are:

*  Fluid dynamics analysis

Here the Navier-Stokes equations are solved in the blood domain. At each surface
where the model brings a vessel to an abrupt end, it represents the load with a known

pressure distribution.
o Mechanical analysis
Only the domains related to the biological tissues are active in this analysis. The model

represents the load with the total stress distribution it computes during the

fluid-dynamics analysis.

ANALYSIS OF RUBBER-LIKE TISSUE AND ARTERY MATERIAL MODELS
Generally, the modeling of biological tissue is an advanced subject for several reasons:
* The material can undergo very large strains (finite deformations).

* The stress-strain relationship is generally nonlinear.

* Many hyperelastic materials are almost incompressible. You must then revise standard
displacement-based finite element formulations in order to arrive at correct results
(mixed formulations).

You must pay particular attention to the definition of stress and strain measures. In a
geometrically nonlinear analysis the assumptions about infinitesimal displacements are no

longer valid. It is necessary to consider geometrical nonlinearity in a model when:

* Significant rigid-body rotations occur (finite rotations).
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* The strains are no longer small (larger than a few percent).
* The loading of the body depends on the deformation.

All of these issues are dealt with in the hyperelastic material model built-in the Nonlinear
Structural Materials Module.

In this case, the displacements and strains are so small that it is sufficient to use a linear
clastic material model. The material data is given for a neo-Hookean hyperelastic material,
but in the small strain limit the interpretation of the material constants is the same for a

linear elastic material.

MATERIALS
The following material properties are used:
e Blood
- density = 1060 kg/m?
- dynamic viscosity = 0.005 Ns/ m?
e Artery
- density = 960 kg/m3
- Neo-Hookean hyperelastic behavior: the coefficient p equals 6.20-10° N/ m?> , while

the bulk modulus equals 20u and corresponds to a value for Poisson’s ratio, v, of
0.45. An equivalent elastic modulus equals 1.0-107 N/m2 .

* Cardiac muscle
- density = 1200 kg/m?
- Neo-Hookean hyperelastic behavior: the coefficient 1 equals 7.20-108 N/ m? , while

the bulk modulus equals 20u and corresponds to a value for Poisson’s ratio, v, of
0.45. An equivalent elastic modulus equals 1.16-108 N/ m?.

FLUID DYNAMICS ANALYSIS
The fluid dynamics analysis considers the solution of the 3D Navier-Stokes equations. You

can do so in both a stationary case or in the time domain. To establish the boundary
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conditions, six pressure conditions are applied with the configuration shown in Figure 3.

4. P P = Pressure
= 5.P

2.4P - /‘ e

/ &
roo

Figure 3: Boundary conditions for the fluid-flow analysis.

3.P

The pressure conditions are:

e Section 1: 126.09 mmHg

e Section 2: 125.91 mmHg

e Section 3: 125.415 mmHg

e Section 4: 125.415 mmHg

e Section 5: 125.415 mmHg

e Section 6: 125.1 mmHg

Those pressure values are the mean values over a heart beating cycle. During a cycle the
pressure varies between a minimal and a maximal values which are calculated thanks to a

relative amplitude o. For the time-dependent analysis, a simple trigonometric function is

used for varying the pressure distribution over time:

(1 - a)sin(mt) 0<¢<0,5s

fio) = {1—0(c0s(2n(t—0~5)) 0,5s<t<15s

The first piece of function between 0 and 0.5 s has no physical significance, it is just a ramp
that enable to calculate the initial state. The second piece of function makes the pressure

vary between its minimal and maximal value during a 1 s cycle.

You implement this effect in COMSOL Multiphysics using Piecewise function.
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Results and Discussion

The flow field at the time t=1 s is displayed in Figure 4 as a slice plot.

t(21)=1s Slice: Velocity magnitude (m/s)

Figure 4: Velocity field in the aorta and its vamification (branching).

Figure 5 shows the total displacement at the peak load (after 1 s). The displacements are
in the order of 4 um, which suggests that the one-way multiphysics coupling is a

reasonable approximation.
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t(21)=1s Surface: Total displacement (um)

I~ 0.06 35

0.02 25

Figure 5: Displacements in the blood vessel.

Notes About the COMSOL Implementation

In this example, and many other cases, an analysis which is time dependent for one physics
can be treated as quasi-static from the structural mechanics point of view. You can handle
this by running the structural analysis as a parametric sweep over a number of static load
cases, where the time is used as the parameter. This method is used here.

Application Library path: Structural_Mechanics_Module/Bioengineering/
blood_vessel

Modeling Instructions

From the File menu, choose New.
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NEW

In the New window, click Model Wizard.

MODEL WIZARD
I In the Model Wizard window, click 3D.

2 In the Select Physics tree, select Fluid Flow>Fluid-Structure Interaction, Fixed Geometry.
3 Click Add.

4 Click Study.
5

In the Select Study tree, select Preset Studies for Selected Physics Interfaces>Time
Dependent.

6 Click Done.

GLOBAL DEFINITIONS

Parameters

I On the Home toolbar, click Parameters.

2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description
t 0[s] Os Time continuation parameter
alpha 1/3 0.3333 Relative pressure amplitude

during heart’s beating

Piecewise | (pwl)
I On the Home toolbar, click Functions and choose Global>Piecewise.

2 In the Settings window for Piecewise, type f in the Function name text field.
3 Locate the Definition section. In the Argument text field, type t.

4 Find the Intervals subsection. In the table, enter the following settings:

Start End Function
0 0.5 (1-alpha)*sin(pi*t)
0.5 1.5 1-alpha*cos(2*pi*(t-0.5))

5 Locate the Units section. In the Arguments text field, type s.
6 In the Function text field, type 1.
7 Click Plot.
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GEOMETRY |

The geometry for this model is available as an MPHBIN-file. Import this file as follows.

Import | (impl)

|
2
3

On the Home toolbar, click Import.
In the Settings window for Import, locate the Import section.
Click Browse.

Browse to the application’s Application Libraries folder and double-click the file
blood_vessel.mphbin.

Click Import.

The length unit in the imported geometry is centimeters, while the default length unit

in COMSOL Multiphysics is meters. Therefore, you need to rescale the geometry.

Scale | (scal)

2
3
4
5
6

On the Geometry toolbar, click Transforms and choose Scale.

In the Settings window for Scale, locate the Scale Factor section.
In the Factor text field, type 0.01.

Select the object impl only.

Right-click Scale I (scal) and choose Build Selected.

Click the Go to Default 3D View button on the Graphics toolbar.

Form Union (fin)

In the Model Builder window, under Component |1 (compl)>Geometry | right-click Form

Union (fin) and choose Build Selected.
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2 Click the Transparency button on the Graphics toolbar to sce the interior.

0.06

0.04

DEFINITIONS
Next, define a number of selections as sets of geometric entities for use in setting up the
model.

Explicit 1
I On the Definitions toolbar, click Explicit.
2 In the Settings window for Explicit, type Blood in the Label text field.

3 Select Domain 3 only.
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Explicit 2-10

I Proceed to create nine explicit selections with the following settings:

Label Geometric entity level Selection

Artery Domain 2

Muscle Domain 1

Inlet Boundary 38

Outlet 1 Boundary 19

Outlet 2 Boundary 9

Outlet 3 Boundary 41

Outlet 4 Boundary 70

Outlet 5 Boundary 86

Roller boundaries Boundary 1-6,12,26,27,30,33,64,
67,85,87

The roller boundaries are the free boundaries of muscle and artery that are neither in
contact with each other nor with blood.

Explicit 11
I On the Definitions toolbar, click Explicit.
In the Settings window for Explicit, type Loaded boundaries in the Label text field.

2
3 Locate the Input Entities section. From the Geometric entity level list, choosec Boundary.
4 Sclect Boundaries 10, 20, 36, 42, and 68 only.

5

Select the Group by continuous tangent check box. The selection should now contains
boundaries 10-11, 16-17, 20-21, 23-24, 36-37, 39-40, 42-43, 45-46, 50-53, 58-59,
61-62, 68-69, 75-76, 79-80, 82-83.

The loaded boundaries are the inner artery boundaries that are in contact with blood.
Explicit 12
I On the Definitions toolbar, click Explicit.
2 In the Settings window for Explicit, type Artery walls in the Label text field.
3 Select Domain 2 only.

4 Locate the Output Entities section. From the Output entities list, choose Adjacent
boundaries.

5 Select the Interior boundaries check box.
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LAMINAR FLOW (SPF)

I In the Model Builder window, under Component | (compl) click Laminar Flow (spf).

2 In the Settings window for Laminar Flow, locate the Domain Selection section.

3 From the Selection list, choose Blood.

Inlet |

I On the Physics toolbar, click Boundaries and choose Inlet.

2 In the Settings window for Inlet, locate the Boundary Selection section.

3 From the Selection list, choose Inlet.

4 Locate the Boundary Condition section. From the list, choose Pressure.

5 Locate the Pressure Conditions section. In the pg text field, type 126.09[mmHg]*f (t).
Outlet |

I On the Physics toolbar, click Boundaries and choose Outlet.

2 In the Settings window for Outlet, locate the Boundary Selection section.

3 From the Selection list, choose Outlet 1.

4 Locate the Pressure Conditions section. In the p text field, type 125.91[mmHg] *f (t).

Outlet 2-5
Proceed to add four outlet boundary nodes with the following settings:

Boundary Selection po

Outlet 2 125.415[mmHg] *f (t)
Outlet 3 125.415[mmHg] *f (t)
Outlet 4 125.415[mmHg] *f (t)
Outlet 2 125.1[mmHg] *f (t)

SOLID MECHANICS (SOLID)

I In the Model Builder window, under Component | (compl) click Solid Mechanics (solid).
2 Select Domains 1 and 2 only.
Linear Elastic Material |

I In the Model Builder window, under Component | (comp1)>Solid Mechanics (solid) click

Linear Elastic Material |I.

2 In the Settings window for Linear Elastic Material, locate the Linear Elastic Material

section.

3 From the Specify list, choose Lamé parameters.
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4 In the Model Builder window, click Solid Mechanics (solid).

Roller |

I On the Physics toolbar, click Boundaries and choose Roller.

2 In the Settings window for Roller, locate the Boundary Selection section.

3 From the Selection list, choose Roller boundaries.

MULTIPHYSICS
I In the Model Builder window, under Component | (comp 1)>Multiphysics click
Fluid-Structure Interaction, Fixed Geometry | (fsifgl).

2 In the Settings window for Fluid-Structure Interaction, Fixed Geometry, locate the

Coupling Type section.

3 From the list, choose Fluid loading on structure to ensure a one way coupling, from the
fluid to the solid.

MATERIALS

In the Model Builder window, under Component | (compl) right-click Materials and choose
Blank Material.

Material | (matl)
I In the Settings window for Material, type Blood in the Label text field.
2 Locate the Geometric Entity Selection scction. From the Selection list, choose Blood.

3 Locate the Material Contents section. In the table, enter the following settings:

Property Name Value Unit Property group
Density rho 1060 kg/m? Basic
Dynamic viscosity mu 0.005 Pa:s Basic

Material 2 (mat2)
I Right-click Materials and choose Blank Material.

2 In the Settings window for Material, type Artery in the Label text field.
3 Locate the Geometric Entity Selection section. From the Selection list, choose Artery.

4 Locate the Material Contents section. In the table, enter the following settings:

Property Name Value Unit Property group
Lamé parameter A lambLame 20*muLame-2*  N/m? Lamé parameters
muLame/3
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Property Name Value Unit Property group

Lamé parameter L mulame 6.20e6 N/m? Lamé parameters

Density rho 960 kg/m? Basic

Material 3 (mat3)
I Right-click Materials and choose Blank Material.

2 In the Settings window for Material, type Muscle in the Label text field.
3 Locate the Geometric Entity Selection section. From the Selection list, choose Muscle.

4 Locate the Material Contents section. In the table, enter the following settings:

Property Name Value Unit Property group

Lamé parameter A lambLame 20*muLame-2*  N/m? Lamé parameters
muLame/3

Lamé parameter L mulame 7.20e6 N/m? Lamé parameters

Density rho 1200 kg/m? Basic

MESH 1|

In the Model Builder window, under Component | (compl) right-click Mesh 1 and choose

Free Tetrahedral.

Free Tetrahedral |
In the Model Builder window, under Component | (compl)>Mesh I right-click Free

Tetrahedral 1 and choose Size.

Size |

I In the Settings window for Size, locate the Geometric Entity Selection section.
From the Geometric entity level list, choose Domain.
From the Selection list, choose Blood.

2

3

4 Locate the Element Size section. Click the Custom button.

5 Locate the Element Size Parameters scction. Select the Maximum element size check box.
6

In the associated text field, type 1e-3.

Size
I In the Model Builder window, under Component | (compl)>Mesh I click Size.

2 In the Settings window for Size, locate the Element Size section.

3 From the Predefined list, choose Fine.
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4 Click Build All.

0.04

- 0.02

STUDY 1

The structural problem is quasi-static, so you can use the time just as a parameter for the
parametric solver, together with a stationary solver. Thus the whole study can be divided
into two steps. First run the transient study for the fluid-mechanics part of the problem
and then use the stationary solver to solve the structural part using the solution from first

transient study.

Step I: Time Dependent
I In the Model Builder window, expand the Study I node, then click Step I: Time
Dependent.

2 In the Settings window for Time Dependent, locate the Study Settings section.
3 In the Times text field, type range(0,0.05,1.5).
4 Locate the Physics and Variables Selection section. In the table, clear the Solve for check

box for the Solid Mechanics interface.

Stationary
On the Study toolbar, click Study Steps and choose Stationary>Stationary.
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Step 2: Stationary
I In the Settings window for Stationary, locate the Physics and Variables Selection section.

2 In the table, clear the Solve for check box for the Laminar Flow interface.

3 Click to expand the Study extensions section. Locate the Study Extensions section. Select

the Auxiliary sweep check box.
4 Click Add.

5 In the table, enter the following settings:

Parameter name Parameter value list Parameter unit

t range(0,0.05,1.5) S

6 Click to expand the Values of dependent variables section. Locate the Values of Dependent
Variables section. Find the Values of variables not solved for subsection. From the Settings

list, choose User controlled.
7 From the Method list, choose Solution.
8 From the Study list, choose Study I, Time Dependent.
9 From the Selection list, choose All.
Solution | (soll)
I On the Study toolbar, click Show Default Solver.

2 In the Model Builder window, expand the Solution | (soll) node, then click

Time-Dependent Solver |I.

3 In the Settings window for Time-Dependent Solver, click to expand the Time stepping

section.

4 Locate the Time Stepping section. From the Steps taken by solver list, choose
Intermediate. This way the solver computes at least once between each output time step

in order to reduce possible interpolation error in the fluid load evaluation.

5 On the Study toolbar, click Compute.
RESULTS

Velocity (spf)
I Click the Transparency button on the Graphics toolbar to restore the original

transparency state.

By default, you get a slice plot of the velocity and a contour plot of the fluid pressure
on the wall surface.The plot in Figure 4 corresponds to the first default plot.

2 In the Model Builder window, click Velocity (spf).
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3 In the Settings window for 3D Plot Group, locate the Data section.

4 From the Time (s) list, choose 1.

Slice

I In the Model Builder window, under Results>Velocity (spf) click Slice.
In the Settings window for Slice, locate the Plane Data section.
From the Plane list, choose ZX-planes.

2

3

4 In the Planes text field, type 1.

5 On the Velocity (spf) toolbar, click Plot.
6

Click the Go to Default 3D View button on the Graphics toolbar.

Pressure (spf)

The default unit for pressure plot is Pascal. As the mmHg unit is not available in the selection
list, type it directly in the text field.

I In the Model Builder window, under Results click Pressure (spf).

2 In the Settings window for 3D Plot Group, click to expand the Title section.
Pressure

I In the Model Builder window, expand the Pressure (spf) node, then click Pressure.
2 In the Settings window for Contour, locate the Expression section.

3 In the Unit field, type mmHg.

4 On the Pressure (spf) toolbar, click Plot.

Data Sets

To reproduce the plot shown in Figure 5, begin by defining a selection for the solution

data set to make interior boundaries visible in the plot.

Study [ /Solution | (3) (soll)
On the Results toolbar, click More Data Sets and choose Solution.

Selection

I On the Results toolbar, click Selection.

2 In the Settings window for Selection, locate the Geometric Entity Selection section.
3 From the Geometric entity level list, choose Boundary.

4 From the Selection list, choose Artery walls.

Stress (solid)
I In the Model Builder window, under Results click Stress (solid).
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2

In the Settings window for 3D Plot Group, type Displacement (solid) in the Label
text field.

3 Locate the Data section. From the Data set list, choose Study 1/Solution 1 (3) (soll).

4 From the Time (s) list, choose I.

Surface |

I In the Model Builder window, expand the Results>Displacement (solid) node, then click
Surface |.

2 In the Settings window for Surface, click Replace Expression in the upper-right corner of
the Expression section. From the menu, choose Component 1>Solid Mechanics>
Displacement>solid.disp - Total displacement.

3 Locate the Expression section. From the Unit list, choose pm.

Deformation

In the Model Builder window, expand the Surface | node, then click Deformation.
In the Settings window for Deformation, locate the Scale section.

Select the Scale factor check box.

In the associated text field, type 300.

On the Displacement (solid) toolbar, click Plot.

Click the Go to Default 3D View button on the Graphics toolbar.
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Created in COMSOL Multiphysics 5.2a

Bracket Geometry

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

This is a template MPH-file containing the bracket geometry. For a description of this
model, including detailed step-by-step instructions showing how to build it, see the
section “The Fundamentals: A Static Linear Analysis” in the book Introduction to the
Structural Mechanics Module.

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_basic
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Created in COMSOL Multiphysics 5.2a

Bracket—~Contact Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The various examples of a bracket form a suite of tutorials which summarizes the
fundamentals when modeling structural mechanics problems in COMSOL Multiphysics
and the Structural Mechanics Module.

This example illustrates how to solve a structural contact problem between two elastic
bodies. You learn how to manually add a Contact pair node and define the boundaries to
be in contact, then add the Contact boundary condition to enable the structural contact
between the two parts of the assembly. It also shows how to compute the pre-tension in a
bolt.

It is reccommended that you review the Introduction to the Structural Mechanics
Module, which includes background information and discusses the bracket_basic.mph
model relevant to this example.

Model Definition

This tutorial is an extension to the model example described in the section “The
Fundamentals: A Static Linear Analysis” in the Introduction to the Structural Mechanics
Module. In the original model, a displacement constraint is used to represent the
mounting bolts, while in the current model the bolts and the fixation plate are modeled
(see Figure 1). The contact pressures between the bracket, the bolts and the plate are
computed. In the first study, the bolts are assumed to be bonded to the bracket and the
bolt, and the pre-tension in the bolts is computed. In a second study an external load is
applied to the bracket arm and contact forces including friction is computed between all
parts of the assembly.
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Figure 1: The geometry of the bracket, the bolts and the mounting plate.

Results and Discussion

Figure 2 shows the displacement with only the pre-tension in bolt. The bolts are assumed
to be bonded with the plate and the bracket. The maximum displacement in the bracket

is around the bolt region.
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Figure 2: Total displacement under bolt pre-tension load case.

Figure 3 shows the contact pressure distribution between the bracket and the plate under
bolt pre-tension load case. The contact pressure is computed using the penalty method.
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Figure 3: Contact pressuve distribution between the bracket and the plate under bolt
pre-tension lond case.

Figure 4 shows the displacement when the contact pressure is computed between each
part of the assembly under external load and bolt pre-tension.
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Figure 4: Total displacement of the assembly under external lond and bolt pre-tension.

