Multiphysics Modeling

This chapter covers the use of FEMLAB for multiphysics modeling and
coupled-field analyses. It first describes the various ways of building multiphysics
models. Then a step-by-step example shows how to model resistive heating (also

called Joule heating) taking into account thermal-electric couplings.
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Creating Multiphysics Models

The ability to create multiphysics models—those with more than one type of physics
or equation such as coupled-field problems—is one of FEMLAB’s most powerful
capabilities. In such a model, the software solves all the equations, taken from various
areas of physics, as one fully coupled system.

Multiphysics Modeling Approaches

Within FEMLAB you can choose from several ways to approach multiphysics
modeling and coupled-field analysis. They all use the Model Navigator to specify the
application modes and their properties.
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ADDING PHYSICS SEQUENTIALLY

With this approach you can verify that each type of physics or PDE gives the expected
results before adding more complexity to the model by adding another physics or
coupling fields.

Use these steps to add one application mode at the time:

I Select an application mode.
2 Draw the geometry.

3 Define the physics settings.
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4 Solve and visualize the results.
Then add another application mode:

5 Go to the Multiphysics menu and choose Model Navigator.
6 Seclect a new application mode.

7 In the Multiphysics area, click the Add button.

8 Click OK.

9 Add and modify settings in the Physics menu, including couplings between the
physics.

BUILDING A COUPLED MULTIPHYSICS MODEL DIRECTLY

Another approach is to include multiple application modes when you start creating the
model in the Model Navigator:

I Select an application mode for the model.

2 Click the Multiphysics button.

3 In the Multiphysics area, click the Add button.

4

Continue selecting application modes and adding them to the model by clicking
Add.

5 Click OK.

REMOVING APPLICATION MODES

To remove an application mode from a model:

I Choose Model Navigator from the Multiphysics menu.

2 Select the application mode from the list under Multiphysics. You can also select a
geometry in the list to remove the entire geometry and all application modes that it

contains.
3 Click Remove.
4 Click OK.

MULTIPHYSICS MODEL PROPERTIES
When you add or remove application modes, FEMLAB updates some model

properties to:

* Include all dependent variables in the added application modes in the list of variables

to solve for.

» Update all application-dependent dialog boxes.
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Active Application Mode
The application mode selected under Multiphysics becomes the active application mode

when you begin modeling.

To shift between the different application modes during modeling, select one from the

Multiphysics menu to make it active.

Ruling Application Mode

The ruling application mode determines the global settings for the multiphysics
model from its application mode properties. For example, if the analysis type is
different for two application modes in the same model, the software takes the analysis
type from the ruling application mode. You select the ruling application mode for a
multiphysics model from the Model Navigator.

Managing the Solver and Solution Components

RESTARTING THE SOLVER AND USING INITIAL VALUES

When adding equations and physics to an existing model, you can restart the model
using the current solution as an initial value. Doing so can accelerate the convergence
for a coupled multiphysics model. To restart the solver, click the Restart button in the
main toolbar.

To specify initial values:

I Go to the Solve menu and choose Solver Manager.
2 In the Solver Manager dialog box click the Initial Value tab.

3 Click the Initial value expression using current solution button (the default setting) to
evaluate the expressions for the initial values as specified for each application mode

using the current solution.

4 Click OK.
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[ Solve ][ Ok ][ Cancel H Apply

SOLVING FOR A SUBSET OF DEPENDENT VARIABLES

The solver normally solves for all dependent variables. It is also possible to have it solve
for a subset of the dependent variables. The initial conditions then define the value of

the other variables. To specify which variables to solve for:

1
2

Go to the Solve menu and choose the Solver Manager.

In the Solver Manager dialog box click the Solve For tab.

Within the Solve for variables list the software selects all application modes by
default. Clear the selections for those application modes whose dependent variables

you do not want to solve for.

To select individual dependent variables for an application mode, click the plus sign
to open the application mode folder and select the dependent variables to include.

