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Computer Simulation

• Best way to simulate complex 
models.

• High-end processing (processing 
power increasing every day)

• Is it reliable?
– Does it accurately represent real-life 

conditions such as physical laws and 
material properties?



Computer Simulation
• Computer simulation has become an essential part 

of science and engineering.
• Today a broad spectrum of options for simulation is 

available

Basic programming   High level methods

• Each technique has its own unique attributes
• All share a common concern

Can you rely on the results?



• Intention
 you want a model that accurately depicts what happens in 
the real world.

• A computer simulation environment is simply a translation of 
real-world physical laws in their virtual form.

• It would be ideal, then, to have a simulation environment that 
included the possibility to add any physical effect to your 
model.

What makes software reliable???What makes software reliable???

That is what Comsol is all about



Application fields



Comsol Multiphysics
Main MenuMain ToolbarSettings Window Graphics Window

Messages, Progress and Numerical resultsModel Builder with Model Tree



Partial Differential Equations PDEs

• Most physical phenomena are described at a 
fundamental level by interactions between particles
– Quarks, nucleons, mesons in Nuclear physics
– Atoms, molecules, electrons in Classical physics

• If we were to model a physical system, we would 
have to consider lots of particles such as 6*10^23 
per gram mole (per gram for Hydrogen)
– Unfortunately, It would not be efficient or even realistic 

(numerically speaking) to represent each particle by one 
equation

Partial Differential Equations PDEsPartial Differential Equations PDEs
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Linear equationsLinear equations



Non-Linear equationsNon-Linear equations



PDEs Systems
Linear SystemsLinear Systems Non-Linear SystemsNon-Linear Systems



PDEs
We can solve a PDE by

• Analytical Methods
– Separation of variables
– Green Functions
– Method of characteristics
– Transformations: Laplace and Fourier 

transforms

• Numerical Methods 
– Finite Element Method (FEM) (1D, 2D)
– Finite Difference Method (FDM) 
– Finite Boundary Element

ComsolComsol



Finite Element Method

Interpretations

Physical InterpretationPhysical Interpretation
– The continous physical model is divided into finite pieces 

called elements and laws of nature are applied on the 
generic element. The results are then recombined to 
represent the continuum.

Mathematical InterpretationMathematical Interpretation
– The differential equation representing the system is 

converted into a variational form, which is approximated 
by the linear combination of a finite set of trial functions.



Solving a PDE through FEM

• Specify the type of solver (stationary 
(linear/non-linear), time dependent, 
eigenvalue, parametric 
(linear/non-linear).

• Specify the domain of the equation.
• Specify the boundary conditions.
• Create a mesh (divide the domain 

into finite elements).



Finite Elements

• Defined by:
– Dimension
– Nodes
– Geometry
– Degrees of Freedom (vertices)
– Nodal forces 



Finite Elements

More info: http://www.colorado.edu/engineering/cas/courses.d/IFEM.d/



Solving a PDE through FEM
• Once we have defined a domain (for example, an Ω 

domain) , we apply the boundary conditions:
– Newman, how should the function behave when it is 

orthogonal to the boundary.
– Dirichlet, it only specifies certain values for the function at the 

boundaries.
• When we have a 2-D PDE space with defined boundary 

conditions (can have both, Dirichlet and Newman), we have 
to find the function that satisfies both. 

• Such function has to be contained in a defined space, such 
as the Sobolev space {like a Hilbert space, but they are all 
the functions in L2 (finite energy space) for which the 
derivatives are also in L2, in other words, they also have 
finite energy} .

• Example of Sobolev space = functions that are 0 in the 
Dirichlet boundary.

• So which functions??? …



Functions for FEM

• Lagrange FE function:
– Their domain is decomposed into k 

triangles, and it is globally continuous. The 
triangle gives three degrees of freedom, for 
each vertex (named a0, a1 and a2).

– We describe each 2D linear function 
through a0, a1 and a2: Each element in the 
domain can be represented as a0 + a1 x1 + 
a2x2   a0, a1 , a2 E R.

– All triangles together form the new domain: 
Each linear function is represented by one 
triangle. And a continuous function is 
represented through 2D-lineal functions 
(triangles). The more triangles, the most 
precise the representation will be.



Create a mesh

• More elements considered => More 
accuracy & More computational time 
(Solvers Need to be Optimized)

• Refinement in special places of the 
geometry improves accuracy of the 
solution

Effect of Meshes in the Solution

Subdivision of the mathematical model into non-overlapping components (elements)Subdivision of the mathematical model into non-overlapping components (elements)



PDEs
• The iterative methods to solve the matrix equations 

for a system under such PDE systems are called 
stationary methods, since the solving equation is the 
same for each iteration. 

• To solve such systems, we use modeling. Examples:
– Airflow over an airplane wing
– Magnetic drug targeting
– Non-linear diffusion in image processing
– Propagation of an action potential through the axon 

(cable equation).

• How to solve the model?



Modeling Example

Magnetic drug targeting 
(Magnetic Nanoparticles for In Vivo Applications: A 
Numerical Modeling Study: Trenado and Strauss, 2007)



Magnetic Drug Targeting
1) Background of the problem

Current research on methods to target chemotherapy drugs in 
the human body includes the investigation of biocompatible 
magnetic nanocarrier systems, for example magnetic liquids 
such as ferrofluids. This model investigates an external 
magnetic field and its interaction with blood flow containing a 
magnetic carrier substance. 

2) Graphic idealization of the model
Permanent Magnet

Human Tissue

Human Tissue
Blood flow through vessel



Magnetic Drug Targeting
3) Mathematical Model



Magnetic Drug Targeting



Magnetic Drug Targeting



Magnetic Drug Targeting



Magnetic Drug Targeting
4) Domain definition and meshhing



Timedependent snap-shotsTimedependent snap-shots

T= 0 sec T= 0.2 sec

T= 0.7 sec
T= 1 sec



Steps
Steps to be regarded when building a simulationSteps to be regarded when building a simulation

1. Background of the problem

2. Graphic idealization of the model

3. Mathematical Model (underlying equations)

4. Boundary Conditions

5. Domain definition and meshing



The END.

Next episode:

COMSOL 101.  (airs on Thursday)
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