Figure 5 shows the contact pressure distribution between the bracket and the plate under
external load and bolt pre-tension load case. The contact pressure is computed using the
augmented lagrangian method.
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Figure 5: Contact pressure distribution between the bracket and the plate under external load
and bolt pre-tension.

Figure 6 shows the contact pressure distribution under the bold heads with external load
and bolt pre-tension load case. The contact pressure is computed using the augmented

Lagrangian method.
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Figure 6: Contact pressuve distribution under the bolt heads with external lond and bolt
pre-tension.

Figure 7 shows the friction force distribution between under the bolt heads with external

load and bolt pre-tension load case.
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Figure 7: Contact pressuve distribution under the bolt heads with external load and bolt
pre-tension.

Notes About the COMSOL Implementation

In COMSOL Multiphysics, the contact pressure is evaluated as a function of the gap
distance between the parts that are set to be in contact. This gap value is evaluated in the
Contact pair node, where you define the source and destination boundaries.

When modeling contact, it is recommended to use a finer mesh on the destination contact

boundary than on the source contact boundary.

In contact problems, it is common that some components are not sufficiently constrained
in the initial configuration. There are then possible rigid body motions, and it is not
possible to find a converged solution. Also, when modeling a frictionless contact, sliding
may be unconstrained even after contact is established.

In this example, bonded contact with the bolts is assumed in the first study. Bonded
contact can be implemented using identity pairs and a continuity boundary condition.

This way the displacements in all directions are continuous between the pair boundaries.

In the second study, weak springs are used to suppress the initial singularity. This is a
common approach. It is often possible to stabilize a problem with springs that are so weak
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that the forces they generate in the converged state are negligible. It is also possible to

remove the springs gradually during the solution, or in a separate study step.

To compute the contact pressure you can either choose the penalty method or the
augmented Lagrangian method. The penalty provides a faster and more stable solution,
while the augmented Lagrangian method ensures minimal penetration between the parts

in contact and accurate contact stresses.

Read more about how to set contact problem in the Contact Modeling in the Structural
Mechanics User’s Guide.

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_contact

Modeling Instructions

From the File menu, choose Open.

Browse to the application’s Application Libraries folder and double-click the file
bracket_basic.mph.

GEOMETRY 1|

Import 2 (imp2)

I On the Home toolbar, click Import.

2 In the Settings window for Import, locate the Import section.
3 Click Browse.

4 Browse to the application’s Application Libraries folder and double-click the file
bracket_bolt_and_support.mphbin.

5 Click Import.

Explicit Selection | (sell)

I On the Geometry toolbar, click Selections and choose Explicit Selection.

2 In the Settings window for Explicit Selection, type Bolts in the Label text field.

3 Locate the Entities to Select section. From the Geometric entity level list, choose Object.

4 Sclect the object imp2(2) only.
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Form Union (fin)

The Form Union/Assembly node determines how the parts of the assembly are considered
in the analysis. By using the default setting, Form a union, the parts of the assembly are
considered to be one unique object. The mounting bolts are automatically bonded to the
bracket and the support plate. Select Form an assembly to consider each part of the
assembly as a separate object. The mounting bolts are not connected to the bracket or the

support plate. You need to include pairs to connect assembly parts with each other.

I In the Model Builder window, under Component | (compl)>Geometry | click Form Union
(fin).

2 In the Settings window for Form Union/Assembly, locate the Form Union/Assembly
section.

From the Action list, choose Form an assembly.
From the Pair type list, choose Contact pair.
From the Repair tolerance list, choose Relative.

In the Relative repair tolerance text field, type 1E-3.

N o i1 AW

Right-click Component | (compl)>Geometry 1>Form Union (fin) and choose Build
Selected.

8 Click the Zoom Extents button on the Graphics toolbar.

ADD MATERIAL
I On the Home toolbar, click Add Material to open the Add Material window.

2 Go to the Add Material window.

3 In the tree, select Built-In>Titanium beta-21S.

4 Click Add to Component in the window toolbar.
5

On the Home toolbar, click Add Material to close the Add Material window.

MATERIALS

Titanium beta-21S (mat2)
I In the Model Builder window, under Component | (compl)>Materials click Titanium
beta-21S (mat2).

2 In the Settings window for Material, locate the Geometric Entity Selection section.

3 From the Selection list, choose Bolts.
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SOLID MECHANICS (SOLID)

Bolt Pre-Tension |
I On the Physics toolbar, click Global and choose Bolt Pre-Tension.

2 In the Settings window for Bolt Pre-Tension, locate the Bolt Pre-Tension section.
3 From the Pre-tension type list, choose Pre-tension stress.

4 In the o, text field, type 400[MPa].

Bolt Selection |

I In the Model Builder window, expand the Bolt Pre-Tension | node, then click Bolt
Selection |I.

2 Select Boundary 87 only.
Bolt Pre-Tension |

In the Model Builder window, under Component | (comp1)>Solid Mechanics (solid) click Bolt

Pre-Tension |.

Bolt Selection 2

I On the Physics toolbar, click Attributes and choose Bolt Selection.

2 Select Boundary 92 only.

3 In the Settings window for Bolt Selection, locate the Bolt Selection section.
4 In the Bolt label text field, type Bolt_2.

Bolt Pre-Tension |

In the Model Builder window, under Component | (comp1)>Solid Mechanics (solid) click Bolt

Pre-Tension 1.

Bolt Selection 3

I On the Physics toolbar, click Attributes and choose Bolt Selection.

2 Select Boundary 129 only.

3 In the Settings window for Bolt Selection, locate the Bolt Selection section.
4 In the Bolt label text field, type Bolt_3.

Bolt Pre-Tension |

In the Model Builder window, under Component | (comp1)>Solid Mechanics (solid) click Bolt
Pre-Tension |.

Bolt Selection 4
I On the Physics toolbar, click Attributes and choose Bolt Selection.
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2 Select Boundary 134 only.

3 In the Settings window for Bolt Selection, locate the Bolt Selection section.
4 In the Bolt label text ficld, type Bolt_4.

Fixed Constraint |

I In the Model Builder window, under Component | (comp1)>Solid Mechanics (solid) click

Fixed Constraint I.
2 In the Settings window for Fixed Constraint, locate the Boundary Selection section.
3 Click Clear Selection.
4 Seclect Boundary 5 only.

Continuity |
On the Physics toolbar, in the Boundary section, click Pairs and choose Continuity.

DEFINITIONS
I In the Model Builder window, expand the Component | (comp1)>Definitions node, then
click Contact Pair 2 (ap2).

2 In the Settings window for Pair, locate the Pair Type section.

3 From the Pair type list, choose Identity pair.

4 In the Model Builder window, under Component 1 (comp I)>Definitions click Contact Pair
3 (ap3).

5 In the Settings window for Pair, locate the Pair Type section.

6 From the Pair type list, choose Identity pair.

SOLID MECHANICS (SOLID)

Continuity |
I In the Model Builder window, under Component | (compl)>Solid Mechanics (solid) click
Continuity |.

2 In the Settings window for Continuity, locate the Pair Selection section.

3 In the Pairs list, choose Identity Pair 2 (ap2) and Identity Pair 3 (ap3).

Contact |

I On the Physics toolbar, in the Boundary section, click Pairs and choose Contact.
2 In the Settings window for Contact, locate the Pair Selection section.

3 In the Pairs list, select Contact Pair 1 (apl).

4 Locate the Contact Pressure Method section. From the list, choose Penalty.
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ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subsection. In the Select Study tree, select Preset Studies>Stationary.
4 Click Add Study in the window toolbar.

5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 1

Solution | (soll)
I On the Study toolbar, click Show Default Solver.

2 In the Model Builder window, expand the Solution 1 (soll) node, then click Stationary

Solver 1.
3 In the Settings window for Stationary Solver, locate the General section.
4 In the Relative tolerance text field, type 1e-4.

5 In the Model Builder window, expand the Study 1>Solver Configurations>Solution |
(soll1)>Dependent Variables | node, then click Displacement field (Material) (comp|.u).

6 In the Settings window for Field, locate the Scaling section.
7 In the Scale text field, type 1e-4.
8 On the Study toolbar, click Compute.

RESULTS

Stress (solid)
Click the Zoom Extents button on the Graphics toolbar.

Surface |
I In the Model Builder window, expand the Results>Stress (solid) node, then click Surface 1.

2 In the Settings window for Surface, type Displacement, bolt bonded in the Label text
field.

3 Locate the Expression section. In the Expression text field, type solid.disp.
4 On the Stress (solid) toolbar, click Plot.

3D Plot Group 2

I On the Home toolbar, click Add Plot Group and choose 3D Plot Group.

2 In the Settings window for 3D Plot Group, type Contact pressure, penalty in the
Label text field.
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Surface |
I Right-click Contact pressure, penalty and choose Surface.

On the Contact pressure, penalty toolbar, click Plot.
In the Model Builder window, under Results>Contact pressure, penalty click Surface I.

2
3
4 In the Settings window for Surface, locate the Expression section.
5 In the Expression text field, type solid.Tn_ap1.

6

On the Contact pressure, penalty toolbar, click Plot.

DEFINITIONS

Contact Pair 4 (p4)
I On the Definitions toolbar, click Pairs and choose Contact Pair.

2 Seclect Boundary 4 only.

3 In the Settings window for Pair, locate the Destination Boundaries section.
4 Sclect the Active toggle button.

5 Select Boundaries 73, 81, 115, and 123 only.

Contact Pair 5 (p5)

I On the Definitions toolbar, click Pairs and choose Contact Pair.

2 Select Boundaries 39 and 49 only.

3 In the Settings window for Pair, locate the Destination Boundaries section.
4 Select the Active toggle button.

5 Select Boundaries 70, 78, 112, and 120 only.

SOLID MECHANICS (SOLID)

Contact 2

I On the Physics toolbar, in the Boundary section, click Pairs and choose Contact.
2 In the Settings window for Contact, locate the Pair Selection section.

3 In the Pairs list, choose Contact Pair 4 (p4) and Contact Pair 5 (p5).

4 Locate the Penalty Factor section. From the Tuned for list, choose Speed.

5 Locate the Initial Values section. In the T, text field, type 10[MPa].

Friction |

I On the Physics toolbar, click Attributes and choose Friction.

2 In the Settings window for Friction, locate the Friction section.
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3 In the pg,¢ text field, type 0. 2.
4 Locate the Initial Values section. From the Previous contact state list, choose In contact.
Contact |

I In the Model Builder window, under Component | (compl)>Solid Mechanics (solid) click
Contact |I.

2 In the Settings window for Contact, locate the Contact Pressure Method section.
3 From the list, choose Augmented Lagrangian.

4 Locate the Penalty Factor section. From the Tuned for list, choose Speed.

5 Locate the Initial Values section. In the T, text field, type solid.Tn_ap1.
Friction |

I On the Physics toolbar, click Attributes and choose Friction.

2 In the Settings window for Friction, locate the Friction section.

3 In the pgq¢ text field, type 0.1.

4 Locate the Initial Values section. From the Previous contact state list, choose In contact.

GLOBAL DEFINITIONS

Parameters

I On the Home toolbar, click Parameters.

2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

PO 2.5[MPa] 2.5E6 Pa Peak load intensity

YC -300[mm] -03m Y coordinate of hole center
para 1 | Control parameter

DEFINITIONS

Analytic | (anl)

I On the Home toolbar, click Functions and choose Local>Analytic.

2 In the Settings window for Analytic, type load in the Function name text field.

3 Locate the Definition section. In the Expression text field, type F*cos (atan2(py,
abs(px))).
4 In the Arguments text field, type F, py, px.
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5 Locate the Units section. In the Arguments text field, type Pa, m, m.
6 In the Function text field, type Pa.
Step | (stepl)
I On the Home toolbar, click Functions and choose Local>Step.
2 In the Settings window for Step, locate the Parameters section.
3 In the Location text field, type 0.25.
4 Click to expand the Smoothing section. In the Size of transition zone text field, type 0.5.
Step 2 (step2)
I On the Home toolbar, click Functions and choose Local>Step.
In the Settings window for Step, locate the Parameters section.
In the Location text field, type 0.75.

2
3
4 In the From text field, type 1.
5 In the To text field, type 0.

6

Locate the Smoothing section. In the Size of transition zone text field, type 0.5.

SOLID MECHANICS (SOLID)

Boundary Load |
I On the Physics toolbar, click Boundaries and choose Boundary Load.

2 Select Boundaries 26 and 65 only.

3 In the Settings window for Boundary Load, locate the Coordinate System Selection

section.
4 From the Coordinate system list, choose Boundary System | (sysl).

5 Locate the Force section. Specify the Fp vector as

0 tl
0 t2
load(-P0O,Y-YC,Z)*step1(para) n

Spring Foundation |
I On the Physics toolbar, click Domains and choose Spring Foundation.

2 Select Domains 2—-10 only.
3 In the Settings window for Spring Foundation, locate the Spring section.

4 In the ky text field, type 1e12*step2(para).
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ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subsection. In the Select Study tree, select Preset Studies>Stationary.
4 Click Add Study in the window toolbar.

5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 2

Step I: Stationary

Disable the continuity condition.

I In the Model Builder window, under Study 2 click Step I: Stationary.

2 In the Settings window for Stationary, locate the Physics and Variables Selection section.
3 Sclect the Modify physics tree and variables for study step check box.
4

In the Physics and variables selection tree, sclect Component | (compl)>Solid Mechanics
(solid)>Continuity |I.

Click Disable.

(%,

6 Click to expand the Study extensions scction. Locate the Study Extensions section. Select

the Auxiliary sweep check box.
7 Click Add.

8 In the table, enter the following settings:

Parameter name Parameter value list Parameter unit

para range(0,0.25,1)

9 Click to expand the Values of dependent variables section. Locate the Values of Dependent
Variables section. Find the Initial values of variables solved for subsection. From the

Settings list, choose User controlled.
10 From the Method list, choose Solution.
Il From the Study list, choose Study 1, Stationary.

12 Find the Values of variables not solved for subsection. From the Settings list, choose User
controlled.

13 From the Method list, choose Solution.

14 From the Study list, choose Study 1, Stationary.
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Solution 2 (sol2)
I On the Study toolbar, click Show Default Solver.

2 In the Model Builder window, expand the Solution 2 (sol2) node, then click Dependent

Variables I.
3 In the Settings window for Dependent Variables, locate the General section.
4 From the Defined by study step list, choose User defined.

5 In the Model Builder window, expand the Study 2>Solver Configurations>Solution 2

(sol2)>Dependent Variables | node, then click Contact pressure (compl.solid.Tn_apl).
6 In the Settings window for Field, locate the Scaling section.
7 In the Scale text field, type 2e8.

8 In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>

Dependent Variables 1 click Contact pressure (compl.solid.Tn_p4).
9 In the Settings window for Field, locate the Scaling section.
10 In the Scale text field, type 2e8.

Il In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>
Dependent Variables | click Contact pressure (compl.solid.Tn_p5).

12 In the Settings window for Field, locate the Scaling section.
13 In the Scale text field, type 2e8.

14 In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>
Dependent Variables | click Friction force (Spatial) (compl.solid.Tt_apl).

I5 In the Settings window for Field, locate the Scaling section.
16 In the Scale text field, type 2e7.

17 In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>
Dependent Variables | click Friction force (Spatial) (compl.solid.Tt_p4).

I8 In the Settings window for Field, locate the Scaling section.
19 In the Scale text field, type 2e7.

2 In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>
Dependent Variables | click Friction force (Spatial) (compl.solid.Tt_p5).

2l In the Settings window for Field, locate the Scaling section.
22 In the Scale text field, type 2e7.

B In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>
Dependent Variables 1 click Pre-deformation (compl.solid.pbltl.sbitl.d_pre).

24 In the Settings window for State, locate the General section.
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25 Clear the Solve for this state check box.

% In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>
Dependent Variables | click Pre-deformation (comp|.solid.pbltl.sbit2.d_pre).

Z7 In the Settings window for State, locate the General section.
28 Clear the Solve for this state check box.

2 In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>
Dependent Variables | click Pre-deformation (comp|.solid.pbltl.sbit3.d_pre).

30 In the Settings window for State, locate the General section.
31 Clear the Solve for this state check box.

32 In the Model Builder window, under Study 2>Solver Configurations>Solution 2 (sol2)>
Dependent Variables | click Pre-deformation (comp|.solid.pbltl.sbit4.d_pre).

B In the Settings window for State, locate the General section.
34 Clear the Solve for this state check box.

35 On the Study toolbar, click Compute.

RESULTS

Stress (solid) |
I In the Model Builder window, under Results click Stress (solid) 1.

2 In the Settings window for 3D Plot Group, type Displacement in the Label text field.
Surface |

I In the Model Builder window, expand the Results>Displacement node, then click Surface
I.

2 In the Settings window for Surface, locate the Expression section.
3 In the Expression text field, type solid.disp.

4 On the Displacement toolbar, click Plot.

5 Click the Zoom Extents button on the Graphics toolbar.

Contact pressure, penalty

In the Model Builder window, under Results right-click Contact pressure, penalty and choose

Duplicate.

Contact pressure, penalty |
I In the Settings window for 3D Plot Group, type Contact pressure, augmented
Lagrange in the Label text field.

2 Locate the Data section. From the Data set list, choose Study 2/Solution 2 (sol2).
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3 On the Contact pressure, augmented Lagrange toolbar, click Plot.

Contact pressure, augmented Lagrange
In the Model Builder window, under Results right-click Contact pressure, augmented

Lagrange and choose Duplicate.

Contact pressure, augmented Lagrange |
In the Settings window for 3D Plot Group, type Contact pressure, bolts in the Label
text field.

Surface |
I In the Model Builder window, expand the Results>Contact pressure, bolts node, then click
Surface |I.

2 In the Settings window for Surface, locate the Expression section.

3 In the Expression text field, type solid.Tn_p4.

Surface 2

I Right-click Results>Contact pressure, bolts>Surface | and choose Duplicate.
2 In the Settings window for Surface, locate the Expression section.

3 In the Expression text field, type solid.Tn_p5.

4 Click to expand the Inherit style section. Locate the Inherit Style section. From the Plot

list, choose Surface I.
5 On the Contact pressure, bolts toolbar, click Plot.
Contact pressure, bolts

In the Model Builder window, under Results right-click Contact pressure, bolts and choose

Duplicate.

Contact pressure, bolts |
In the Settings window for 3D Plot Group, type Friction force normin the Label text
field.

Surface |
I In the Model Builder window, expand the Results>Friction force norm node, then click
Surface |.

2 In the Settings window for Surface, locate the Expression section.

3 In the Expression text field, type solid.cnt2.fric1.Ttnorm_p4.

Surface 2
I In the Model Builder window, under Results>Friction force norm click Surface 2.
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2 In the Settings window for Surface, locate the Expression section.
3 In the Expression text field, type solid.cnt2.fric1.Ttnorm_p5.
4 On the Friction force norm toolbar, click Plot.
If you want to generate a model which is identical to the one in the model library, follow

the instructions below. Otherwise, the modeling is complete.

Displacement
Click the Zoom Extents button on the Graphics toolbar.

STUDY |

Step |: Stationary

I In the Model Builder window, under Study I click Step I: Stationary.

2 In the Settings window for Stationary, locate the Physics and Variables Selection section.
3 Seclect the Modify physics tree and variables for study step check box.

4 In the Physics and variables selection tree, select Component | (comp1)>Solid Mechanics
(solid)>Contact |>Friction I.

5 Click Disable.

6 In the Physics and variables selection tree, select Component | (comp1)>Solid Mechanics
(solid)>Contact 2.

7 Click Disable.

8 In the Physics and variables selection tree, select Component | (comp1)>Solid Mechanics
(solid)>Boundary Load I.

9 Click Disable.

10 In the Physics and variables selection tree, sclect Component | (compl)>Solid Mechanics

(solid)>Spring Foundation 1.
I Click Disable.
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Created in COMSOL Multiphysics 5.2a

Bracket—Eigenfrequency Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

In this example you learn how to perform an eigenfrequency analysis for both an unloaded
structure and a prestressed structure.