Click OK.
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Solver M
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[ Solve }[ Ok ][ Cancel ][ Apply ]

Use this subset approach to reduce the computational load when there is only a

one-way coupling in the multiphysics model:

I Solve for the variables that are not affected by the coupling.

2 Solve for the remaining variables, using the solution from the initial analysis by

restarting the solver using the previous solution data.

For a fully coupled multiphysics model with bidirectional couplings you can also use
this approach to reach convergence in an iterative manner. You solve for one type of
physics at a time and then use that solution as the initial value when solving for the
other type of physics. This method provides a “weakly coupled” way of solving a
coupled multiphysics model. Using the standard FEMLAB approach to solving fully
coupled equations simultaneously normally provides better convergence.

USING VARIABLES DURING ANALYSIS ONLY

In a similar way you can choose to output the results for a subset of the dependent
variables:

I In the Solver Manager dialog box click the Output tab.

2 In the Output for variables list select from the application modes and their dependent

variables in the same way as for the variables to solve for.
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3 Click OK.

This method can be useful if you want to include variables for multiphysics couplings

during the analysis but are not interested in using them for postprocessing.

If you include nonsolved variables for output they take on the specified initial value as

their solution data in the output from the solver.

| Initial Yalue | Solve For | q
Output for variables:
1 Geom1 (20)

D Include time derivatives

[ Saolve ][ Ok ][ Cancel H Apply J

Deactivating Physics or Equations

Sometimes subdomains have different types of physics associated with them, and an

application mode might not be meaningful in a subdomain. For example, fluid flow

can be present only in some subdomains of a model whereas heat transfer takes place

in the entire geometry. By default all application modes are active in all subdomains.

To deactivate an application mode, clear the Active in this subdomain check box in the

Subdomain Settings dialog box. Some interior boundaries then become exterior

boundaries, and some of the original boundaries are absent for certain application

modes.
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Using the Model Navigator for Multiphysics Models

To add and remove application modes and geometries for a multiphysics model, go to
the Multiphysics menu and then open the Model Navigator. Use its Multiphysics arca to

make changes to the current model’s multiphysics properties.

ADDING GEOMETRIES TO A MODEL

A model always has at least one geometry. To add another geometry to a model, click
the Add Geometry button in the Multiphysics arca of the Model Navigator. In such an
extended multiphysics model the geometries can have different space dimensions. You

can also choose the names of the independent variables (spatial coordinates).

CHANGING APPLICATION MODE PROPERTIES

Before adding an application mode, you can edit its name and dependent variables.
FEMLAB provides a unique name for each application mode in the model to identify
the origin of the variables. You can change the name to any other name that is unique
within the model.

You can also specify the element type, although the default is usually a good choice.

To set the analysis type and other application mode properties for the active application
mode in a multiphysics model, click the Application Mode Properties button. These

properties vary depending on the application mode.

[x|
Properties
Detault element type:
Analysis type: Static: linear ~
Weak constraints: off v
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Example: Resistive Heating

For an example of a multiphysics model with thermal-electric couplings, look at

resistive heating in a copper plate.

Introduction

The material heats up when an electric current passes through it due to electrical
resistance. This is called resistive heating or Joule heating. The coupling also works in
the opposite direction— the material’s electric resistance varies with temperature and

increases as the material heats up.

Model Definition

Imagine a copper plate measuring 1 x 1 m that also contains a small hole. The plate’s
thickness has no effect on the model. Suppose that you subject the plate to an electric
potential difference across two opposite sides (all other sides are insulated). The

potential difference induces a current that heats the plate.

R \ > oV
S .
Copper Plate/ ll\\___ A /
Current / >

- -

In the 2D model you view the plate from above.

EXAMPLE: RESISTIVE HEATING
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Modeling in FEMLAB

This example first sets up the model’s electric portion using the Conductive Media DC
application mode. The potential distribution in the conductive media occurs almost
instantly, and you can use a stationary analysis. Then add a heat transfer application
mode to create a coupled multiphysics model. Because heat transfer is a transient

phenomenon, the full multiphysics model uses a time-dependent solver.