In the case when the structure is subjected to a constant external load, the stiffness
generated by the stress may affect the natural frequencies of the structure. Tensile stresses

tend to increase the natural frequencies, while compressive stresses tend to decrease them.

It is recommended you review the Introduction to the Structural Mechanics Module,
which includes background information and discusses the bracket_basic.mph model

relevant to this example.

Model Definition

This tutorial is an extension to the example described in the section “The Fundamentals:
A Static Linear Analysis” in the Introduction to the Structural Mechanics Module.

The model geometry is represented in Figure 1.

£ -0.05

Figure 1: Geometry of the bracket.
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The first case studies the natural frequency of the unloaded bracket, while in the second
case the study considers how the natural frequencies are affected by an external load
applied at the bracket holes. The left arm is under a pure tensile load while the right arm
is under pure compressive load.

Results and Discussion

Figure 2 and Figure 3 show the first sixth eigenmode for both the unloaded and the
prestressed case, respectively. The mode shape are listed in order from left to right and top
to bottom. One can noticed the difference in the two first mode shape between the two
load case.

The two first mode shapes correspond to the bending mode in x-direction in the bracket
arm, for the unloaded case these are expected to about the same. For the prestressed load
case however one expect a difference because of stress stiffening (left arm) and stress
softening (right arm).

Figure 2: Six first eigenmode shapes for the unloaded case.
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Figuve 3: Six first eigenmode shapes for the prestvessed case.
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In Figure 4 below one can see the frequency shift in the two first eigenmode.
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Figure 4: Six first eigenfrequencies for the unlaoaded case (star marker) and for the prestressed
case (round marker).

For the unloaded case the two first eigenfrequency are about 115 Hz and correspond to
the bending mode in the x-direction for both bracket arms. For the prestressed load case,
the bending mode in both bracket arms are about 108 Hz for the right arm and 128 Hz
for the left arm. Such a frequency shift are expected as a tensile load causes stress stiffening
while a compressive load causes stress softening. The other mode shape are not

significantly affected by the prestress load case.

Notes About the COMSOL Implementation

For a structural mechanics application in COMSOL Multiphysics, there are two
predefined study types available for eigenfrequency analysis: Eigenfrequency and Prestressed

Analysis, Eigenfrequency.

The eigenfrequency analysis compute the natural frequencies of the unloaded structure.
The contribution of any load boundary condition is disregarded and the Prescribed

displacement constraints are considered as having the value zero.
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The prestressed eigenfrequency analysis, however first performs a stationary analysis to
take into account the different loads and non-zero displacement constraints. The stress is

then added automatically to the stiffness used in the eigenfrequency calculation.

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_eigenfrequency

Modeling Instructions

From the File menu, choose Open.

Browse to the application’s Application Libraries folder and double-click the file
bracket_basic.mph.

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subsection. In the Select Study tree, sclect Preset Studies>Eigenfrequency.
4 Click Add Study in the window toolbar.

5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 1

Step [: Eigenfrequency

In the Eigenfrequency study node you have the possibility to define the number of
eigenfrequencies to compute, and the frequency around which you would like to search
for the these frequencies. By default, the eigenvalue solver computes for the six lowest
frequencies.

I In the Model Builder window, under Study | click Step I: Eigenfrequency.

2 In the Settings window for Eigenfrequency, locate the Study Settings section.

3 Sclect the Desired number of eigenfrequencies check box.

4 In the associated text field, type 10.

5 On the Home toolbar, click Compute.
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RESULTS

Mode Shape (solid)
Click the Zoom Extents button on the Graphics toolbar.

Global Evaluation |
I On the Results toolbar, click Global Evaluation.
2 In the Settings window for Global Evaluation, locate the Expressions section.

3 In the table, enter the following settings:

Expression Unit Description

freq 1/s Frequency

4 Click Evaluate.

You can access the different eigenfrequency solutions in the 3D Plot Group Settings. Here
you can see that, due to the symmetry, the eigenfrequency solver finds a frequency for each

of the bracket arms, which is why every frequency is repeated in the solution list.

Note that the displacement values are normalized and have no physical significance. The
normalization method can be changed in the Eigenvalue Solver node, available under the

Solver Configuration node.

GLOBAL DEFINITIONS

Parameters

I On the Home toolbar, click Parameters.

2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

PO 30[MPa] 3E7 Pa Peak load intensity

YC -300[mm] -03m Y coordinate of hole center
DEFINITIONS

Analytic | (anl)

I On the Home toolbar, click Functions and choose Local>Analytic.
2 In the Settings window for Analytic, type load in the Function name text field.

3 Locate the Definition section. In the Expression text field, type F*cos (atan2(py,
abs(px))).
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4 In the Arguments text field, type F, py, px.
5 Locate the Units section. In the Arguments text field, type Pa, m, m.

6 In the Function text field, type Pa.

SOLID MECHANICS (SOLID)

Boundary Load |

I On the Physics toolbar, click Boundaries and choose Boundary Load.

Apply a boundary load to the bracket holes.
2 In the Settings window for Boundary Load, locate the Boundary Selection section.
3 From the Selection list, choose Right hole.

4 Locate the Coordinate System Selection section. From the Coordinate system list, choose
Boundary System | (sysl).

5 Locate the Force section. Specify the F vector as

0 tl
0 t2
load(-P0,Z,Y-YC)*(Y>YC) n

Boundary Load 2

I On the Physics toolbar, click Boundaries and choose Boundary Load.
2 In the Settings window for Boundary Load, locate the Boundary Selection section.
3 From the Selection list, choose Left hole.

4 Locate the Coordinate System Selection section. From the Coordinate system list, choose

Boundary System | (sysl).

5 Locate the Force section. Specify the Fp vector as

0 tl
0 t2
load(-P0,Z,Y-YC)*(Y<YC) n

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

The prestressed eigenfrequency analysis is available as a predefined study.
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3 Find the Studies subscction. In the Select Study tree, sclect Preset Studies>Prestressed

Analysis, Eigenfrequency.
4 Click Add Study in the window toolbar.
5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 2

Step |: Stationary
Note that the newly generated study combines one stationary analysis and one

eigenfrequency analysis.

Step 2: Eigenfrequency

I In the Model Builder window, under Study 2 click Step 2: Eigenfrequency.
In the Settings window for Eigenfrequency, locate the Study Settings section.
Select the Desired number of eigenfrequencies check box.

2

3

4 In the associated text field, type 10.

5 In the Search for eigenfrequencies around text field, type 100.
6

On the Home toolbar, click Compute.

RESULTS

Mode Shape (solid) |

I Click the Zoom Extents button on the Graphics toolbar.
In the settings for the second plot group you can see the list of the new
eigenfrequencies.

Global Evaluation |

I In the Model Builder window, under Results>Derived Values click Global Evaluation 1.

2 In the Settings window for Global Evaluation, locate the Data section.

3 From the Data set list, choose Study 2/Solution 2 (sol2).

4 Locate the Expressions section. In the table, enter the following settings:

Expression Unit Description

freq 1/s Frequency, Prestress

5 Click Evaluate.

3D Plot Group 3
I On the Home toolbar, click Add Plot Group and choose 3D Plot Group.
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2 In the Settings window for 3D Plot Group, type Prestress in the Label text field.

3 Locate the Data section. From the Data set list, choose Study 2/Solution Store | (sol3).
Surface |

I Right-click Prestress and choose Surface.

2 In the Settings window for Surface, locate the Expression section.

3 In the Expression text field, type solid.mises.

4 Right-click Results>Prestress>Surface | and choose Deformation.

Deformation |
On the Prestress toolbar, click Plot.

ID Plot Group 4

I On the Home toolbar, click Add Plot Group and choose ID Plot Group.
In the Settings window for 1D Plot Group, type Eigenfrequency in the Label text field.
Locate the Plot Settings section. Select the y-axis label check box.

2

3

4 In the associated text field, type Frequency [Hz].

5 Locate the Grid section. Select the Manual spacing check box.
6

Click to expand the Legend section. From the Position list, choose Upper left.
Table Graph |
I On the Eigenfrequency toolbar, click Table Graph.

In the Settings window for Table Graph, locate the Data section.

From the x-axis data list, choosc Row index.

From the Plot columns list, choose Manual.

2
3
4
5 In the Columns list, choose Frequency (l/s) and Frequency, Prestress (1/s).
6 Click to expand the Legends section. Select the Show legends check box.
7

Locate the Coloring and Style section. Find the Line style subsection. From the Line list,
choose None.

8 Find the Line markers subsection. From the Marker list, choose Cycle.
9 From the Positioning list, choose In data points.
10 On the Eigenfrequency toolbar, click Plot.

Il Click the y-Axis Log Scale button on the Graphics toolbar.
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Created in COMSOL Multiphysics 5.2a

Bracket—Frequency-Response Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The frequency response analysis solves for the linear steady-state response of a structure
from harmonic loads. The problem is solved in the frequency domain and you can set a

range of frequencies at which to compute the structural displacements.

In this example you learn how to perform a frequency response analysis of a structure
under harmonic load but also how to perform a frequency response analysis of a

prestressed structure.

It is recommended you review the Introduction to the Structural Mechanics Module,
which includes background information and discusses the bracket_basic.mph model

relevant to this example.

Model Definition

This model is an extension to the model example described in the section “The
Fundamentals: A Static Linear Analysis” in the Introduction to the Structural Mechanics
Module.

The model geometry is represented in Figure 1.
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Figure 1: Bracket geometry

You study two load cases, the first one consists of a fully harmonic load case with an
external load of 100 kPa applied to the bracket arms, the second load case consists of a
combination of a static load and a harmonic perturbation.

An eigenfrequency analysis of this problem is performed in the tutorial Bracket—
Eigenfrequency Analysis. It shows that the first resonance frequency is about 115 Hz. For
the loaded case, the eigenfrequency solver shows that the first resonance frequency is
about 108 Hz when the arm is under compressive load and about 128 Hz when the arm
is under tensile load. In order to capture the resonance peak properly, you can refine the

frequency step around these values.
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Results and Discussion

Figure 2 shows the root mean square of the displacement at the tip of the left arm of the
bracket for both the fully harmonic load case and the combined harmonic and static load

cascs.
T T T

—a— free harmonic, right arm

—&— free harmonic, left arm
—s=— prestressed harmonic, right arm

—3— prestressed harmonic, left arm

9 -
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Frequency (Hz)

Figure 2: Root mean square of the displacement at the tip of the left (ved) and vight (blue)
arms for both fully harmonic loaded case (solid) and a combined static and havmonic loaded

case (dashed).

The curves show resonance peaks around 115 Hz for the unloaded structure in both
bracket arms and the frequency shift for the loaded structure. These results are in
agreement with the values predicted by solving with the eigenfrequency solver.

You can also verify that the deformation remains small even around the resonance

frequency.
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Figure 3 shows the phase of the x-displacement at the tip of the bracket right arm.

— free harmonic
340+ —— prestressed harmonic

Displacement phase, X component (°)

60 80 100 120 140 160 180
Frequency (Hz)

Figure 3: Phase of x-displacement at the tip of the bracket right arm.

Note the smooth transition around the resonance frequency which results from the
damping using a 5% loss factor. The prestressed load case solution show a double phase

change corresponding to the two resonance modes.

Notes About the COMSOL Implementation

For a structural mechanics application in COMSOL Multiphysics, there are three
predefined study types available for frequency response analysis: Frequency Domain,
Frequency-Domain Modal and Prestressed Analysis, Frequency Domain.

The frequency domain analysis computes for the structural response of an harmonic load.

All loads and boundary conditions are assumed to be harmonic.

The frequency-domain modal analysis uses the modal solver to compute the frequency
response. This analysis type significantly speed up the computation compare to the regular
frequency domain analysis.
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Use the prestressed frequency response analysis when a structure is subjected to both static
and harmonic loads, and the stiffness induced by the static load case can affect the

structural response to the harmonic load.

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_frequency

Modeling Instructions

From the File menu, choose Open.

Browse to the application’s Application Library folder and double-click the file
bracket_basic.mph.

SOLID MECHANICS (SOLID)

Fixed Constraint |
In the Model Builder window, expand the Component | (compl)>Solid Mechanics (solid)
node.

Linear Elastic Material |
In the Model Builder window, expand the Solid Mechanics (solid) node, then click Linear
Elastic Material |.

Damping |

I On the Physics toolbar, click Attributes and choose Damping.

In the frequency domain you can use loss factor damping or Rayleigh damping. For this
example use loss factor damping.

2 In the Settings window for Damping, locate the Damping Settings section.

3 From the Damping type list, choose Isotropic loss factor.

MATERIALS

Structural steel (matl)
I In the Model Builder window, expand the Component | (compl)>Materials node, then

click Structural steel (matl).

2 In the Settings window for Material, locate the Material Contents section.
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3 In the table, enter the following settings:

Property Name Value Unit Property group
Isotropic structural loss eta_s 0.05 | Basic
factor

You can now apply an external harmonic load to the bracket arms.

SOLID MECHANICS (SOLID)

Boundary Load |

I On the Physics toolbar, click Boundaries and choose Boundary Load.
2 Seclect Boundaries 4, 5,42, and 43 only.

3 In the Settings window for Boundary Load, locate the Force section.

4 Specify the F5 vector as

10[kPa] X
0 y
0 z

In the frequency domain modal analysis, to define a harmonic load you need to mark the
load as being a harmonic perturbation.

5 In the Model Builder window, right-click Boundary Load | and choose Harmonic

Perturbation.

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subsection. In the Select study tree, select Preset Studies>
Frequency-Domain Modal.

4 Click Add Study in the window toolbar.
5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 1

Step I: Eigenfrequency
I In the Model Builder window, under Study I click Step I: Eigenfrequency.

2 In the Settings window for Eigenfrequency, locate the Study Settings section.
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3 Seclect the Desired number of eigenfrequencies check box.

4 In the associated text field, type 2.

Step 2: Frequency-Domain Modal

The frequency range will be 50 Hz-190 Hz with a refined frequency sweep step between
100 Hz and 130 Hz.

I In the Model Builder window, under Study I click Step 2: Frequency-Domain Modal.

2 In the Settings window for Frequency-Domain Modal, locate the Study Settings section.
3 In the Frequencies text field, type 50 70 90 range(100,1,130) 150 170 190.

4 On the Home toolbar, click Compute.

RESULTS

Stress (solid)
I Click the Zoom Extents button on the Graphics toolbar.

The default plot group shows the stress distribution on a deformed geometry for the
final frequency. You can change the frequency for the plot evaluation in the Parameter

value list in the settings for the plot group.

Plot the root mean square of the displacement at the tip of the left arm of the bracket.
ID Plot Group 2
I On the Home toolbar, click Add Plot Group and choose 1D Plot Group.

2 In the Settings window for 1D Plot Group, type Displacement, RMS in the Label text
field.

3 Locate the Plot Settings section. Select the x-axis label check box.
4 In the associated text field, type Frequency (Hz).

Point Graph |
On the Displacement, RMS toolbar, click Point Graph.

Displacement, RMS

I Select Point 1 only.

2 In the Settings window for Point Graph, locate the y-Axis Data section.
3 In the Expression text field, type solid.disp_rms.

4 Click to expand the Coloring and style section. Locate the Coloring and Style section.
From the Color list, choose Blue.

5 Find the Line markers subsection. From the Marker list, choose Point.
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6 From the Positioning list, choose In data points.
7 Click to expand the Legends section. Select the Show legends check box.
8 From the Legends list, choose Manual.

9 In the table, enter the following settings:

Legends

full harmonic, right arm

10 In the Model Builder window, click Displacement, RMS.
Il In the Settings window for 1D Plot Group, click to expand the Title section.
12 From the Title type list, choosec None.

Point Graph 2
On the Displacement, RMS toolbar, click Point Graph.

Displacement, RMS

I Select Point 75 only.
In the Settings window for Point Graph, locate the y-Axis Data section.
In the Expression text field, type solid.disp_rms.
Locate the Coloring and Style section. From the Color list, choose Red.

Find the Line markers subsection. From the Marker list, choose Square.

Locate the Legends section. Select the Show legends check box.

2
3
4
5
6 From the Positioning list, choose In data points.
7
8 From the Legends list, choose Manual.

9

In the table, enter the following settings:

Legends

full harmonic, left arm

10 On the Displacement, RMS toolbar, click Plot.

Now plot the phase shift with respect to the applied load at a specified point location.

Cut Point 3D |
On the Results toolbar, click Cut Point 3D.

Data Sets
I In the Settings window for Cut Point 3D, locate the Point Data section.

2 In the X text field, type 0.
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3 In the Y text field, type -50e-3.

4 In the Z text field, type -50e-3.

5 Seclect the Snap to closest boundary check box.
ID Plot Group 3

I On the Results toolbar, click 1D Plot Group.

2 In the Settings window for 1D Plot Group, type Displacement phase, X component
in the Label text field.

3 Locate the Title section. From the Title type list, choose None.
4 Locate the Plot Settings section. Select the x-axis label check box.
5 In the associated text field, type Frequency (Hz).

Point Graph |
On the Displacement phase, X component toolbar, click Point Graph.

Displacement phase, X component
I In the Settings window for Point Graph, locate the Data section.
2 From the Data set list, choose Cut Point 3D I.

3 Locate the y-axis data section. Click solid.uPhaseX - Displacement phase, X component in
the upper-right corner of the section. Locate the y-Axis Data section. From the Unit list,

choose °.
4 Locate the Legends section. Select the Show legends check box.
5 From the Legends list, choose Manual.

6 In the table, enter the following settings:

Legends

full harmonic

7 On the Displacement phase, X component toolbar, click Plot.

In the solution data set feature, one can change the phase used to display the solution.

You will now consider a static load applied to the bracket and compute the prestressed
frequency domain analysis.

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.
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3 Find the Studies subscction. In the Select study tree, select Preset Studies>Prestressed

Analysis, Frequency Domain.
4 Click Add Study in the window toolbar.
5 On the Home toolbar, click Add Study to close the Add Study window.

GLOBAL DEFINITIONS

Parameters

I On the Home toolbar, click Parameters.

2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

PO 30[MPa] 3E7 Pa Peak load intensity

YC -300[mm] -03m Y coordinate of hole
center

DEFINITIONS

Analytic | (anl)

I On the Home toolbar, click Functions and choose Local>Analytic.

2 In the Settings window for Analytic, type load in the Function name text field.

3 Locate the Definition section. In the Expression text field, type F*cos (atan2(py,
abs(px))).
4 In the Arguments text field, type F, py, px.

5 Locate the Units section. In the Arguments text field, type Pa, m, m.

6 In the Function text field, type Pa.

SOLID MECHANICS (SOLID)
Boundary Load 2
I On the Physics toolbar, click Boundaries and choose Boundary Load.

Apply a boundary load to the bracket holes.

2 In the Settings window for Boundary Load, locate the Boundary Selection section.
3 From the Selection list, choose Right hole.

4 Locate the Coordinate System Selection section. From the Coordinate system list, choose
Boundary System | (sysl).
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5 Locate the Force section. Specify the Fp vector as

0 tl
0 t2
load(-P0,Z,Y-YC)*(Y>YC) n

Boundary Load 3
I On the Physics toolbar, click Boundaries and choose Boundary Load.

2 In the Settings window for Boundary Load, locate the Boundary Selection section.
3 From the Selection list, choose Left hole.

4 Locate the Coordinate System Selection section. From the Coordinate system list, choose

Boundary System | (sysl).

5 Locate the Force section. Specify the Fp vector as

0 tl
0 t2
load(-P0,Z,Y-YC)*(Y<YC) n

STUDY 2

Step 2: Frequency-Domain Perturbation
I In the Model Builder window, under Study 2 click Step 2: Frequency-Domain Perturbation.

2 In the Settings window for Frequency-Domain Perturbation, locate the Study Settings

section.
3 In the Frequencies text field, type 50 70 90 range(100,2,140) 150 170 190.

4 On the Home toolbar, click Compute.

RESULTS
Click the Zoom Extents button on the Graphics toolbar.

You have previously created a point graph plot for the unloaded case. Add a new point
graph plot to the same figure but use the data set of the second load case.

Displacement, RMS
I In the Model Builder window, under Results>Displacement, RMS sclect Point Graph 1 and
Point Graph 2, right click on any one of them and choose Duplicate.

2 In the Model Builder window, under Results>Displacement, RMS click Point Graph 3.
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3 In the Settings window for Point Graph, locate the Data section.

4 From the Data set list, choose Study 2/Solution 3 (sol3).

5 Locate the y-Axis Data section. Clear the Compute differential check box.
6

Click to expand the Coloring and style section. Locate the Coloring and Style section. Find

the Line style subsection. From the Line list, choose Dashed.

7 Locate the Legends section. In the table, enter the following settings:

Legends

prestressed harmonic, right arm

8 In the Model Builder window, under Results>Displacement, RMS click Point Graph 4.
9 In the Settings window for Point Graph, locate the Data section.

10 From the Data set list, choose Study 2/Solution 3 (sol3).

Il Locate the y-Axis Data section. Clear the Compute differential check box.

12 Locate the Coloring and Style section. Find the Line style subsection. From the Line list,

choose Dashed.

13 Locate the Legends section. In the table, enter the following settings:

Legends

prestressed harmonic, left arm

14 On the Displacement, RMS toolbar, click Plot.

Data Sets
I In the Model Builder window, under Results>Data Sets right-click Cut Point 3D I and

choose Duplicate.
2 In the Settings window for Cut Point 3D, locate the Data section.
3 From the Data set list, choose Study 2/Solution 3 (sol3).
Displacement phase, X component

I In the Model Builder window, under Results>Displacement phase, X component right-click
Point Graph | and choosc Duplicate.

In the Settings window for Point Graph, locate the Data section.
From the Data set list, choose Cut Point 3D 2.

On the Displacement phase, X component toolbar, click Plot.

vi A W N

Locate the y-Axis Data section. Clear the Compute differential check box.
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6 Locate the Legends section. In the table, enter the following settings:

Legends

prestressed harmonic

7 On the Displacement phase, X component toolbar, click Plot.

Stress (solid) |
I In the Model Builder window, under Results click Stress (solid) 1.

2 In the Settings window for 3D Plot Group, type Stress (solid), prestressed in
the Label text field.
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Created in COMSOL Multiphysics 5.2a

Bracket—Initial-Strain Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The various examples of a bracket form a suite of tutorials which summarizes the
fundamentals when modeling structural mechanics problems in COMSOL Multiphysics
and the Structural Mechanics Module.

In this example you learn how to introduce a prestrain to structure and investigate how it

affects the assembly.

It is recommended you review the Introduction to the Structural Mechanics Module,
which includes background information.

Model Definition

This tutorial is an extension to the example described in the section “The Fundamentals:
A Static Linear Analysis” in the Introduction to the Structural Mechanics Module. The
same model is also available as a stand alone model in the Application Libraries as Bracket
- Static Analysis.

In the previous example, the pin was only considered as giving a load, whereas in this

example the pin is actually modeled as shown in Figure 1.

Figuve 1: Bracket geometry.
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An initial strain simulates that the pin is 1 mm too short in the axial direction. This could
for example happen if there was a mismatch in dimensions due to manufacturing

tolerances.

Results

Figure 2 shows how the pin compresses the bracket arms, and that the largest stresses are

found in the region where the bracket arms are joined to the bolt supports.

Surface: von Mises stress (N/m°)

0 x10°
[ 1.4

-

Figure 2: Von Mises stvess distribution in the bracket.

Figure 3 shows the third principal strain to visualize the total strain in the structure. As the
pin is stiff in comparison to the bracket, the total strain in the pin is almost the same as the

initial strain given in the example.
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Surface: Third principal strain (1)
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Figuve 3: Straun distribution in the bracket.

Notes About the COMSOL Implementation

Initial stresses and strains can be specified in a subnode to a material model. Think of the
strain or stress that you introduce as an inelastic contribution, which is not necessarily
constant over the simulation. You can define a stress/strain distribution with constant
values or as an expression which can, for example, be space- or time-dependent. The initial
stresses and strains can also be results from another study, or even from another physics
interface in the same study.

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_initial_strain

Modeling Instructions

From the File menu, choose Open.

Browse to the application’s Application Libraries folder and double-click the file
bracket_basic.mph.
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GLOBAL DEFINITIONS
Parameters
I On the Home toolbar, click Parameters.

In the Parameters table, define a strain value that corresponds to a reduction of the pin
length from 215 mm to 214 mm.

2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

LO 215[mm] 0.2I15m Initial pin length
L 214[mm] 0214 m Current pin length
InitStrain (L-LO)/LO -0.004651 Pin strain
GEOMETRY |

Add the pin geometry to the bracket assembly by importing it into the existing geometry.
Import 2 (imp2)

I On the Home toolbar, click Import.

2 In the Settings window for Import, locate the Import section.
3 From the Source list, choose COMSOL Multiphysics file.

4 Click Browse.
5

Browse to the application’s Application Libraries folder and double-click the file
bracket_pin.mphbin.

6 Click Import.
Form Union (fin)

I In the Model Builder window, under Component | (compl)>Geometry | click Form Union
(fin).

2 In the Settings window for Form Union/Assembly, locate the Form Union/Assembly

section.
3 From the Repair tolerance list, choosc Relative.
4 In the Relative repair tolerance text field, type 1E-4.

5 Right-click Component | (compl)>Geometry 1>Form Union (fin) and choose Build
Selected.
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SOLID MECHANICS (SOLID)

Adding Initial Stress and Strain

Specify the initial strain under the Linear Elastic Material node.

I In the Model Builder window, expand the Component | (compl)>Solid Mechanics (solid)

node, then click Linear Elastic Material 1.
Initial Stress and Strain |
I On the Physics toolbar, click Attributes and choose Initial Stress and Strain.
2 In the Settings window for Initial Stress and Strain, locate the Domain Selection section.
3 From the Selection list, choose Manual.
4 Seclect Domain 3 only.

The prestrain direction is the axial direction of the bolt, which coincides with the global
x direction.

5 Locate the Initial Stress and Strain section. In the g table, enter the following settings:

InitStrain
0
0 0 0

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.
3 Find the Studies subsection. In the Select Study tree, sclect Preset Studies>Stationary.
4 Click Add Study in the window toolbar.

5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 1

Step |: Stationary
On the Home toolbar, click Compute.

RESULTS

Stress (solid)
Click the Zoom Extents button on the Graphics toolbar.

6 ‘ BRACKET—INITIAL-STRAIN ANALYSIS



3D Plot Group 2
I On the Home toolbar, click Add Plot Group and choose 3D Plot Group.

2 In the Settings window for 3D Plot Group, type Third principal strain in the Label
text field.

Surface |
I Right-click Third principal strain and choose Surface.

2 In the Settings window for Surface, click Replace Expression in the upper-right corner of
the Expression section. From the menu, choose Component 1>Solid Mechanics>Strain>

Principal strains>solid.ep3 - Third principal strain.

3 On the Third principal strain toolbar, click Plet.
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Created in COMSOL Multiphysics 5.2a

Bracket—Linear Buckling Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

Buckling analysis is an important study type in structural analysis because it provides an
estimate of the critical load that can cause sudden collapse of the structure. In this example
you first learn how to perform a linear buckling analysis to compute for the critical
buckling load, you also see in a second study how to compute the nonlinear deformation

while increasing the applied load until the buckling is reached.

It is recommended you review the Introduction to the Structural Mechanics Module,
which includes background information and discusses the bracket_basic.mph model

relevant to this example.

Model Definition

This model is an extension to the example described in the section “The Fundamentals: A
Static Linear Analysis” in the Introduction to the Structural Mechanics Module.

Due to nonlinearity in the numerical problem, it is reccommended to refine the mesh in the
area of interest. In this example, the geometry is subdivided in order to refine the mesh in

the bracket right arm (see Figure 1) where the buckling load is applied.

0.05

-0.05

-0.05
Y\L'" -0.1

Figure 1: Refined mesh.
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The analysis computes the critical compressive load with load vector resultant oriented in
the positive y-direction. The loads are projected on the y-axis in order to avoid torsion

modes due to the z-component of load.

Results and Discussion

Figure 2 shows the first buckling mode for the bracket geometry. The critical load factor

is about 6e4, which correspond to the critical buckling load given in Newton.

Critical load factor=5.909E4 Surface: Total displacement (m)

1]

5
14
0.05
3
0
0.05 ?
1
0

Figure 2: First buckling mode and critical load factor value.

Figure 3 shows the nonlinear displacement in the bracket right arm with respect to the
increasing applied load (blue). You can see how the displacement deviates strongly from

the linear response as the applied load gets closer to the critical buckling load computed
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with the linear buckling analysis. A deviation of 20% is obtained with an applied load force
of 57 kN.

Point Graph: Displacement field, Y component (mm) Point Graph: FO*1.11E-8[m/N] (mm)
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Figure 3: Bracket vight arm y-displacement versus applied load.

Notes About the COMSOL Implementation

A linear buckling analysis consists of the following operations:

* Perform a static analysis using a unit load.

¢ Compute the eigenvalue problem including the stresses from the static load. The first

eigenvalue corresponds to the value of the critical buckling load.

COMSOL Multiphysics runs automatically the sequence described above and the returns
the value of the critical buckling load.

To perform a nonlinear buckling analysis, use the continuation solver to ramp up the load
smoothly. You can use a stop condition to automatically stop the solver once a criteria is
reached. In this example, the stop criterion is the deviation in the y-displacement of

bracket right arm with respect to the linear displacement. The linear displacement response

is predicted by using the solution computed under a unit load case for the linear buckling.
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Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_linear_buckling

Modeling Instructions

From the File menu, choose Open.

Browse to the application’s Application Libraries folder and double-click the file
bracket_basic.mph.

COMPONENT I (COMPI)

Prepare the geometry for a finer mesh on the arm which will buckle in this example.

GEOMETRY |

Work Plane | (wpl)

I On the Geometry toolbar, click Work Plane.
In the Settings window for Work Plane, locate the Plane Definition section.
From the Plane list, choose zx-plane.

2

3

4 From the Offset type list, choose Through vertex.

5 Find the Offset vertex subsection. Select the Active toggle button.
6

On the object impl, select Point 17 only.
Partition Objects | (parl)
I On the Geometry toolbar, click Booleans and Partitions and choose Partition Objects.
2 Select the object impl only.
3 In the Settings window for Partition Objects, locate the Partition Objects section.

4 From the Partition with list, choose Work plane.

GLOBAL DEFINITIONS

Parameters

I On the Home toolbar, click Parameters.

2 In the Settings window for Parameters, locate the Parameters section.
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3 In the table, enter the following settings:

Name Expression Value Description

FO 1[N] I N Applied force

R 25[mm] 0.025 m Hole radius

YC -300[mm] -03m Y coordinate of hole
center

thick 8[mm] 0.008 m Bracket arm thickness

PO 2/ (thick*pi*R)*FO 3183 N/m? Peak load intensity

DEFINITIONS

Analytic | (anl)
I On the Home toolbar, click Functions and choose Local>Analytic.

2 In the Settings window for Analytic, type load in the Function name text field.

3 Locate the Definition section. In the Expression text field, type F*cos (atan2(py,
abs(px))).

4 In the Arguments text field, type F, py, px.

5 Locate the Units section. In the Arguments text field, type Pa, m, m.

6 In the Function text field, type Pa.

Boundary System | (sysl)
The load direction does not change with deformation.

I In the Model Builder window, under Component | (compl)>Definitions click Boundary
System | (sysl).
2 In the Settings window for Boundary System, locate the Settings section.

3 From the Frame list, choose Reference configuration.

SOLID MECHANICS (SOLID)

Boundary Load |

I On the Physics toolbar, click Boundaries and choose Boundary Load.

2 In the Settings window for Boundary Load, locate the Boundary Selection section.
3 From the Selection list, choose Right hole.

4 Locate the Coordinate System Selection section. From the Coordinate system list, choose
Boundary System | (sysl).
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5 Locate the Force section. Specify the Fp vector as

0 tl
0 t2
load(-P0,Z,Y-YC)*(Y>YC) n

MESH 1|

In the Model Builder window, under Component | (compl) right-click Mesh | and choose

Free Tetrahedral.

Free Tetrahedral |
In the Model Builder window, under Component | (compl)>Mesh 1 right-click Free
Tetrahedral | and choose Size.

Size |

I In the Settings window for Size, locate the Geometric Entity Selection section.
From the Geometric entity level list, choose Domain.
Select Domain 1 only.

Locate the Element Size section. Click the Custom button.

2
3
4
5 Locate the Element Size Parameters section. Select the Maximum element size check box.
6 In the associated text field, type 6e-3.

7 In the Model Builder window, click Mesh 1.

8

In the Settings window for Mesh, click Build All.

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subscction. In the Select Study tree, sclect Preset Studies>Linear
Buckling.

4 Click Add Study in the window toolbar.
5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 1

Step [: Stationary
On the Home toolbar, click Compute.
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RESULTS
Mode Shape (solid)
I Click the Zoom Extents button on the Graphics toolbar.
The default plot shows the mode shape of the first buckling mode.

Derived Values

Evaluate the y-displacement corresponding to the applied unit load.
Point Evaluation |

I On the Results toolbar, click Point Evaluation.

2 In the Settings window for Point Evaluation, locate the Data section.
3 From the Data set list, choose Study 1/Solution Store 1 (sol2).

4 Seclect Point 5 only.

5 Locate the Expressions section. In the table, enter the following settings:

Expression Unit Description

\ m Displacement field, Y component

6 Click Evaluate.

You can now predict the linear relation between displacement and applied load. This can
be used in the later analysis to predict when the nonlinear solution deviates from the linear

one.

DEFINITIONS

Integration | (intop|)

I On the Definitions toolbar, click Component Couplings and choose Integration.
2 In the Settings window for Integration, locate the Source Selection section.

3 From the Geometric entity level list, choose Point.

4 Select Point 5 only.

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

Go to the Add Study window.

2
3 Find the Studies subsection. In the Select Study tree, select Preset Studies>Stationary.
4 Click Add Study in the window toolbar.

5

On the Home toolbar, click Add Study to close the Add Study window.
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STUDY 2

Step |: Stationary
I In the Model Builder window, under Study 2 click Step I: Stationary.

2 In the Settings window for Stationary, locate the Study Settings section.
3 Sclect the Include geometric nonlinearity check box.

4 Click to expand the Study extensions scction. Locate the Study Extensions scction. Select

the Auxiliary sweep check box.
5 Click Add.

6 In the table, enter the following settings:

Parameter Parameter value list

name

FO 1 1e3 5e3 1e4 2e4 5.924e4*1og10(({range(2,1,10)}+1)/
1.1)7(1/5)

Solution 3 (sol3)
I On the Study toolbar, click Show Default Solver.

2 In the Model Builder window, expand the Solution 3 (sol3) node.

3 In the Model Builder window, expand the Study 2>Solver Configurations>Solution 3
(sol3)>Stationary Solver | node.

4 Right-click Parametric | and choose Stop Condition.

5 In the Settings window for Stop Condition, locate the Stop Expressions section.
6 Click Add.
7

In the table, enter the following settings:

Stop expression Stop if Active Description

compl.intopi(compi.v)/ true v Stop expression 1
(FO*1.11E-8) /1.2

8 Locate the Output at Stop section. From the Add solution list, choose Step after stop.
9 Clear the Add warning check box.

10 On the Study toolbar, click Compute.

RESULTS

Stress (solid)
Click the Zoom Extents button on the Graphics toolbar.
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Create Figure 3.

ID Plot Group 3

I On the Home toolbar, click Add Plot Group and choose 1D Plot Group.

2 In the Settings window for 1D Plot Group, locate the Data section.

3 From the Data set list, choose Study 2/Solution 3 (sol3).

Point Graph |

I On the ID Plot Group 3 toolbar, click Point Graph.

2 Sclect Point 5 only.

3 In the Settings window for Point Graph, locate the y-Axis Data section.

4 In the Expression text field, type v.

5 From the Unit list, choose mm.

ID Plot Group 3

I In the Model Builder window, under Results click 1D Plot Group 3.
In the Settings window for 1D Plot Group, type Displacement in the Label text field.
Locate the Plot Settings section. Select the x-axis label check box.

2
3
4 In the associated text field, type Applied force [N].
5 Select the y-axis label check box.

6

In the associated text field, type y displacement [mm].
Point Graph 2
I On the Displacement toolbar, click Point Graph.
Select Point 5 only.
In the Settings window for Point Graph, locate the y-Axis Data section.

2
3
4 In the Expression text field, type FO*1.11E-8[m/N].
5 From the Unit list, choose mm.

6

Click to expand the Coloring and style section. Locate the Coloring and Style section. Find
the Line style subsection. From the Line list, choose Dashed.

7 On the Displacement toolbar, click Plot.
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Created in COMSOL Multiphysics 5.2a

Bracket—Parametric Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The various examples of a bracket form a suite of tutorials which summarizes the
fundamentals when modeling structural mechanics problems in COMSOL Multiphysics
and the Structural Mechanics Module.

This example includes computing the solution to a case where the direction of the load is

changed using a parametric sweep over a set of angles.

It is recommended you review the Introduction to the Structural Mechanics Module,
which includes background information.

Model Definition

This model is an extension to the example described in the section “The Fundamentals: A
Static Linear Analysis” in the Introduction to the Structural Mechanics Module. The
same model is also available as a stand alone model in the Application Libraries as Bracket
- Static Analysis.

The geometry is shown in Figure 1.

Figure 1: Bracket geometry.
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In this analysis, the mounting bolts are assumed to be fixed and securely bonded to the
bracket. To model the external load from the pin, you specify a surface load p with a
trigonometric distribution on the inner surfaces of the two holes:
T T
p = Pycos(o—0) —§<oc—60<§
where Py is the peak load intensity. The main direction of the load is defined by 6, the
angle from the y-axis. The load on the two holes act in opposite directions. The orientation

of the load is controlled by a local coordinate system with axis directions generated using

the sweep parameter thetao0.

Results

Figure 2 shows the von Mises stress distribution corresponding to a bending load case,
where the load acts in the positive z-direction in the left arm and in the negative

z-direction in the right arm.

thetad(1)=0 deg Surface: von Mises stress (N/m®) Arrow Surface: Load (Spatial)

0 x10°

‘-"\L,x -0.1

Figure 2: Von Mises stress under bending load case.

Figure 3 shows the von Mises stress distribution corresponding of a tensile load in the

right arm and a compressive load in the left arm. The maximum von Mises stress value is
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lower in this case. A stress concentration can be seed also around the hole in the arm which

is in tension.

theta0(10)=90 deg Surface: von Mises stress (N/m°) Arrow Surface: Load (Spatial)

0 %107
3

Figurve 3: Von Mises stress under tensile and compressive load case.