ADDITIONAL MULTIPHYSICS COUPLINGS

By adding a structural mechanics application mode to this model you could represent
thermomechanical coupling with a body force proportional to the temperature
gradient. For more information on thermomechanical multiphysics see the model
“Stresses in Cracked Heat Exchanger Tubes” on page 265 in the FEMLAB Model
Library.

Model Library path: FEMLAB/Multiphysics/resistive_heating

Modeling Using the Graphical User Interface

To start making a stationary model of the electric effects, use the Conductive Media

DC application mode.

MODEL NAVIGATOR

I On the New page, sclect 2D from the Space dimension list.

2 In the list of application modes, open the Electromagnetics folder (in the FEMLAB
folder if your license also include modules) and select Conductive Media DC. By

default the element type is set to Lagrange - Quadratic.
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3 Click OK.

Model Navigator

Space dimension;
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Multiphysics

OPTIONS AND SETTINGS

I From the Options menu choose Axes/Grid Settings.

2 In the Axes/Grid Settings dialog box click the Axis tab and make these entries: -0.2 for

x min, 1.2 for x max, -0.1 for y min, and 1.1for y max.

AxesGrid Settings

A ]| Gridt |

Axiz egual

Z limit:

[¥] muta
Zrmin

O J[ Cancel J[ Lpply ]

3 Click OK.

4 From the Options menu choose Constants to define constants to use as parameters

for the model.

EXAMPLE: RESISTIVE HEATING
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5 Enter the following constant names and values:

NAME OF CONSTANT EXPRESSION
ro 1.754e-8
TO 293
alpha 0.0039

T 293

Enter the constants name in the Name edit field and then place its value in the

Expression ficld:

Mame Expression “alug
il 754e-8 754e-8 ~
it 293 [£E] il
alpha 0038 o33
[293 293

v

[ Ok J[ Cancel J[ Apply ]

6 Click OK.

GEOMETRY MODELING

Define the model geometry:

I Click the Rectangle/Square toolbar button.

2 Using the right mouse button, draw a square with corners at (0, 0) and (1, 1).
3 Open the Axes/Grid Settings dialog box and click the Grid tab.
4

Clear the Auto check box. Leave the x- and y-axis grid spacing at 0.2, and add extra
x- and y-tick marks at x = 0.5 and y = 0.5.

Click OK.

[, ]

6 Draw a small circle centered at (0.5, 0.5) by first clicking the Ellipse/Circle (Centered)
toolbar button. Right click at (0.5, 0.5) and drag the pointer to create a circle with
a radius of 0.1.

7 To create a hole, select both geometry objects by pressing Ctrl+A.
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8 Click the Difference button on the draw toolbar.
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PHYSICS SETTINGS

Boundary Conditions
I Open the Boundary Settings dialog box by choosing Boundary Settings from the
Physics menu. The boundary conditions for the Conductive Media DC application

mode in this example are:

BOUNDARY 1 4 2,3,5-8
Type Electric potential Electric potential Insulation
\%4 0.1 0

2 DPress Ctrl+A to select all boundaries.

3 In the Boundary condition list sclect Electric insulation.
Change the conditions of boundaries 1 and 4:

4 In the Boundary selection list sclect boundary 1, the left boundary.

5 In the Boundary condition list sclect Electric potential and type 0. 1 in the V edit field.
6 Sclect boundary 4.

7 In the Boundary condition list select Ground.

8 Click OK.
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Subdomain Settings

I From the Physics menu choose Subdomain Settings.