4 ‘ BRACKET—PARAMETRIC ANALYSIS



Figure 4 shows the von Mises stress distribution corresponding of a load orientation of
130°.
theta0(14)=130 deg Surface: von Mises stress (N/m”®) Arrow Surface: Load (Spatial)
0 %x10°

1.4

Figure 4: Von Mises stvess for parameter theta0 = 130°.

Figure 5 shows that the x-component of the reaction force in all bolts for all load cases.

T T T T T T T -S=r T
600

@ —%— Bolt 1
5001} —6— Bolt2 | |
—6— Bolt 3
400} Bolt 4 | -

[Q]

300

o

-100} ] —

-200 b

Reaction force, x component (N)
o
T
1

Q

-300f .
-400 .
500 .
-600 - g

1 1 h 1
100 120 140 160

80
thetaO (deg)

Figure 5: Reaction forces (x-component) as a function of angle.
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Figure 6 shows the y-component and Figure 7 shows the z-component of the of the
reaction force in all bolts for all load cases.

—¥— Bolt 1
—6— Bolt 2
—— Bolt 3
300 Bolt 4 |

Reaction force, y component (N)
o
T
1

80 100 120 140 160
thetaO (deg)

Figure 6: Reaction forces (y-component) as a function of angle.
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Figure 7: Reaction forces (z-component) as a function of lond angle.
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Notes About the COMSOL Implementation

COMSOL Multiphysics has two ways to perform parametric studies—using either a
Parametric Sweep node or the Auxiliary sweep from the Stationary Solver node. In this
example, either method can be used. and the continuation feature in the Solver node is
used. An Auxiliary sweep is used here, but the continuation solver is not used. The
continuation solver uses the solution from the previous parameter as an initial guess to
calculate the current parameter value, and is the preferred option for nonlinear problems.
Using the Parametric Sweep node is preferable for applications requiring, for example,

geometric parametrization.

Application Library path: Structural Mechanics_Module/Tutorials/
bracket_parametric

Parametric studies can be set up from scratch or, as in this example, added to an existing

study.
From the File menu, choose Open.

Browse to the application’s Application Libraries folder and double-click the file
bracket_static.mph.

Click the Zoom Extents button on the Graphics toolbar.

GLOBAL DEFINITIONS
In this model, the stress in the bracket is computed for different load orientations. First

add a parameter to set the load direction angle.

Parameters

I In the Model Builder window, expand the Global Definitions node, then click Parameters.
2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

thetal 0[deg] 0 rad Load direction angle

DEFINITIONS

Create a selection for the right hole carrying the load.
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Explicit 5
I On the Definitions toolbar, click Explicit.

In the Settings window for Explicit, type Right hole in the Label text field.

Locate the Input Entities section. From the Geometric entity level list, choose Boundary.

2
3
4 Seclect Boundary 4 only.
5 Select the Group by continuous tangent check box.
Create a selection for the left hole carrying the load.
Explicit 6
I On the Definitions toolbar, click Explicit.
2 In the Settings window for Explicit, type Left hole in the Label text field.
3 Locate the Input Entities section. From the Geometric entity level list, choose Boundary.
4 Seclect Boundary 42 only.

5 Select the Group by continuous tangent check box.
You will now create a local coordinate system that will rotate with the load orientation.

Cylindrical System 2 (sys2)
I On the Definitions toolbar, click Coordinate Systems and choose Cylindrical System.
2 In the Settings window for Cylindrical System, locate the Settings section.

3 Find the Origin subsection. In the table, enter the following settings:

x (m) y (m) z (m)

0 YC 0

4 Find the Longitudinal axis subsection. In the table, enter the following settings:

x y z

0

5 Find the Direction of axis $=0 subsection. In the table, enter the following settings:

Y z

sin(thetaO) cos(theta0)

Analytic | (load)
Change the expression of the load distribution.

I In the Model Builder window, under Component | (compl)>Definitions click Analytic |
(load).
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2 In the Settings window for Analytic, locate the Definition section.
3 In the Expression text field, type F*cos(p).
4 In the Arguments text field, type F, p.

5 Locate the Units section. In the Arguments text field, type Pa, rad.

SOLID MECHANICS (SOLID)

Change the boundary load to consider the parameterized direction.

Boundary Load |
I In the Model Builder window, expand the Component | (comp1)>Solid Mechanics (solid)
node, then click Boundary Load 1.

2 In the Settings window for Boundary Load, locate the Boundary Selection section.
3 From the Selection list, choose Right hole.

4 Locate the Coordinate System Selection section. From the Coordinate system list, choose

Cylindrical System 2 (sys2).

5 Locate the Force section. Specify the Fp vector as

load(-P0O,sys2.phi)*(abs(sys2.phi)>pi/2) r
0 phi
0 a

Boundary Load 2
I On the Physics toolbar, click Boundaries and choose Boundary Load.

2 In the Settings window for Boundary Load, locate the Boundary Selection section.
3 From the Selection list, choose Left hole.

4 Locate the Coordinate System Selection section. From the Coordinate system list, choose

Cylindrical System 2 (sys2).

5 Locate the Force section. Specify the F vector as

load(P0O,sys2.phi)*(abs(sys2.phi)<pi/2) r

0 phi
0 a
STUDY |

Add an auxiliary sweep parameter, and compute the results.
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Step |: Stationary
I In the Model Builder window, expand the Study | node, then click Step I: Stationary.

2 In the Settings window for Stationary, click to expand the Study extensions section.
3 Locate the Study Extensions section. Select the Auxiliary sweep check box.
4 Click Add.

5 In the table, enter the following settings:

Parameter name Parameter value list Parameter unit

theta0 range(0,10,160) deg

6 From the Run continuation for list, choose No parameter.
7 On the Home toolbar, click Compute.
The default plot shows the solution for the last parameter value (160[deg]). You can casily

change the parameter value to display the plot and then compare solutions for different

load cases.

The following instructions reproduce Figure 2 to Figure 4.

RESULTS

Stress (solid)

I In the Model Builder window, under Results click Stress (solid).
In the Settings window for 3D Plot Group, locate the Data section.
From the Parameter value (theta0 (deg)) list, choose 0.
On the Stress (solid) toolbar, click Plot.

From the Parameter value (theta0 (deg)) list, choose 90.

From the Parameter value (theta0 (deg)) list, choose 130.

2
3
4
5
6 On the Stress (solid) toolbar, click Plot.
7
8 On the Stress (solid) toolbar, click Plot.
9

Click the Zoom Extents button on the Graphics toolbar.

Derived Values
You will now create a plot showing how the reaction forces vary with the load angle.

I In the Model Builder window, under Results right-click Derived Values and choose Clear
All.

2 On the Results toolbar, click Evaluate All.
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ID Plot Group 4
I On the Results toolbar, click 1D Plot Group.

2 In the Settings window for 1D Plot Group, type Reaction force, x component in
the Label text field.

Table Graph |

I On the Reaction force, x component toolbar, click Table Graph.
In the Settings window for Table Graph, locate the Data section.
From the Plot columns list, choose Manual.
In the Columns list, select Reaction force, x component (N).

Locate the Coloring and Style section. In the Width text field, type 3.

2
3
4
5
6 Find the Line markers subsection. From the Marker list, choose Asterisk.
7 Click to expand the Legends section. Select the Show legends check box.
8 From the Legends list, choose Manual.

9

In the table, enter the following settings:

Legends
Bolt 1

Table Graph 2

I Right-click Table Graph I and choose Duplicate.

2 In the Settings window for Table Graph, locate the Data section.
3 From the Table list, choosc Reaction force, bolt 2.

4 Locate the Coloring and Style section. Find the Line markers subsection. From the Marker

list, choose Circle.
5 In the Number text field, type 7.

6 Locate the Legends section. In the table, enter the following settings:

Legends
Bolt 2

7 Repeat the steps above to add two more table graphs, with the following properties:

Table Marker style Number of markers Legend
Reaction force, bolt 3 Diamond 9 Bolt 3
Reaction force, bolt 4 Triangle 10 Bolt 4
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8 On the Reaction force, x component toolbar, click Plot to show Figure 5.

Reaction force, x component
In the Model Builder window, under Results right-click Reaction force, x component and

choose Duplicate.

Reaction force, x component |
In the Settings window for 1D Plot Group, type Reaction force, y component in the
Label text field.

Table Graph |
I In the Model Builder window, expand the Results>Reaction force, y component node, then
click Table Graph I.

2 In the Settings window for Table Graph, locate the Data section.

3 In the Columns list, select Reaction force, y component (N).

4 Make the same change in the next three table graphs.

5 On the Reaction force, y component toolbar, click Plet to show Figure 6.
Reaction force, y component

In the Model Builder window, under Results right-click Reaction force, y component and

choose Duplicate.

Reaction force, y component |
In the Settings window for 1D Plot Group, type Reaction force, z component in the
Label text field.

Table Graph |
I In the Model Builder window, expand the Results>Reaction force, z component node, then
click Table Graph 1.

In the Settings window for Table Graph, locate the Data section.

2
3 In the Columns list, select Reaction force, z component (N).
4 Make the same change in the next three table graphs.

5

On the Reaction force, z component toolbar, click Plot to show Figure 7.
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Created in COMSOL Multiphysics 5.2a

Bracket—Rigid Connector Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

Rigid connectors provides an alternative way for modeling of geometrical parts that are of
low interest in the analysis and have a negligible deformation. Such parts can be replaced
with virtual rigid bodies with appropriate boundary condition. This saves computational

time and memory.

In this example, you study the stress in a bracket connected to a pin where a load is applied.
The pin is simulated as a rigid connector.

It is recommended you review the Introduction to the Structural Mechanics Module,
which includes background information and discusses the bracket_basic.mph model

relevant to this example.

Model Definition

This model is an extension to the example described in the section “The Fundamentals: A
Static Linear Analysis” in the Introduction to the Structural Mechanics Module.

The model geometry is represented in Figure 1.

Y\T/',(

Figuve 1: Bracket geometry.

A pin is connected between the bracket hole where a load is applied. The pin is assumed
to be perfectly rigid and modeled with a rigid connector. Thus the pin is not represented

in the model geometry. Figure 2 below shows the boundaries connected to the rigid
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connector and the position of its center of rotation.

Figure 2: Center of rotation of the rigid connector applied to the bracket geometry.
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Results and Discussion

Figure 3 shows the von Mises stress on a deformed geometry. You can see the effect that
the pin’s rotation and applied force has on the bracket arms.

Surface: von Mises stress (N/m°)

0 %x10°

1.5
0.05
0
1
-0.05
0.5

y\L,x 0.1

Figure 3: Von Mises stvess distribution.

Notes About the COMSOL Implementation

The rigid connector has the translational and rotational degrees of freedom of a rigid body.
Options for this feature include applying an external load or moment to the rigid body, or
defining mass and moments of inertia in dynamic analyses. The rigid connector can also

be used to apply loads and constraints at points so that these are distributed and thereby

preventing singularities.

To visualize the position of the center of rotation you need to enable the physics symbols.
This is done in the File menu, where you select Preferences. In the Preferences window, click

Graphics and Plot Windows. In the Visualization section select Show physics symbols.
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Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_rigid_connector

Modeling Instructions

From the File menu, choose Open.

Browse to the application’s Application Libraries folder and double-click the file
bracket_basic.mph.

SOLID MECHANICS (SOLID)

Rigid Connector |
I On the Physics toolbar, click Boundaries and choose Rigid Connector.

Now add a rigid connector that connects the holes in the bracket arms to simulate the

presence of the pin.
2 Seclect Boundaries 4, 5,42, and 43 only.

By default the location of the center of rotation is computed automatically. You can also
manually specify its location.

3 In the Settings window for Rigid Connector, locate the Center of Rotation section.
4 From the list, choose User defined.

5 Specify the X, vector as

0 X

-0.40 Y

-0.10 Z

To visualize its position you need to enable the physics symbols. This is done in the
Options menu, where you select Preferences. In the Preferences window, click Graphics.

In the Visualization section select Show physics symbols.

The displacements of the rigid connector are constrained in the x and z directions at its

center of rotation.

6 Locate the Prescribed Displacement at Center of Rotation section. Select the Prescribed in

x direction check box.

7 Select the Prescribed in z direction check box.
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8 Locate the Prescribed Rotation scction. From the By list, choose Prescribed rotation.
Apply a prescribed rotation of the rigid body of 0.05 degrees around the y-axis.

9 Specify the Q vector as

0 x
L
0

10 In the ¢ text field, type 0.05[deg].
Applied Force |
I Right-click Rigid Connector | and choose Applied Force.
Apply an external load of 10 kN at the center of rotation of the rigid body.
2 In the Settings window for Applied Force, locate the Applied Force section.

3 Specity the F vector as

0 X

-10[kN] 'y
0 z
ADD STUDY

I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subsection. In the Select Study tree, sclect Preset Studies>Stationary.
4 Click Add Study in the window toolbar.

5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 1

Step [: Stationary
On the Home toolbar, click Compute.

RESULTS

Stress (solid)
I Click the Zoom Extents button on the Graphics toolbar.

The default plot shows the von Mises stress on a deformed geometry.
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Created in COMSOL Multiphysics 5.2a

Bracket—Shell Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The various examples of a bracket form a suite of tutorials which summarizes the
fundamentals when modeling structural mechanics problems in COMSOL Multiphysics
and the Structural Mechanics Module.

In this example you study the stress in a bracket subjected to external loads. The thin parts
with constant thickness are modeled with the Shell interface and the transition regions
where 3D effects are important are modeled using the Solid Mechanics interface. This

example also shows how to connect shell elements with solid elements.

For thin geometries it can be more efficient to use shell elements instead of solid elements,
thus saving computational time and memory. The Shell interface in the Structural

Mechanics Module can be used to model structures approximated by thin and thick shells.
There is also a similar Plate interface for 2D problems. The thickness of the shell or plate

is taken into account in the equations instead of being explicitly modeled in the geometry.

It is recommended that you review the Introduction to the Structural Mechanics
Module, which includes background information and discusses the bracket_basic.mph

model relevant to this example.

Model Definition

The various models described in the section “The Fundamentals: A Static Linear Analysis”
in the Introduction to the Structural Mechanics Module.

The parts of the geometry modeled with shells is shown in Figure 1 and the parts modeled
with solids are shown in Figure 2. The shell surfaces are obtained from the 3D geometry

using a partition operation.
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Figuve 1: Shell domains in the bracket geometry.

Figure 2: Solid domains in the bracket geometry.



The load is applied along the edge at the bracket holes.

Results and Discussion

The Shell interface generates a default plot which indicates the physical location of top and
bottom surfaces, as well as the local coordinate system used for material input and stress
output. Especially when working with offsets, this is an excellent tool for checking that the
input data is correct. This plot is shown in Figure 3.

Undeformed Geometry (shell)
0

"~ 0.05

-0.05

Figure 3: The shell geometry plot. Gray indicates top surface and yellow indicates bottom
surfaoce.

Figure 4 shows the first principal strain on a deformed geometry in the solid domain and
at the top shell surfaces. The continuity over the transition between the shell and the solid
is very good.
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Figure 4: First principal strain distribution in the solid and at the top of the shell.

Figure 5 shows the principal stress at the bottom shell surfaces.

Principal Etress

0.05

Y‘\L'x h -0.05

Figure 5: Principal stress at the bottom shell surface.
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The table below lists the reaction force in the x, y and z directions in each bolts.

TABLE |I: REACTION FORCE IN BOLT

XDIRECTION (KN)  Y-DIRECTION (KNy _ Z-DIRECTION (KNy
Bolt | 045 030 252
Bolt 2 045 0.8 169
Bolt 3 045 030 252
Bolt 4 045 008 1.69

You can compare the results obtained with the Shell interface and the initial model that
used the Solid Mechanics interface (see the Results section in the tutorial Bracket—Static
Analysis).

Notes About the COMSOL Implementation

You can specify an offset in the shell definition if the meshed surface is not the same as the

midsurface of the real geometry.

The Shell connection and Solid connection nodes are used for connecting shell surfaces and

edges to solid boundaries.

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_shell

From the File menu, choose New.

NEW

In the New window, click Model Wizard.

MODEL WIZARD
I In the Model Wizard window, click 3D.

In the Select Physics tree, select Structural Mechanics>Shell (shell).

Click Add.

Click Add.

2
3
4 In the Select Physics tree, select Structural Mechanics>Solid Mechanics (solid).
5
6 Click Study.
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7 In the Select Study tree, sclect Preset Studies for Selected Physics Interfaces>Stationary.
8 Click Done.

GLOBAL DEFINITIONS

Parameters

I On the Home toolbar, click Parameters.

2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

PO 2.5[MPa] 2.5E6 Pa Peak load intensity

YC -300[mm] -03m Y coordinate of hole center
GEOMETRY |

Import | (impl)
I On the Home toolbar, click Import.

In the Settings window for Import, locate the Import section.

2
3 From the Source list, choose COMSOL Multiphysics file.
4 Click Browse.

5

Browse to the application’s Application Libraries folder and double-click the file
bracket.mphbin.

6 Click Import.
Model the flat parts of the bracket with shell elements and the connections with solid
elements.

Work Plane | (wpl)

I On the Geometry toolbar, click Work Plane.
In the Settings window for Work Plane, locate the Plane Definition section.

2

3 From the Plane type list, choosc Face parallel.
4 On the object impl, select Boundary 8 only.
5

Click to expand the Local coordinate system scction. Locate the Local Coordinate System

section. From the Origin list, choose Vertex projection.
6 Find the Vertex for origin subsection. Select the Active toggle button.

7 On the object impl, select Point 80 only.
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8 Click Show Work Plane.

Rectangle | (rl)

I On the Work Plane toolbar, click Primitives and choose Rectangle.

2 In the Settings window for Rectangle, locate the Size and Shape section.
3 In the Width text field, type 22[mm].

4 In the Height text field, type 22[mm].

Move | (movl)

I On the Work Plane toolbar, click Transforms and choose Move.

2 Select the object rl only.

3 In the Settings window for Move, locate the Input section.

4 Seclect the Keep input objects check box.

5 Locate the Displacement section. In the yw text field, type 0.1-22e-3.
Move 2 (mov2)

I On the Work Plane toolbar, click Transforms and choose Move.

2 Click in the Graphics window and then press Ctrl+A to select both objects.
3 In the Settings window for Move, locate the Input section.

4 Seclect the Keep input objects check box.

5 Locate the Displacement section. In the xw text field, type 0.215-0.022.

Work Plane | (wpl)
In the Model Builder window, under Component | (compl)>Geometry | click Work Plane |

(wpl).

Extrude | (extl)
I Right-click Component | (compl)>Geometry 1>Work Plane | (wpl) and choose Build
Selected.

2 On the Geometry toolbar, click Extrude.
3 In the Settings window for Extrude, locate the Distances from Plane section.

4 In the table, enter the following settings:

Distances (m)

0.112

5 Select the Reverse direction check box.
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Partition Objects | (parl)
I Right-click Extrude I (extl) and choose Build Selected.

On the Geometry toolbar, click Booleans and Partitions and choose Partition Objects.
Select the object impl only.
In the Settings window for Partition Objects, locate the Partition Objects section.

2
3
4
5 Find the Tool objects subsection. Select the Active toggle button.
6 Sclect the object extl only.

7

Right-click Partition Objects | (parl) and choose Build Selected.

DEFINITIONS

Cylindrical System 2 (sys2)

I On the Definitions toolbar, click Coordinate Systems and choose Cylindrical System.
2 In the Settings window for Cylindrical System, locate the Settings section.

3 Find the Origin subsection. In the table, enter the following settings:

x (m) y (m) z (m)

0 YC 0

4 Find the Longitudinal axis subsection. In the table, enter the following settings:

0

5 Find the Direction of axis $=0 subsection. In the table, enter the following settings:

z

0 1

Now define the load distribution to be applied on the bracket holes.

Analytic | (anl)
I On the Definitions toolbar, click Analytic.

In the Settings window for Analytic, type load in the Function name text field.

Locate the Definition section. In the Expression text field, type F*abs(cos(p)).

2

3

4 In the Arguments text field, type F, p.

5 Locate the Units section. In the Arguments text field, type Pa, rad.
6

In the Function text field, type Pa.
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Explicit |
I On the Definitions toolbar, click Explicit.
In the Settings window for Explicit, type Shell in the Label text field.
Locate the Input Entities section. From the Geometric entity level list, choose Boundary.

2
3
4 Click the Wireframe Rendering button on the Graphics toolbar.
5 Select Boundaries 1, 32, 37, 50, and 86 only.

6

Click the Zoom Extents button on the Graphics toolbar.
Explicit 2
I On the Definitions toolbar, click Explicit.
2 In the Settings window for Explicit, type Solid in the Label text field.
3 Select Domains 2, 3, 7, and 8 only.
Explicit 3
I On the Definitions toolbar, click Explicit.
2 In the Settings window for Explicit, type Bolt holes in the Label text field.
3 Locate the Input Entities section. From the Geometric entity level list, choose Edge.
4 Sclect Edges 84, 85, 89,90, 120, 121, 125, and 126 only.

5 Select the Group by continuous tangent check box.

MATERIALS

Add structural steel material properties to both domains and boundaries.

ADD MATERIAL

I On the Home toolbar, click Add Material to open the Add Material window.
Go to the Add Material window.
In the tree, select Built-In>Structural steel.

Click Add to Component in the window toolbar.

2

3

4

5 In the tree, select Built-In>Structural steel.

6 Click Add to Component in the window toolbar.
7

On the Home toolbar, click Add Material to close the Add Material window.
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MATERIALS

Structural steel (matl)
I In the Model Builder window, under Component | (compl)>Materials click Structural steel
(matl).

2 In the Settings window for Material, locate the Geometric Entity Selection section.
3 From the Geometric entity level list, choosc Boundary.

4 From the Selection list, choose Shell.

Structural steel | (mat2)

I In the Model Builder window, under Component | (comp |)>Materials click Structural steel
I (mat2).

2 In the Settings window for Material, locate the Geometric Entity Selection section.

3 From the Selection list, choose Solid.

SHELL (SHELL)
I In the Model Builder window, under Component 1 (compl) click Shell (shell).

In the Settings window for Shell, locate the Boundary Selection section.
From the Selection list, choose Shell.

2
3
4 Locate the Thickness section. In the d text field, type 8[mm].
5 From the Offset definition list, choose Physical offset.

6

In the zgpet text field, type -4[mm].
Fixed Constraint |
I On the Physics toolbar, click Edges and choose Fixed Constraint.
2 In the Settings window for Fixed Constraint, locate the Edge Selection section.
3 From the Selection list, choose Bolt holes.
Edge Load |
I On the Physics toolbar, click Edges and choose Edge Load.
2 Seclect Edges 4 and 188 only.
3 In the Settings window for Edge Load, locate the Coordinate System Selection section.
4 From the Coordinate system list, choose Cylindrical System 2 (sys2).
5

Locate the Force section. From the Load type list, choose Load defined as force per unit

area.
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6 Specify the Fp vector as

load(P0O,sys2.phi) r
0 phi
0 a

You will now define shell edges connected to the solid boundaries.
Solid Connection |
I On the Physics toolbar, click Edges and choose Solid Connection.
2 Select Edges 12, 15,17, 18, 66, 73,130,137, 191, and 193-195 only.
3 In the Settings window for Solid Connection, locate the Solid Connection section.

4 From the Connection type list, choose Simplified.

SOLID MECHANICS (SOLID)

Define the shell connection on the solid boundaries.

I In the Model Builder window, under Component | (compl) click Solid Mechanics (solid).
2 In the Settings window for Solid Mechanics, locate the Domain Selection section.

3 From the Selection list, choose Solid.

Shell Connection |

I On the Physics toolbar, click Boundaries and choose Shell Connection.

2 Sclect Boundaries 9, 11, 13, 14, 30, 34, 58, 62, 80, 81, 83, and 84 only.

3 In the Settings window for Shell Connection, locate the Shell Connection section.

4 From the list, choose Solid Connection I (shell).

MESH 1|
In the Model Builder window, under Component | (compl) right-click Mesh 1 and choose

Free Tetrahedral.

Free Tetrahedral |

I In the Settings window for Free Tetrahedral, locate the Domain Selection section.
2 From the Geometric entity level list, choose Domain.

3 From the Selection list, choose Solid.

Free Triangular |

I In the Model Builder window, right-click Mesh | and choose More Operations>Free

Triangular.
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2 In the Settings window for Free Triangular, locate the Boundary Selection section.
3 From the Selection list, choose Shell.

4 Click Build All.

Size

I In the Settings window for Size, locate the Element Size section.

2 From the Predefined list, choose Finer.

3 Click Build All.

STUDY 1

Solution | (soll)
I On the Study toolbar, click Show Default Solver.

2 In the Model Builder window, expand the Solution I (soll) node.
3 Right-click Stationary Solver 1 and choose Fully Coupled.
4 In the Model Builder window, click Solution 1 (soll).

5 In the Settings window for Solution, click Compute.

RESULTS

Stress (shell)
I In the Model Builder window, under Results click Stress (shell).

2 On the Stress (shell) toolbar, click Plot.
3 Click the Zoom Extents button on the Graphics toolbar.
The first default plot shows the maximum stress in the shell.
Undeformed Geometry (shell)
I In the Model Builder window, under Results click Undeformed Geometry (shell).
2 On the Undeformed Geometry (shell) toolbar, click Plot.
3 Click the Zoom Extents button on the Graphics toolbar.
The second default plot shows the shell geometry, and the directions of the local
coordinate axes.
3D Plot Group 4
I On the Home toolbar, click Add Plet Group and choose 3D Plot Group.

2 In the Settings window for 3D Plot Group, type Principal Stress Bottom in the
Label text field.
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Principal Stress Surface |
I On the Principal Stress Bottom toolbar, click More Plots and choose Principal Stress

Surface.
2 In the Settings window for Principal Stress Surface, locate the Coloring and Style section.
3 From the Arrow length list, choose Logarithmic.

You can also manually define where in the thickness direction of the shell you want to
plot the results. Do this by changing the location in the Surface Settings window under
the Parameters section. There the parameter shell.z defines the height of evaluation

in shell: 1 for the top surface, 0 for the mid-plane, and -1 for the bottom surface.

4 Locate the Principal Components section. Find the Parameters subsection. In the table,

enter the following settings:

Name Value Unit Description
shell.z -1 Height of evaluation in shell,  Local z-coordinate [-1,1] for
[-1,1] thickness-dependent results

5 Locate the Coloring and Style section. In the Number of arrows text field, type 500.
6 On the Principal Stress Bottom toolbar, click Plot.
To plot shell and solid results in the same figure as in Figure 3, follow the steps below.
3D Plot Group 5
I On the Home toolbar, click Add Plot Group and choose 3D Plot Group.

2 In the Settings window for 3D Plot Group, type Principal Strain in the Label text
field.

3 Click to expand the Title section. From the Title type list, choose Manual.
4 In the Title text area, type First principal strain.
Surface |
I Right-click Principal Strain and choose Surface.
In the Settings window for Surface, locate the Expression section.
In the Expression text field, type shell.ep1.
Click to expand the Range section. Select the Manual color range check box.

2

3

4

5 In the Maximum text field, type 2.0E-4.
6 On the Principal Strain toolbar, click Plot.
7

Right-click Results>Principal Strain>Surface | and choose Deformation.
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Surface |
I In the Model Builder window, expand the Results>Stress (solid) node.

2 Right-click Surface 1 and choose Copy.

Principal Strain
In the Model Builder window, under Results right-click Principal Strain and choose Paste

Surface.

Surface 2
I In the Settings window for Surface, locate the Expression section.

2 In the Expression text field, type solid.epl.

3 Click to expand the Inherit style section. Locate the Inherit Style section. From the Plot

list, choose Surface 1.

4 On the Principal Strain toolbar, click Plot.

Derived Values
The last step is to evaluate the reaction forces at the edges which represent the mounting
bolts.

Line Integration |

I On the Results toolbar, click More Derived Values and choose Integration>Line
Integration.

2 Click the Zoom Box button on the Graphics toolbar.

3 Select Edges 84 and 85 only.

4 In the Settings window for Line Integration, click Replace Expression in the upper-right

corner of the Expressions section. From the menu, choose Component 1>Shell>

Reactions>Reaction force (Spatial)>shell.RFx - Reaction force, x component.

5 Locate the Expressions section. In the table, enter the following settings:

Expression Unit Description

shell.RFx KN Reaction force, x component

6 Click Evaluate.
7 In the Settings window for Line Integration, locate the Expressions section.

8 In the table, enter the following settings:

Expression Unit Description

shell.RFy kN Reaction force, y component
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9 Click Evaluate.
10 In the Settings window for Line Integration, locate the Expressions section.

Il In the table, enter the following settings:

Expression Unit Description

shell.RFz KN Reaction force, z component

12 Click Evaluate.

Table |

I In the Model Builder window, expand the Results>Tables node, then click Table 1.

2 In the Settings window for Table, type Reaction force bolt 1 in the Label text field.
Reaction Forces for the Remaining Bolts.

I Compute the bolt forces for the remaining three bolts. Repeat the above instructions
for Line integration and Table by adjusting for the data from the table below.

2 In the table, enter the following settings:

Line integration Select edges Default table New table label
name

Line integration 2 89, 90 Table 2 Reaction force bolt
2

Line integration 3 120, 121 Table 2 Reaction force bolt
3

Line integration 4 125, 126 Table 2 Reaction force bolt
4
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Created in COMSOL Multiphysics 5.2a

Bracket—Spring Foundation Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

A fixed, fully constrained, boundary condition contains the assumption that the analyzed
structure is attached to an infinitely stiff support. While in many cases this is a good
approximation, sometimes you may need to consider the stiffness of the supporting
structure in your model. In COMSOL Multiphysics you can do this by using the Spring

Foundation boundary condition.

In this example, you study the stress in a bracket subjected to external loads. The stiftness
of the mounted bolts connecting support is modeled with spring foundations.

It is recommended you review the Introduction to the Structural Mechanics Module,
which includes background information and discusses the bracket_basic.mph model

relevant to this example.

Model Definition

This model is an extension to the model example described in the section “The
Fundamentals: A Static Linear Analysis” in the Introduction to the Structural Mechanics
Module.

The model geometry is represented in Figure 1.
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Figure 1: Bracket geometry.

The load is applied in the positive z-direction in the bracket left arm and in the negative
z-direction in the bracket right arm.

The bolts are assumed to be elastic, defined with spring foundations.

Results and Discussion

Figure 2 shows the von Mises stress on a deformed geometry.
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Figure 2: The Von Mises stress distribution.

The maximum stress in the bracket when connected using spring connection is about
124 MPa. This is slightly lower as compared to the case using rigidly mounted bolts (see
the Results section in the tutorial Bracket - Static analysis) that give a maximum stress
about 175 MPa. The difference in the stress is caused by the structural flexibility that a

spring connection provides.

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_spring

Modeling Instructions

From the File menu, choose Open.

Browse to the application’s Application Libraries folder and double-click the file
bracket_basic.mph.
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COMPONENT I (COMPI)

In the Model Builder window, expand the Component | (compl) node.

GLOBAL DEFINITIONS

Add the two new parameters for the spring coefficients of the external structure to the
table.

Parameters
I On the Home toolbar, click Parameters.
2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

PO 2.5[MPa] 2.5E6 Pa Peak load intensity

YC -300[mm] -03m Y coordinate of hole center

kxy 1e6[N/m] 1E6 N/m Spring coefficient in x and y
direction

kz 1e8[N/m] 1E8 N/m Spring coefficient in z direction

DEFINITIONS

Analytic | (anl)

I On the Home toolbar, click Functions and choose Local>Analytic.

2 In the Settings window for Analytic, type load in the Function name text field.

3 Locate the Definition section. In the Expression text field, type F*cos (atan2(py,
abs(px))).

4 In the Arguments text field, type F, py, px.

5 Locate the Units section. In the Arguments text field, type Pa, m, m.

6 In the Function text field, type Pa.

SOLID MECHANICS (SOLID)

Boundary Load |

I On the Physics toolbar, click Boundaries and choose Boundary Load.
Apply a boundary load to the bracket holes.

2 Sclect Boundaries 4 and 43 only.

3 In the Settings window for Boundary Load, locate the Coordinate System Selection
section.
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4 From the Coordinate system list, choose Boundary System | (sysl).

5 Locate the Force section. Specify the F' vector as

0 tl
0 t2
load(-P0O,Y-YC,Z) n

Fixed Constraint |
In the Model Builder window, under Component | (comp1)>Solid Mechanics (solid)

right-click Fixed Constraint 1 and choose Disable.

Spring Foundation |

I On the Physics toolbar, click Boundaries and choose Spring Foundation.
In the Settings window for Spring Foundation, locate the Boundary Selection section.
From the Selection list, choose Bolt holes.

2
3
4 Locate the Spring section. From the Spring type list, choose Total spring constant.
5 From the list, choose Diagonal.

6

In the ki table, enter the following settings:

kxy 0 0
0 kxy

0 0 kz
ADD STUDY

I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subsection. In the Select Study tree, sclect Preset Studies>Stationary.
4 Click Add Study in the window toolbar.

5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 1

Step |: Stationary
On the Home toolbar, click Compute.
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RESULTS

Stress (solid)
I Click the Zoom Extents button on the Graphics toolbar.

The default plot shows the von Mises effective stress distribution.
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Created in COMSOL Multiphysics 5.2a

Bracket—Static Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The various examples of a bracket form a suite of tutorials which summarizes the
fundamentals when modeling structural mechanics problems in COMSOL Multiphysics
and the Structural Mechanics Module.

This is the most fundamental model in the suite, and includes the definition of material
properties and boundary conditions. After the solution is computed, you learn how to
analyze results and check the reaction forces.

Model Definition

The model used in this guide is a bracket made of steel. This type of bracket can be used
to install an actuator that is mounted on a pin placed between the two holes in the bracket

arms. The geometry is shown in Figure 1.

z

Y\T/x

Figuve 1: Bracket geometry.

In this analysis, the mounting bolts are assumed to be fixed and securely bonded to the
bracket. One of the arms is loaded upwards, and the other downwards. The loads are
applied on the normal of the inner surfaces of the holes, and their intensity is Py cos(o),

where o is the angle from the direction of the loads. Figure 2 below shows the loads
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applied to the bracket.

Figure 2: Load distribution in the bracket arms.

Results

Figure 3 shows the von Mises stress distribution together with an exaggerated
(automatically scaled) picture of the deformation. The high stress values are located in the
vicinity of the mounting bolts and at the transition between the plates. The maximum von
Mises stress remains below the yield stress value for structural steel, which validates the

choice of a linear elastic material.
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Figure 3: Von Mises stvess distribution in the bracket under bending load in z-axis divection.

In Figure 4 you can see that the bracket base remains fixed while only the arms are
deformed. The maximum total displacement is about 0.2 mm, which is in agreement with

the assumption of small deformations.
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Surface: Total displacement (mm)

0.2
0.15
01
0.05
2z 0.1
Yq/v’:
0

Figure 4: Bracket total displacement.

Figure 5 shows the principal stresses in the bracket. The largest principal stress is shown
with red arrows, the intermediate principal stress with green arrows, and the smallest
principal stress with blue arrows.
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Principal stress

Figure 5: Principal stress in the bracket left arm.

In Table 1 you can see the reaction force in the x, ¥, and z directions in each bolt. In all
directions they sum is zero, which is a good check, since in this model there are no
resultant forces. The slight asymmetry can be attributed to that the mesh is not perfectly

symmetric.

TABLE |I: REACTION FORCE IN BOLT

mOowoRs  [miconee  [mimouone
Bolt | 451 300 2555
Bolt 2 -451 78 -1723
Bolt 3 453 -304 -2554
Bolt 4 -454 -75 1721

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_static
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Modeling Instructions

From the File menu, choose New.

NEW

In the New window, click Model Wizard.

The first step to build a model is to open COMSOL and then specity the type of analysis
you want to do - in this case, a stationary, solid mechanics analysis.

MODEL WIZARD
I In the Model Wizard window, click 3D.

2 In the Select Physics tree, select Structural Mechanics>Solid Mechanics (solid).
3 Click Add.

4 Click Study.

5 In the Select Study tree, select Preset Studies>Stationary.

6 Click Done.

GLOBAL DEFINITIONS

It is good modeling practice to gather the constants and parameters in one place so that
you can change them easily. Using parameters will also improve the readability of your
input data.

Parameters
I On the Home toolbar, click Parameters.
2 In the Settings window for Parameters, locate the Parameters section.

3 In the table, enter the following settings:

Name Expression Value Description

PO 2.5[MPa] 2.5E6 Pa Peak load intensity

YC -300[mm] -03m Y coordinate of hole center
GEOMETRY |

The next step is to create your geometry, which also can be imported from an external
program. COMSOL Multiphysics supports a multitude of CAD programs and file
formats. In this example, import a file in the COMSOL Multiphysics geometry file format
(.mphbin).
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Import | (impl)

|
2
3
4
5

6

On the Home toolbar, click Import.

In the Settings window for Import, locate the Import section.
From the Source list, choose COMSOL Multiphysics file.

Click Browse.

Browse to the application’s Application Libraries folder and double-click the file
bracket.mphbin.

Click Import.

Form Union (fin)

2

In the Model Builder window, under Component | (compl)>Geometry | right-click Form
Union (fin) and choose Build Selected.

Click the Zoom Extents button on the Graphics toolbar.

DEFINITIONS

Here you want to define an expression for the load applied to the load-carrying holes.

Assume the load distribution to be defined with a trigonometric function.

Analytic | (anl)

1
2
3

On the Home toolbar, click Functions and choose Local>Analytic.

In the Settings window for Analytic, type load in the Function name text field.
Locate the Definition section. In the Expression text field, type F*cos (atan2(py,
abs(px))).

In the Arguments text field, type F, py, px.

Locate the Units section. In the Arguments text field, type Pa, m, m.

In the Function text field, type Pa.

Explicit |

On the Definitions toolbar, click Explicit.

In the Settings window for Explicit, type Bolt 1 in the Label text field.

Locate the Input Entities section. From the Geometric entity level list, choose Boundary.
Select Boundary 18 only.

Select the Group by continuous tangent check box.
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6 Repeat the steps above to add three more explicit selections, with the following

properties:
Default node label New node label Select this boundary
Explicit 2 Bolt 2 20
Explicit 3 Bolt 3 31
Explicit 4 Bolt 4 33
Union |

I On the Definitions toolbar, click Union.

2 In the Settings window for Union, type Bolt holes in the Label text field.

3 Locate the Geometric Entity Level section. From the Level list, choose Boundary.
4 Locate the Input Entities section. Under Selections to add, click Add.
5

In the Add dialog box, In the Selections to add list, choose Bolt 1, Bolt 2, Bolt 3, and Bolt
4.

6 Click OK.

MATERIALS
COMSOL Multiphysics is equipped with built-in material properties for a number of
common materials. Here, choose structural steel. The material is automatically assigned to

all domains.

ADD MATERIAL
I On the Home toolbar, click Add Material to open the Add Material window.

2 Go to the Add Material window.
3 In the tree, select Built-In>Structural steel.
4 Click Add to Component in the window toolbar.