~Eqquation
FeraWy - = o

~Subdomain selection Physics |H\| Element |

~Material properties and sources

Library material hd

Quantity Value/Expression Description

(@ o (isatropic)  [1HrD*(1 +alphe*(T-To] Consuctivity
O o (arizotropic) [5.99e7 005 95e7 | Sondustivty
[ Select by group QJ 0 | Currert source
Active in this domain * DE External current density
[ O ] [ Cancel } [ Apply J
The domain parameters are:
SUBDOMAIN I
G 1/(ro*(1+alpha*(T-T0)))
Q 0

In the Conductive Media DC application mode you specify the electrical conductivity,
o, rather than electrical resistivity, p. Recall the relation between these quantities is 6 =

1/p.

Over a range of temperatures the conductivity o is a function of temperature T'
according to

_ 1
© T eI+ a(T-Tp))]

where py is the resistivity at the reference temperature Ty. Because T'= Ty = 293 in the
Constants dialog box, the actual relation in this first part of the coupled model is

Later, T will be the temperature from the multiphysics coupling to the chosen heat
transfer application mode.

2 Select subdomain 1 from the Subdomain selection list.
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3 Enter the expression 1/ (r0* (1+alpha*(T-T0))) in the Conductivity (isotropic)

edit field.
4 Click OK.

MESH GENERATION

Create a mesh by clicking the Initialize Mesh button on the main toolbar.

e} - [Ustivind |
Fle B Optirs Dvew Myses Mesh Sebw  Potprocedsng  Mitphyses  Help
DEES ' mal Abse 44=C 0 PP Fi4 vauo0m ?

I3 ¥

a3 [ [E] 0 08 o8 ) 1 E)

Waking tectangle with Iabel 'Ri'. =
Aating cizele with label €1°.

| Tnitaalazed seah conrista of LOTO elewenca. -
o e, T - i

COMPUTING THE SOLUTION

To start the solution process:

I Click the Solve button.

2 When the plot appears click the Zoom Extents button.

EXAMPLE: RESISTIVE HEATING
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POSTPROCESSING AND VISUALIZATION

The default plot is a surface plot of the electric potential (V) in the domain
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HEAT TRANSFER AND CONDUCTIVE MEDIA DC COUPLING

The electric current generates heat in the copper plate. To model this effect, add the

Conduction application mode to account for heat transfer by conduction. You can

then introduce couplings using FEMLAB’s multiphysics capabilities.
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An air stream at 300 K (27° C) cools the plate except on the thermally insulated upper

and lower edges

Thermal Insulation

S
\ /300|<

300 K

( |
Copper Plate/ N/ \

300 K

\ Thermal Insulation

To set up the multiphysics model, you need to know how the electric current affects
temperature. The electric potential V is the solution variable in the Conductive Media
DC application mode. The generated heat @ is proportional to the square of the
magnitude of the electric current density J. Current density, in turn, is proportional
to the electric field, which equals the negative of the gradient of the potential V:

2
Q < |J|

The coefficient of proportionality is the electrical resistivity p= 1/c, which is also the
reciprocal of the temperature-dependent electric conductivity 6 = o(T'). Combining
these facts gives the fully coupled relation

1,,2_1 .2 2
= =|J| = =|cE| = o|V
Q = 2w’ = Lom’ = ovy]
Quantities other than o also vary with temperature. For example, the thermal

conductivity is temperature dependent, and a refined model would take this into

account.
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OPTIONS AND SETTINGS

To include thermal coupling, add a heat transfer application mode. It includes a
dependent variable T for temperature. However, the model you just created already
has a model parameter with that name, so you must delete the constant 7"

I Go to the Options menu and choose Constants.

2 Seclect the constant T and click Delete.

3 Click OK.

MODEL NAVIGATOR
Add the desired heat transfer application mode:

From the Multiphysics menu choose Model Navigator.

N

In the list of application modes on the left open the Heat Transfer folder (in the
FEMLAB folder, if your license includes additional modules).

w

Select Conduction.
4 Click the Add button.
Click OK.