5 On the Home toolbar, click Add Material to close the Add Material window.

SOLID MECHANICS (SOLID)
By default, the Solid Mechanics interface assumes that the participating material models
are linear elastic, which is appropriate for this example. All that is left to do is to set the

constraints and loads.

Fixed Constraint |
I On the Physics toolbar, click Boundaries and choose Fixed Constraint.

2 In the Settings window for Fixed Constraint, locate the Boundary Selection section.
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3 From the Selection list, choose Bolt holes.

Apply a boundary load to the bracket holes. The predefined boundary system is used for

orienting the load in the normal direction.

Boundary Load |

I On the Physics toolbar, click Boundaries and choose Boundary Load.
2 Select Boundaries 4 and 43 only.

3 In the Settings window for Boundary Load, locate the Coordinate System Selection

section.
4 From the Coordinate system list, choose Boundary System | (sysl).

5 Locate the Force section. Specify the F' vector as

0 tl
0 t2
load(-P0O,Y-YC,Z) n

MESH 1|

Set the mesh size to be slightly finer than the default size.

I In the Model Builder window, under Component | (compl) click Mesh 1.
2 In the Settings window for Mesh, locate the Mesh Settings section.

3 From the Element size list, choose Fine.

The steps below show how to visualize the load distribution in the current geometry

before computing the solution.

STUDY 1

Stress (solid)
On the Study toolbar, click Get Initial Value.

Note that the Study node automatically defines a solver sequence for the simulation based

on the selected physics (Solid Mechanics) and study type (Stationary).

Since a mesh is required, and it has not been created yet, the Study node automatically
generates this at the same time as the solver sequence. In practice, do not rely only on the
standard mesh settings. For most real problems, suitable meshing parameters should be set

up from the Mesh toolbar.
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RESULTS

Stress (solid)
In the Model Builder window, under Results right-click Stress (solid) and choose Arrow

Surface.

Arrow Surface |

I In the Settings window for Arrow Surface, locate the Expression section.
In the X component text field, type solid.FperAreax.
In the Y component text field, type solid.FperAreay.

2

3

4 In the Z component text field, type solid.FperAreaz.

5 Locate the Coloring and Style section. From the Placement list, choose Mesh nodes.
6

On the Stress (solid) toolbar, click Plot.
Now, solve the model.
STUDY |
On the Home toolbar, click Compute.

The default plot shows the von Mises stress distribution, together with an exaggerated

(automatically scaled) picture of the deformation.

Add a plot group to display the displacement of the bracket.

RESULTS

3D Plot Group 2

I On the Home toolbar, click Add Plet Group and choose 3D Plot Group.

2 In the Settings window for 3D Plot Group, type Total displacement in the Label text
field.

Surface |

I Right-click Total displacement and choose Surface.

2 In the Settings window for Surface, locate the Expression section.

3 From the Unit list, choose mm.

4 On the Total displacement toolbar, click Plot.
Create another plot to display the principal stresses.

3D Plot Group 3
I On the Home toolbar, click Add Plet Group and choose 3D Plot Group.
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2 In the Settings window for 3D Plot Group, type Principal stress in the Label text
field.

Principal Stress Volume |

I On the Principal stress toolbar, click More Plots and choose Principal Stress Volume.
In the Settings window for Principal Stress Volume, locate the Pesitioning section.
Find the X grid points subsection. In the Points text field, type 30.
Find the Y grid points subsection. In the Points text field, type 60.

2

3

4

5 Find the Z grid points subsection. In the Points text field, type 15.

6 Locate the Coloring and Style section. From the Arrow length list, choose Logarithmic.
7

On the Principal stress toolbar, click Plot.

A final check is to compute the total reaction force along the x, y, and z directions. Use a

surface integration over the constrained boundaries.

Surface Integration |
I On the Results toolbar, click More Derived Values and choose Integration>Surface

Integration.
2 In the Settings window for Surface Integration, locate the Selection section.
3 From the Selection list, choose Bolt 1.

4 Locate the Expressions section. In the table, enter the following settings:

Expression Unit Description

solid.RFx N Reaction force, x component
solid.RFy N Reaction force, y component
solid.RFz N Reaction force, z component

5 Click Evaluate.

Table |

I In the Model Builder window, expand the Results>Tables node, then click Table 1.

2 In the Settings window for Table, type Reaction force, bolt 1 in the Label text field.

3 Repeat the previous steps three times to evaluate the reaction forces in all four bolts,
using the information in the table below.

Node label Choose selection New table node name

Surface integration 2 Bolt 2 Reaction force, bolt 2
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Node label Choose selection New table node name

Surface integration 3 Bolt 3 Reaction force, bolt 3

Surface integration 4 Bolt 4 Reaction force, bolt 4
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Created in COMSOL Multiphysics 5.2a

Bracket—Thermal-Stress Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The various examples of a bracket form a suite of tutorials which summarizes the
fundamentals when modeling structural mechanics problems in COMSOL Multiphysics
and the Structural Mechanics Module.

In this example you learn how to perform a thermal stress analysis.

Model Definition

The model used in this guide is an assembly of a bracket and its mounting bolts, which are
all made of steel. This type of bracket can be used to install an actuator that is mounted on
a pin placed between the two holes in the bracket arms. The geometry is shown in

Figure 1.

Y\I/x

In this example, a temperature distribution is computed in the bracket and the resulting
thermal stresses are determined.
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Results

Figure 1shows the temperature distribution in the bracket. The temperature is highest
where the inward heat flux is prescribed, and decreases as heat is removed by convection

from all other boundaries.

Surface: Temperature (K)

420
400
0.05
380
0
360
-0.05
340

-0.05

Y-J_," 320

Figure 1: Temperature distribution in the bracket.

Figure 2 shows the von Mises stress distribution in the bracket. You can see how the
bracket is deformed through thermal expansion. Due to the boundary conditions and the

non-uniform temperature distribution, thermal stresses develop in the structure.
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Surface: von Mises stress (N/m?)

0 x10°

0.05

-0.05 0.4

z

Y\L'x -0.1

Figuve 2: Von Mises stvess distribution in the bracket.

Notes About the COMSOL Implementation

COMSOL Multiphysics contains physics interfaces for structural analysis as well as thermal
analysis. You can set up the coupled analysis for thermal-structure interaction using three
different methods:

I Add a Thermal Stress interface as in this example. The coupling is predefined and appears
in the Thermal Expansion and Temperature Coupling nodes under Multiphysics. This is the

easiest approach.

2 Add separate Solid Mechanics and Thermal Stress interfaces. Then add Thermal Expansion

and Temperature Coupling nodes under Multiphysics, and check the settings in them.

3 Add separate Solid Mechanics and Thermal Stress interfaces. Add a Thermal Expansion
subnode under Linear Elastic Material, and do the appropriate settings there.

Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_thermal
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Modeling Instructions

From the File menu, choose New.

NEW

In the New window, click Model Wizard.

MODEL WIZARD
I In the Model Wizard window, click 3D.

2 In the Select Physics tree, sclect Structural Mechanics>Thermal Stress.

3 Click Add.

4 Click Study.

5 In the Select Study tree, sclect Preset Studies for Selected Physics Interfaces>Stationary.
6 Click Done.

GEOMETRY |

The Thermal Stress interface is a multiphysics interface that combines a Solid Mechanics
interface with a Heat Transfer in Solids interface. You can see the coupling between the
physics interfaces under the Multiphysics node.

Import | (impl)

I On the Home toolbar, click Import.
2 In the Settings window for Import, locate the Import section.
3 From the Source list, choose COMSOL Multiphysics file.

4 Click Browse.
5

Browse to the application’s Application Libraries folder and double-click the file
bracket.mphbin.

6 Click Import.
7 Click the Zoom Extents button on the Graphics toolbar.
Form Union (fin)

In the Model Builder window, under Component | (compl)>Geometry | right-click Form
Union (fin) and choose Build Selected.

ADD MATERIAL

I On the Home toolbar, click Add Material to open the Add Material window.

2 Go to the Add Material window.
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3 In the tree, select Built-In>Structural steel.
4 Click Add to Component in the window toolbar.

5 On the Home toolbar, click Add Material to close the Add Material window.

SOLID MECHANICS (SOLID)

Now specify the boundary conditions for the Solid Mechanics interface.
Roller |

I On the Physics toolbar, click Boundaries and choose Roller.

2 Sclect Boundaries 17 and 27 only.

Spring Foundation |

I On the Physics toolbar, click Boundaries and choose Spring Foundation.

2 Select Boundaries 18-21 and 31-34 only.

3 In the Settings window for Spring Foundation, locate the Spring section.
4 From the list, choose Diagonal.

5 In the kp table, enter the following settings:

1e7 0 0
0 1e7 0
0 0 0

HEAT TRANSFER IN SOLIDS (HT)

In the Model Builder window, under Component 1 (compl) click Heat Transfer in Solids (ht).
Heat Flux |

I On the Physics toolbar, click Boundaries and choose Heat Flux.

2 From the Selection list, choose All boundaries. Then remove boundaries 17 and 27.
3 In the Settings window for Heat Flux, locate the Heat Flux section.

4 Click the Convective heat flux button.

5 In the A text field, type 10.

Heat Flux 2

I On the Physics toolbar, click Boundaries and choose Heat Flux.

2 Select Boundaries 17 and 27 only.

3 In the Settings window for Heat Flux, locate the Heat Flux section.

4 In the g text field, type 1e4.
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STUDY |
On the Home toolbar, click Compute.

RESULTS

Stress (solid)
Under the Results node, three plot groups are automatically added to show the default
results for the structural and thermal analyses. The first plot group, Stress (solid),

shows the von Mises stresses on a scaled deformed geometry, as shown in Figure 2.

Temperature (ht)
The second plot group, Temperature (ht), displays the temperature distribution as

shown in Figure 1.
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Created in COMSOL Multiphysics 5.2a

Bracket—Transient Analysis

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

Transient analyses provide the time domain response of a structure subjected to
time-dependent loads. A transient analysis can be important when the time scale of the
load is such that inertial or damping effects might have a significant influence on the

behavior of the structure.

In this example you learn how to add damping properties to the material, define external

loads varying with time, set up time-stepping data for the study, and generate animations.

It is recommended you review the Introduction to the Structural Mechanics Module,
which includes background information and discusses the bracket_basic.mph models

relevant to this example.

Model Definition

This model is an extension to the example described in the section “The Fundamentals: A
Static Linear Analysis” in the Introduction to the Structural Mechanics Module.

The model geometry is represented in Figure 1.
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Figure 1: Bracket geometry.

A rigid body is assumed to be connected to the arms of the bracket on which the
time-varying load is applied.
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Results and Discussion

Figure 2 shows the rigid connector’s displacements at the center of rotation versus the

time.

Pin center of rotation displacement
0.65F T T T T n
0.6 —¥%— Rigid body displacement, x component | |

0.55- —e— Rigid body displacement, y component | |

05 —o— Rigid body displacement, z component
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

-0.05
-0.1
-0.15

0 5 10 15 20 25
Time (ms)

Figure 2: Displacement of the pin center of rotation vs time.

Notes About the COMSOL Implementation

To accurately model the physical problem, you need to apply damping in a dynamic
analysis. In COMSOL you have the possibility to add damping of several type: isotropic
loss factor, anisotropic loss factor or Rayleigh damping.

To implement time-dependent components you can enter expressions using the variable
t, the time variable in COMSOL Multiphysics.

The scaling of the displacement variables can be changed to correspond to the expected
deformations. Manual scaling is the default for the displacement variables. The default
manual scaling used for the structural displacement is 1,/100th of the geometry size,
which in this example is about 200 mm. In this case the expected deformations are in the
order of 0.1 mm. The manual scaling factor should thus be changed to 1074,
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Application Library path: Structural_Mechanics_Module/Tutorials/
bracket_transient

Modeling Instructions

From the File menu, choose Open.

Browse to the application’s Application Libraries folder and double-click the file
bracket_basic.mph.

SOLID MECHANICS (SOLID)

Linear Elastic Material |
In the Model Builder window, expand the Component | (compl)>Solid Mechanics (solid)
node, then click Linear Elastic Material 1.
Damping |
I On the Physics toolbar, click Attributes and choose Damping.
In this example, you will use Rayleigh damping.
2 In the Settings window for Damping, locate the Damping Settings section.
3 In the o4y, text field, type 50.
4 In the Byg text field, type 1e-4.
To represent the pin between the arms of the bracket you can use a rigid connector, to
which a load can be applied.
Rigid Connector |
I On the Physics toolbar, click Boundaries and choose Rigid Connector.
2 Select Boundaries 4, 5,42, and 43 only.
Applied Force |
I Right-click Rigid Connector | and choose Applied Force.
2 In the Settings window for Applied Force, locate the Applied Force section.

3 Specify the F vector as

100*sin(2*pi*t*200[1/s]) «x
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-11000 y
700*sin(2*pi*t*100[1/s]) z

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subscction. In the Select Study tree, sclect Preset Studies>Time
Dependent.

4 Click Add Study in the window toolbar.
5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 1

Step I: Time Dependent
I In the Settings window for Time Dependent, locate the Study Settings section.

2 From the Time unit list, choose ms.
3 In the Times text field, type range(0,0.25,25).

With this time stepping, the solver automatically stores the solution every 0.25 ms from
0 to 25 ms.

The time-dependent solver adapts its time stepping based on a tolerance criterion. This
ensures that the solver takes small enough time steps if large variations occur between

the specified output times.

4 Sclect the Relative tolerance check box.

5 In the associated text field, type 0.001.

6 Click to expand the Results while solving section. Locate the Results While Solving section.
Select the Plot check box.

Solution | (soll)

I On the Study toolbar, click Show Default Solver.

2 In the Model Builder window, expand the Solution I (soll) node.

3 In the Model Builder window, expand the Study 1>Solver Configurations>Solution |
(soll)>Dependent Variables | node, then click Displacement field (Material) (comp|.u).

4 In the Settings window for Field, locate the Scaling section.
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5 In the Scale text field, type 1e-4.

The computation can be speed up for a small model by disabling the convergence plot.
To do this, go to the Options menu and select Preferences. Under Results, click to clear

the Generate convergence plots check box.

6 On the Study toolbar, click Compute.

RESULTS

Stress (solid)
I Click the Zoom Extents button on the Graphics toolbar.

The default plot shows the stress distribution at the final time. You can change the time

for the plot display in the Time list of the plot group settings.

Plot the displacement of the center of rotation of the rigid body versus the time.
ID Plot Group 2
I On the Home toolbar, click Add Plot Group and choose 1D Plot Group.
2 In the Settings window for 1D Plot Group, click to expand the Title section.
3 From the Title type list, choose Manual.
4 In the Title text area, type Pin center of rotation displacement.
5 Click to expand the Legend section. From the Position list, choose Upper left.
Global |
I On the ID Plot Group 2 toolbar, click Global.
2 In the Settings window for Global, locate the y-Axis Data section.

3 In the table, enter the following settings:

Expression Unit Description

solid.rigl.u mm Rigid body displacement, x component
solid.rigl.v mm Rigid body displacement, y component
solid.rigl.w mm Rigid body displacement, z component

4 Click to expand the Legends section. Select the Show legends check box.

5 Click to expand the Coloring and style section. Locate the Coloring and Style section. Find

the Line markers subscction. From the Marker list, choose Cycle.
6 In the Width text field, type 3.
7 On the ID Plot Group 2 toolbar, click Plot.
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ID Plot Group 2
I In the Model Builder window, under Results click 1D Plot Group 2.

2 In the Settings window for 1D Plot Group, click to expand the Legend section.
3 From the Peosition list, choosc Upper right.
4 On the ID Plot Group 2 toolbar, click Plet.
To visualize the results in an animation, create a player.
Animation |
I On the Results toolbar, click Animation and choose File.
2 In the Settings window for Animation, locate the Target section.
3 From the Target list, choose Player.
4 Locate the Frames scction. From the Frame selection list, choose All.
5 Click Show Frame.

COMSOL Multiphysics generates the movie and then plays it. To replay the movie,
click the Play button on the Graphics toolbar.

If you want to export a movie in GIF, Flash, or AVI format, right-click Export and create

an Animation feature.
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Created in COMSOL Multiphysics 5.2a

Vibrations of a Disk Backed by an Air-Filled
Cylinder

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The vibration modes of a thin or thick circular disc are well known, and it is possible to
compute the corresponding eigenfrequencies with an arbitrary precision from a series
solution. The same is true for the acoustic modes of an air-filled cylinder with perfectly
rigid walls. A more interesting question to ask is: What happens if the cylinder is sealed in
one end not by a rigid wall but by a thin disc? This is the question you address in this

tutorial.

The application uses the Structural Mechanics Module’s Shell interface and the Pressure
Acoustics interface from COMSOL Multiphysics. If you have a license for the Acoustics
Module, see Vibrations of a Disk Backed by an Air-Filled Cylinder in the Acoustics Module
Application Libraries for a model version that uses the Acoustic-Shell Interaction,

Frequency Domain multiphysics interface.

Model Definition

The geometry is a rigid steel cylinder with a height of 255 mm and a radius of 38 mm.
One end is welded to a heavy slab, while the other is sealed with a steel disc only 0.38 mm
thick. The disc is modeled using shell elements with the outer edge of the disc fixed. The
acoustics in the cylinder is described in terms of the acoustic (differential) pressure. The

eigenvalue equation for the pressure is

0)2
Ap = —
p="3p

where c is the speed of sound and ® = 2nf defines the eigenfrequency, f.

A first step is to calculate the eigenfrequencies for the disc and the cylinder separately and
compare them with theoretical values. This way you can verify the basic components of the
model and assess the accuracy of the finite-element solution before modeling the coupled
system. In a second step you simulate a decoupled problem, where the acoustic domain is
completely surrounded by sound hard boundaries. In the third step you perform a coupled
analysis where the boundary at the disc instead has the accelerations of the disc as

boundary conditions. At the same time, the acoustic pressure supplies a load on the disc.
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Results and Discussion

To be able to study the effects of the coupling, we first look at the solution of the
uncoupled problem. Figure through Figure 4 show the two first uncoupled structural and

acoustic modes.
Eigenfrequency=672.2 Hz Surface: Displacement field, z component (mm)

200

Figure 1: First uncoupled structural mode vepresented with vertical displacement.
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Eigenfrequency=1401 (1) Hz Surface: Displacement field, z component (mm)
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Figure 2: Second uncoupled structural mode vepresented with vertical displacement.

Eigenfrequency=672.5 Hz Isosurface: Total acoustic pressure field (Pa)
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Figure 3: First uncoupled ncoustic mode vepresented with pressuve isosurfaces.
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Eigenfrequency=1345 Hz |sosurface: Total acoustic pressure field (Pa)
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Figure 4: Second uncoupled ncoustic mode represented with pressuve isosurfaces.

In Ref. 1, D.G. Gorman and others have thoroughly investigated the model at hand, and
they have developed a semi-analytical solution verified by experiments. Their results for the
coupled problem are presented in Table 1, together with the computed results from the
COMSOL Multiphysics analysis..

TABLE |: RESULTS FROM SEMI-ANALYTICAL AND COMSOL MULTIPHYSICS ANALYSIS AND EXPERIMENTAL DATA

Dominated by Semi-analytical (Hz) Computed (Hz) Experimental (Hz)

str/ac 636.9 637.2 630
str/ac 707.7 707.7 685
ac 1347 1347 1348
str 1394 1396/1397 1376
ac 2018 2018 2040
str 2289 2295/2307 2170
str/ac 2607 2628 2596
ac 2645 2646 -
str/ac 2697 2698 2689
ac 2730 2730 2756
ac 2968 2968 2971
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As the table shows, the computed eigenfrequencies are in good agreement with both the
theoretical predictions and the experimentally measured values. The table also states
whether the mode is structurally dominated (str), acoustically dominated (ac), or tightly
coupled (str/ac).The eigenfrequency precision is generally better for the acoustically
dominated modes.