(%]

Space dimenzion | [~ hultiphysics -

_A Application Modes [ o ] [ Romye

>

=] %FEMLAB || Geom] (200
= éAcoushcs # Conductive Media DC (dc)
= @ fcoustics i)

® Time-harmonic analysis
# Eigenfrequency analysis
= 4 Diffusion
= @ Corvection and Diffusion
# Steady-state analysis

#® Transient analysis < =l
® @ Dittusion Dependert variables: T
= 4 Electromaonetics
e v [ Application Mode Propeties ]
£ . | > [ Add Geometry.. ]
Dependert variables iTZ | Ruling application mode:
I -

Application mode natne: |Ht2 i CorHuctive¥iedialic (d) hd |
Element: iLagrangE - Quadratic bt | [ Miuttiphysics ]

Heat Transfer by Conduction now appears in the FEMLAB title bar.

PHYSICS SETTINGS

Boundary Conditions
I Once again open the Boundary Settings dialog box from the Physics menu.
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The boundary conditions for this model are:

BOUNDARY 1,4-8 2,3
Type Temperature Insulation
T 300

2 Select all boundaries.
3 Seclect Temperature from the Boundary conditions list.

4 Type 300 in the Ty (temperature) edit field. This value corresponds to holding all

boundaries at 300 K by positioning them in an air stream at room temperature.

5 Select boundaries 2 and 3, the top and bottom boundaries.

6 Sclect Thermal insulation from the Boundary conditions list.

7 Click OK.

Transfer by Conduction (ht)

~Equstion
ne(kvT) =0

-Boundlary selection -Boundary sources and constraints

1 o] Boundary condtion: w

Quantity Value/Expression Description

4 oy : Irwvard heat flux

5 h o | Heattransfer cofficient

6 Tmf l—‘ External temperature
|74v Const |‘7‘ Problem-dependert constant

[ select by group e ’: Ambient temperature

[ interiar boundiaties Ta I:‘ Temperature

[ Ok J[ Cancel I[ Apply

Subdomain Settings
The material properties for heat transfer are:

SUBDOMAIN I

P 8930

C 340

k 384

Q 1/(ro*(1+alpha*(T-T0)))* (VX 2+Vy~2)

8 From the Physics menu choose Subdomain Settings.
9 Select subdomain 1 from the Subdomain selection list.

10 Type 8930 in the Density edit field (the density of copper expressed in kg/m?).
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Il Type 340 in the Heat capacity edit field. The unit for heat capacity in this model is
Ws/kgK, the SI unit.

12 Type 384 in the Thermal conductivity (isotropic) edit field.
This coefficient has the unit W/mK and represents the material’s ability to conduct
heat per unit time.

13 Type 1/(r0*(1+alpha*(T-T0)))* (Vx"2+Vy~2) in the Heat source edit ficld.
Doing so makes this a nonlinear multiphysics model because a function of the
gradient of the electric potential (Vx*2+Vy~2) occurs in the heat source.

Conduction (ht)

~Equstion

4
STk = Qe hy o (T T+ G (T ns - T4), T=tempersture

Subdotnsin selection || physics |HH .

m ~Thermal properties and heat sourcesafaink:
Library material | v

Quantity ValueExpression Description
Oy |1 | Time-scaling coefficient
(%) k(isotropic) (384 | Thermal conductivity
)k tanisotropicy [0 0 oann | Thermal conductivity
P igagﬂii Density
Cp M Hest capacity
= il@‘(" +algba"(T-T§ Hest source
lekns o | Convective heat transfer coefficient
| e [o | External temperature
[ Select by group e ,9—| User-defined constant
Active in thiz domain Tmrere o Ambiert temperature
[ O, ] [ Cancel } [ Apply J

Also enter the following initial values:

SUBDOMAIN |
%4 0.1*(1-x)
T 300

I Click the Init tab in the Subdomain Settings dialog box.
2 Type 300 as the initial value in the edit field for T(tg).
3 Click OK.

4 Switch to the Conductive Media DC application mode, selecting it from the
Multiphysics menu.

5 From the Physics menu again choose Subdomains Settings.
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6 Click the Init tab of the Subdomain Settings dialog box for the Conductive Media DC
application mode

7 Type 0.1*(1-x) in the edit field for V(ty). This expression means that the initial
potential distribution varies linearly from 0.1 V at the left boundary (x = 0) to0 V
at the right boundary (x = 1).