Most of the modes show rather weak coupling between the structural bending of the disc
and the pressure field in the cylinder. It is, however, interesting to note that some of the
uncoupled modes have been split into one covibrating and one contravibrating mode with
distinct eigenfrequencies. This is, for example, the case for modes 1 and 2 in the FEM

solution.

In Figure 5 the first coupled mode is shown in terms of disc displacements and air pressure.
The coupling effect can be clearly displayed using a plot of pressure gradients, as in
Figure 6.

Eigenfrequency=637.2 Hz Surface: Displacement field, z component (mm)
Slice: Total acoustic pressure field (Pa)

%107
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s .

Figure 5: Disc deformation and pressuve contours for the first coupled mode.
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Eigenfrequency=637.2 Hz Surface: Displacement field, z component (mm)
Slice: Gradient of p, z component (Pa/m)
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Figure 6: Disc deformation and pressuve gradient contours for the first coupled mode.
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Notes About the COMSOL Implementation

You specify the part of the physics for which to compute the uncoupled eigenvalues by
selecting the variables for the eigenvalue solver.

When coupling the two types of physics, be careful when selecting the sign of the coupling
terms, so that they act in the intended direction. You should specify the acceleration in the
inward normal direction for the pressure acoustics domain, which in this case is the positive
z-acceleration of the disc. The acceleration is denoted wtt as it is the second
time-derivative of the variable w. The pressure on the shell can be given using global
directions, so that a positive pressure acts as a face load in the negative z-direction. This is
handled automatically by COMSOL in the setup in this example.
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Application Library path: Structural_Mechanics_Module/
Acoustic-Structure_Interaction/coupled_vibrations_manual

Modeling Instructions

From the File menu, choose New.

NEW

In the New window, click Model Wizard.

MODEL WIZARD
I In the Model Wizard window, click 3D.

2 In the Select Physics tree, select Structural Mechanics>Shell (shell).
3 Click Add.
4

In the Select Physics tree, select Acoustics>Pressure Acoustics>Pressure Acoustics,

Frequency Domain (acpr).
Click Add.
6 Click Study.

(%)

7 In the Select Study tree, sclect Preset Studies for Selected Physics Interfaces>

Eigenfrequency.

8 Click Done.

GEOMETRY |

I In the Model Builder window, under Component | (compl) click Geometry 1.
2 In the Settings window for Geometry, locate the Units section.

3 From the Length unit list, choose mm.

Cylinder | (cyll)

I On the Geometry toolbar, click Cylinder.

In the Settings window for Cylinder, locate the Size and Shape section.

2

3 In the Radius text field, type 38.
4 In the Height text field, type 255.
5

Right-click Cylinder 1 (cyll) and choose Build Selected.
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Form Union (fin)
In the Model Builder window, under Component | (compl)>Geometry | right-click Form
Union (fin) and choose Build Selected.

SHELL (SHELL)
I In the Model Builder window, under Component | (compl) click Shell (shell).

2 Select Boundary 3 only.

3 In the Settings window for Shell, locate the Thickness section.
4 In the d text field, type 0.38[mm].

Fixed Constraint |

I On the Physics toolbar, click Edges and choose Fixed Constraint.
2 Sclect Edges 2, 3,7, and 10 only.

MATERIALS
In the Model Builder window, under Component | (compl) right-click Materials and choose

Blank Material.

Material | (matl)
I In the Settings window for Material, locate the Material Contents section.

2 In the table, enter the following settings:

Property Name Value Unit Property group
Density rho 1.2 kg/m? Basic
Speed of sound c 343 m/s Basic

Material 2 (mat2)
I Right-click Materials and choose Blank Material.

2 In the Settings window for Material, locate the Geometric Entity Selection section.
3 From the Geometric entity level list, choose Boundary.
4 Seclect Boundary 3 only.

5 Locate the Material Contents section. In the table, enter the following settings:

Property Name Value Unit Property group
Young’s modulus E 2.1el1 Pa Basic
Poisson’s ratio nu 0.3 | Basic
Density rho 7800 kg/m? Basic

9 ‘ VIBRATIONS OF A DISK BACKED BY AN AIR-FILLED CYLINDER



MESH 1|
In the Model Builder window, under Component | (compl) right-click Mesh | and choose
More Operations>Free Quad.

Free Quad |

Select Boundary 3 only.

Size

I In the Model Builder window, under Component | (compl)>Mesh I click Size.

2 In the Settings window for Size, locate the Element Size section.

3 Click the Custom button.

4 Locate the Element Size Parameters section. In the Maximum element size text field, type
10.

Free Quad |

I In the Model Builder window, under Component | (compl)>Mesh | click Free Quad 1.

2 In the Settings window for Free Quad, click Build Selected.

3 In the Model Builder window, right-click Mesh I and choose Swept.

Swept |
In the Settings window for Swept, click Build Selected.

STUDY |
In the first study, you solve the structural problem only.
I In the Model Builder window, click Study I.

2 In the Settings window for Study, type Structural Analysis in the Label text field.

STRUCTURAL ANALYSIS
Step [: Eigenfrequency
I In the Model Builder window, under Structural Analysis click Step I: Eigenfrequency.
2 In the Settings window for Eigenfrequency, locate the Study Settings section.
3 Seclect the Desired number of eigenfrequencies check box.
4 In the associated text field, type 20.
5 In the Search for eigenfrequencies around text field, type 500.
Exclude the Pressure Acoustics interface.

6 Locate the Physics and Variables Selection section. In the table, clear the Solve for check

box for the Pressure Acoustics, Frequency Domain (acpr) interface.
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7 On the Home toolbar, click Compute.

RESULTS

Mode Shape (shell)
I In the Model Builder window, under Results click Mode Shape (shell).

2 In the Settings window for 3D Plot Group, type Mode Shape, Structural Analysis
in the Label text field.

Surface |
I In the Model Builder window, expand the Results>Mode Shape, Structural Analysis node,

then click Surface 1.

2 In the Settings window for Surface, click Replace Expression in the upper-right corner of
the Expression section. From the menu, choose Component 1>Shell>Displacement>

Displacement field>w - Displacement field, z component.
3 On the Mode Shape, Structural Analysis toolbar, click Plot.
4 Click the Go to XY View button on the Graphics toolbar.
5 Click the Scene Light button on the Graphics toolbar.
Mode Shape, Structural Analysis
I In the Model Builder window, under Results click Mode Shape, Structural Analysis.
2 In the Settings window for 3D Plot Group, locate the Data section.
3 From the Eigenfrequency (Hz) list, choose 1401 (1).
4 On the Mode Shape, Structural Analysis toolbar, click Plot.
Undeformed Geometry (shell)
I In the Model Builder window, under Results click Undeformed Geometry (shell).

2 In the Settings window for 3D Plot Group, type Undeformed Geometry, Structural
Analysis in the Label text field.

ROOT

Add the second study to solve the pure acoustics problem.

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.
3 Find the Studies subsection. In the Select Study tree, sclect Preset Studies>Eigenfrequency.

For this study, exclude the Shell interface.
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4 Find the Physics interfaces in study subscction. In the table, clear the Solve check box for
the Shell (shell) interface.

5 Click Add Study in the window toolbar.
6 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 2
I In the Model Builder window, click Study 2.

2 In the Settings window for Study, type Acoustics Analysis in the Label text field.

ACOUSTICS ANALYSIS

Step I: Eigenfrequency

I In the Model Builder window, under Acoustics Analysis click Step I: Eigenfrequency.
In the Settings window for Eigenfrequency, locate the Study Settings section.
Select the Desired number of eigenfrequencies check box.

2

3

4 In the associated text field, type 20.

5 In the Search for eigenfrequencies around text field, type 500.
6

On the Home toolbar, click Compute.

RESULTS

Acoustic Pressure (acpr)
I In the Model Builder window, under Results click Acoustic Pressure (acpr).

2 In the Settings window for 3D Plot Group, type Acoustic Pressure, Acoustics
Analysis in the Label text field.

Sound Pressure Level (acpr)

I In the Model Builder window, under Results click Sound Pressure Level (acpr).

2 In the Settings window for 3D Plot Group, type Sound Pressure Level, Acoustics
Analysis in the Label text field.

Acoustic Pressure, Isosurfaces (acpr)

I In the Model Builder window, under Results click Acoustic Pressure, Isosurfaces (acpr).

2 In the Settings window for 3D Plot Group, type Acoustic Pressure, Acoustics
Analysis, Isosurfaces in the Label text field.

3 Locate the Data section. From the Eigenfrequency (Hz) list, choose 672.5.
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Isosurface |
I In the Model Builder window, expand the Results>Acoustic Pressure, Acoustics Analysis,

Isosurfaces node, then click Isosurface 1.
In the Settings window for Isosurface, locate the Coloring and Style section.
From the Color table list, choose WaveLight.

2

3

4 Sclect the Symmetrize color range check box.

5 On the Acoustic Pressure, Acoustics Analysis, Isosurfaces toolbar, click Plot.
6

Click the Go to Default 3D View button on the Graphics toolbar.

Acoustic Pressure, Acoustics Analysis, Isosurfaces
I In the Model Builder window, under Results click Acoustic Pressure, Acoustics Analysis,

Isosurfaces.
2 In the Settings window for 3D Plot Group, locate the Data section.
3 From the Eigenfrequency (Hz) list, choose 1345.
4 On the Acoustic Pressure, Acoustics Analysis, Isosurfaces toolbar, click Plot.

Add the boundary conditions that couple the Pressure Acoustics and Shell interfaces.

SHELL (SHELL)

Face Load |
I On the Physics toolbar, click Boundaries and choose Face Load.

2 Select Boundary 3 only.
The acoustic pressure exerts a normal load on the plate.
3 In the Settings window for Face Load, locate the Force section.

4 From the Fy list, choose Acoustic load per unit area (acpr/fpaml).

PRESSURE ACOUSTICS, FREQUENCY DOMAIN (ACPR)
In the Model Builder window, under Component | (compl) click Pressure Acoustics,

Frequency Domain (acpr).

Normal Acceleration |

I On the Physics toolbar, click Boundaries and choose Normal Acceleration.
2 Select Boundary 3 only.

The inward normal acceleration at the plate equals the second time derivative of the

vertical displacement.

3 In the Settings window for Normal Acceleration, locate the Normal Acceleration section.
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4 From the Type list, choose Acceleration.
5 From the ag list, choose Acceleration (shelllemml).

Add the third study for the coupled problem.

ADD STUDY
I On the Home toolbar, click Add Study to open the Add Study window.

2 Go to the Add Study window.

3 Find the Studies subsection. In the Select Study tree, select Preset Studies>Eigenfrequency.
4 Click Add Study in the window toolbar.

5 On the Home toolbar, click Add Study to close the Add Study window.

STUDY 3
I In the Model Builder window, click Study 3.

2 In the Settings window for Study, type Coupled Analysis in the Label text field.

COUPLED ANALYSIS

Step |: Eigenfrequency

I In the Model Builder window, under Coupled Analysis click Step I: Eigenfrequency.
In the Settings window for Eigenfrequency, locate the Study Settings section.
Select the Desired number of eigenfrequencies check box.

2

3

4 In the associated text field, type 20.

5 In the Search for eigenfrequencies around text field, type 500.
6

On the Home toolbar, click Compute.

RESULTS
Mode Shape (shell)
I In the Model Builder window, click Mode Shape (shell).

2 In the Settings window for 3D Plot Group, type Mode Shape, Coupled Analysis in
the Label text field.

3 Locate the Data section. From the Eigenfrequency (Hz) list, choose 637.2.

Surface |
I In the Model Builder window, expand the Results>Mode Shape, Coupled Analysis node,
then click Surface 1.
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2 In the Settings window for Surface, click Replace Expression in the upper-right corner of

the Expression section. From the menu, choose w - Displacement field, z component.

Mode Shape, Coupled Analysis
In the Model Builder window, under Results right-click Mode Shape, Coupled Analysis and
choose Slice.

Slice |

I In the Settings window for Slice, locate the Plane Data section.

2 In the Planes text field, type 1.

3 Locate the Coloring and Style section. From the Color table list, choose WaveLight.

4 On the Mode Shape, Coupled Analysis toolbar, click Plot.

5 Click the Zoom Extents button on the Graphics toolbar.
Plot the pressure gradient to display the connection to the disk shape.

6 Locate the Expression section. In the Expression text field, type pz.

7 In the Unit field, type Pa/m.

8 On the Mode Shape, Coupled Analysis toolbar, click Plot.

Undeformed Geometry (shell)

I In the Model Builder window, under Results click Undeformed Geometry (shell).

2 In the Settings window for 3D Plot Group, type Undeformed Geometry, Coupled
Analysis in the Label text field.

Acoustic Pressure (acpr)

I In the Model Builder window, under Results click Acoustic Pressure (acpr).

2 In the Settings window for 3D Plot Group, type Acoustic Pressure, Coupled
Analysis in the Label text field.

Sound Pressure Level (acpr)

I In the Model Builder window, under Results click Sound Pressure Level (acpr).

2 In the Settings window for 3D Plot Group, type Sound Pressure Level, Coupled
Analysis in the Label text field.

Acoustic Pressure, Isosurfaces (acpr)

I In the Model Builder window, under Results click Acoustic Pressure, Isosurfaces (acpr).

2 In the Settings window for 3D Plot Group, type Acoustic Pressure, Coupled
Analysis, Isosurfaces in the Label text ficld.

15 ‘ VIBRATIONS OF A DISK BACKED BY AN AIR-FILLED CYLINDER



16 | VIBRATIONS OF A DISK BACKED BY AN AIR-FILLED CYLINDER



Created in COMSOL Multiphysics 5.2a

Static and Eigenfrequency Analyses of an Elbow
Bracket

This model is licensed under the COMSOL Software License Agreement 5.2a.
All trademarks are the property of their respective owners. See www.comsol.com/trademarks.


http://www.comsol.com/sla
http://www.comsol.com/trademarks/

Introduction

The component shown in Figure 1 is part of a support mechanism and is subjected to both
mechanical loads and thermal loads. This tutorial model takes you through the steps to
carry out a detailed analysis of the part using the Structural Mechanics Module.

Figure 1: Geometry of the elbow bracket.

In the various parts of the example you are introduced to using the available basic analysis
types, together with numerous postprocessing possibilities. These analysis types are:

e Static analysis

* Eigenfrequency analysis

* Damped eigenfrequency analysis
In an extended version of this model, also the following study types are covered:

e Transient analysis

* Modal based transient analysis

* Frequency response analysis

* Modal based frequency response analysis
* Parametric analysis

e Linear buckling analysis
This tutorial model comes in two versions:

* A short version, elbow_bracket_brief, treating the three first analysis types in the

above list.

* A complete version, elbow_bracket, treating all nine analysis types.

Each of the listed analysis types corresponds to a study type; the available studies are
described in the section Available Study Types in the Structural Mechanics Module User’s
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Guide. The chapter Structural Mechanics Modeling in the same manual provides further

assistance.

Model Definition

The geometry for this part, see Figure 1, has been created with a CAD software, and it is
available for you to import into COMSOL Multiphysics.

Material
Structural steel, as taken from the material library, with Young’s modulus of 200 GPa,

Poisson’s ratio of 0.33, and coefficient of thermal expansion 12.3-106 k1.

Damping
The Structural Mechanics Module supports Rayleigh damping and loss factor damping.

You can also use no damping, which is the default option.

In some of the studies Rayleigh damping is used. Then you specify damping parameters
that are proportional to the mass (0gps) and stiffness (Byg) in the following way:

C = o M+BygK

where C is the damping matrix, M is the mass matrix, and K is the stiffness matrix. The
damping is specified locally in each domain; this means that you can specify different

damping parameters in different parts of the model.

To find the values for the Rayleigh damping, you can use the relations between the critical
damping ratio and the Rayleigh damping parameters. It is often easier to interpret the

critical damping ratios, which are given by

o
dM )
—_— 0N
( (Di BdK i

g = ——

where &; is the critical damping ratio at a specific angular frequency ®;. Knowing two pairs

of corresponding &; and ; results in a system of equations

1o
(2-07) 2||ogy _ &
1 9| Bag]  [52
(2 -wy) 2

with the damping parameters as the unknown variables.

3 | STATIC AND EIGENFREQUENCY ANALYSES OF AN ELBOW BRACKET



Assume that the structure has a constant damping ratio of 0.1. Select two frequencies near
the excitation frequency, 400 Hz and 600 Hz. Solving the system of equations above gives
the result is 0,757 = 300 and By = 3.2-1070.

For more information see the section about modeling damping and losses in the
Structural Mechanics Module User’s Guide.

If modal-based dynamic response studies are performed it is usually easier to give the
critical damping ratios directly. This also gives more detailed control over the damping

properties over a large frequency range.

Loads and Constraints

The displacement are fixed in all directions on the face shown in Figure 2. The load is
described under each study, but in all cases it is distributed over the face shown in this
figure.

Loaded face

Fixed face

Figure 2: Constraint and loading of the bracket.

The Application Libraries note immediately below appears in the discussion of every
model. The path indicates the location of the example file in the Application Libraries root
directory. The most convenient way to open it is from the Application Libraries window in

the COMSOL Desktop, which you can open from the File menu.

Application Library path: Structural_Mechanics_Module/Tutorials/
elbow_bracket_brief

4 | STATIC AND EIGENFREQUENCY ANALYSES OF AN ELBOW BRACKET



Modeling Instructions

From the File menu, choose New.

NEW

In the New window, click Model Wizard.

MODEL WIZARD
I In the Model Wizard window, click 3D.

2 In the Select Physics tree, select Structural Mechanics>Solid Mechanics (solid).
3 Click Add.

4 Click Study.

5 In the Select Study tree, sclect Preset Studies>Stationary.

6 Click Done.

GEOMETRY |
Import | (impl)
I On the Home toolbar, click Import.
In the Settings window for Import, locate the Import section.

2
3 From the Source list, choose COMSOL Multiphysics file.
4 Click Browse.

5

Browse to the application’s Application Libraries folder and double-click the file
elbow_bracket.mphbin.

6 Click Import.
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7 Click the Wireframe Rendering button on the Graphics toolbar.

The view in the Graphics window should look like that in the image below.

£ 0

y‘\L_x -0.02

8 Click the Wireframe Rendering button on the Graphics toolbar to return to the default
surface rendering.

Suppress some edges during meshing, in order to avoid generation of unnecessary small

elements.
Ignore Edges | (igel)
I On the Geometry toolbar, click Virtual Operations and choose Ignore Edges.

2 On the object fin, select Edges 17, 21, 23, 27, 38, 40, 42, and 44 only.

MESH 1|

In the Model Builder window, under Component | (compl) right-click Mesh | and choose
Free Tetrahedral.

Size

The default free mesher has nine predefined combinations of mesh parameter settings.
They range from Extremely fine to Extremely coarse, with Normal as the default setting.
Unless any other mesh parameters are set, this is the setting that is used if you use Build All
or Build Selected to generate the mesh.

I In the Settings window for Size, locate the Element Size section.

2 From the Predefined list, choose Coarse.
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As a stress concentration can be expected in the corner of the bracket, put a finer mesh
there.

Free Tetrahedral |
In the Model Builder window, under Component | (compl)>Mesh 1 right-click Free
Tetrahedral | and choose Size.

Size |

I In the Settings window for Size, locate the Geometric Entity Selection section.
From the Geometric entity level list, choosec Boundary.
Locate the Element Size section. From the Predefined list, choose Extra fine.

2

3

4 Seclect Boundaries 13 and 14 only.

5 In the Model Builder wind