E&D domain Settings - Conductive Media DC (dc)

~Enquation

Fe(aTy - 5= el

~Subdomain selsction——— | physmsl Init ‘ Element |

~Initial value

Variable Initial value Description

Vity) 01415 Electric patential

D Select by group

Active in this domain

[Cok [ cancel | [ aopy |

8 Click OK.

SOLVING THE MODEL

Heat transfer is a transient process, so the model must use a time-dependent solver for
a transient analysis. You must specify the simulation’s time interval and the points in
time to present solution data.

I Open the Solver Parameters dialog box from the Solve menu.

2 Sclect Time dependent in the Solver list.

3 Type 0:50:2000 in the Times edit field. Doing so produces a vector of 41 output
times, linearly distributed every 50 seconds from 0 to 2000 seconds, for which the
solution is accessible for postprocessing.
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4 Click OK.

Solver Parameters %]

Analysis:

HAuto select 2olver

|iGeneral | Time Stepping | Advanced |

~Time stepping

Tirmes: 0:50:2000
Solver: Relative tolerance:
Statinary lnssr A ansolite tolerance: n.omo

Stationary nonlinear
[ aicear commples numbers

Eigerrvalue
9 ~Linear system solver
Parametric linesr
Parametric nonlinear Linear system solver. |Direct (UMFPACK) »
v

Solution farm; Coefficient b

D Symmetric matrices

L Ok ][ Cancel J[ Apply J

SOLVING THE MODEL

You can now run the transient analysis. To do so, simply click the Selve button on the
main toolbar.

POSTPROCESSING AND VISUALIZATION

The plot from this analysis also shows the potential distribution.
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Visualizing Heat Flux Using Arrow Plots
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A quantity that is interesting to animate is the heat flux:

I Open the Plot Parameters dialog box from the Post menu.

2 Click the Arrow tab.
3 Select the Arrow plot check box.

4 Sclect Heat flux (ht) in the Predefined quantities list.

5 Click the Color button and select a color for the arrows, for example, white.

EXAMPLE: RESISTIVE HEATING
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6 Click OK.

Plot Parameters

| Foundary | avove | Princieal | streamine | Maxin | Detorm | animate
Surface | Cortour ‘

General
-Plot typ ~Solution ta u
Surface Solution at time: 2000 w
[ cortour lire: l:l
Solution &t ahgle (phase). l:l degrees
[ Boundary
~Geotetries to use

Arrow
[ Principsl
D Strearmling
D Mzl triarksr = D Elemert selection
D Deformed shape €
Geometry edges |

Element refinement: Auto

Flotin: |Main axes | [ ] Keep currert plot

[ Stnoothing... ] [ Ttle... J Dmake rough plots

[ Ok J[ Cancel J[ Apply ]

Checking Heat Transfer Dynamics

Use a plot of temperature over time to determine if the time span for the simulation is
sufficient to reach steady state:

I From the Postprocessing menu choose Cross-Section Plot Parameters.

2 Make sure to select all time steps in the Solutions to plot list.

3 Click the Point plot button.

4 Click the Point tab.

5 Seclect Temperature (ht) from the Predefined quantities list.

6 In the Coordinates arca, type 0.5 in the x edit ficld and 0.75 in the y edit field.
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7 Click OK.

Cross-Section Plot Parameters

‘ General ” LineExtrusion

(&) Paint plot

y-aus data

Predefined gquantities: |EIEdric potential (dc) L ‘
Expression: |\/' ‘

- Coordirat

% o |

¥ o |

k 0K J [ Cancel ] [ Apply }

The plot of temperature as a function of time shows that it has reached a steady state.

The temperature does hardly increase at all if you extend the simulation over a longer

time span.

Crsryrrrs

Heat transfer dynamics visualized as temperature versus time.
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