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ABSTRACT

Benchmarking COMSOL Multiphysics 3.4

by

Xiuling Wang
Darrell W. Pepper

Nevada Center for Advanced Computational Methods
Department of Mechanical Engineering
University of Nevada, Las Vegas

This report summarizes the work of a benchmarking project that was conducted at the
Nevada Center for Advanced Computational Methods (NCACM), University of
Nevada, Las Vegas (UNLV) for COMSOL.
The purpose of the project was to measure memory consumption and CPU-time for the
solution of a set of problems with given values of accuracy using COMSOL
Multiphysics 3.4. The performances of COMSOL to reach the same accuracy in
solving four benchmark cases were compared with other commercial packages:
1). Fluid-structure interactions, where a two-way coupling is required (COMSOL 3.4
versus ANSYS CFX 11.0);
2). Fully coupled electronic current conduction with thermal and structural analysis
including nonlinear effects on material properties (COMSOL 3.4 versus ANSYS 11.0);
3). Electromagnetic wave propagation (COMSOL 3.4 versus HFSS v10.0, COMSOL
3.4 versus CST MWS Version 2006);
4) Electric generator (COMSOL 3.4 versus MAXWELL 3D v11.0).
The selection of the benchmark problems was based on discussions among X. Wang
and D. W. Pepper. In addition, consideration was given to the library of in-house
examples at both COMSOL and the NCACM.

1

Table of Contents
1. INTRODUCTION ..................................................................................................... 1
2. BENCHMARK PROBLEM DEFINITIONS .......................................................... 2
2.1 Fluid-structure interaction......................................................................................... 2
2.1.1 Problem descriptions ................................................................................... 2
2.1.2 Model equations........................................................................................... 3
2.2 Electric current conduction coupled with thermal and structural analyses .............. 4
2.2.1 Problem descriptions ................................................................................... 4
2.2.2 Model equations........................................................................................... 5
2.3 Electromagnetic wave propagation ........................................................................... 6
2.3.1 Problem descriptions ................................................................................... 6
2.3.2 Model equations........................................................................................... 7
2.4 Rotating electric generator ........................................................................................ 8
2.4.1 Problem descriptions ................................................................................... 8
2.4.2 Model equations........................................................................................... 8
3. MEASUREMENT: SIMULATION RESULTS...................................................... 9
3.1 Benchmark environment ........................................................................................... 9
3.2 Benchmark criteria .................................................................................................... 9
3.2.1 Computational accuracy .............................................................................. 9
3.2.2 Mesh independent study .............................................................................. 9
3.2.3 Memory........................................................................................................ 9
3.2.4 CPU time ................................................................................................... 10
3.3 Simulation results for the fluid-structure interaction case ...................................... 10
3.3.1 Results from ANSYS CFX 11.0 ................................................................ 10
3.3.2 Results from COMSOL Multiphysics 3.4 ................................................. 18
3.4 Simulation results for the actuator case .................................................................. 23
3.4.1 Results from ANSYS 11.0 ......................................................................... 23
3.4.2 Results from COMSOL Multiphysics 3.4 ................................................. 26

2

3.5 Simulation results for the circulator case ................................................................ 28
3.5.1 Results from HFSS v10 ............................................................................. 28
3.5.2 Results from COMSOL Multiphysics 3.4 ................................................. 31
3.5.2 Results from CSTMWS version 2006 ....................................................... 34
3.6 Simulation results for the generator case ................................................................ 39
3.6.1 Results from MAXWELL 3D v11 ............................................................ 39
3.6.2 Results from COMSOL Multiphysics 3.4 ................................................. 41
CONCLUSIONS .......................................................................................................... 42
REFERENCES ............................................................................................................ 44
TRADEMARKS .......................................................................................................... 44

3

1. INTRODUCTION
COMSOL Multiphysics 3.4 is going to be released soon. Compared with version 3.3,
COMSOL 3.4 has been improved in many aspects. A few of the improved features in
the area of CFD include:
•
•
•

Improved flow solvers
Variable density flow
Multiphase flow (bubbly flow, mixture models)

The AC/DC Module contains a number of new features, including new modeling
interfaces for small-signal analysis, input of nonlinear BH-curves, and importing
electrical circuits. There are also new solvers and solver schemes that improve the
performance for solving large magnetostatics and quasi-statics problem. With the new
solver scheme, the user can increase the problem size by nearly an order of magnitude.
Models for magnetic and electrostatic potentials show the largest improvements.
The two most important new features for the RF Module are a boundary condition for
connecting voltage sources directly to conducting objects in the model, and a new
interface for setting up periodic boundaries. With the new boundary condition, the user
can connect an antenna to a voltage source, measure its impedance, and let it operate in
a circuit with external components.
The purpose of this benchmarking project was to solve four 3-D standard benchmark
problems using the newest COMSOL Multiphysics 3.4 model, as well as other
well-known commercial packages in the related areas, and to compare performances
in computational cost, efficiency, and accuracy.
Four benchmark problems were chosen:
1. Fluid-structure interactions, where a two-way coupling is required (COMSOL
Multiphysics 3.4 versus ANSYS CFX 11.0). The benchmark problem treats the
simulation of fluid flow through a channel with a flexible obstacle. This benchmark
problem is taken from the Structural Mechanics Module Model Library in COMSOL
Multiphysics 3.4. The model is found in the “Fluid-Structure Interaction” chapter and
is called “obstacle in fluid”.
2. Fully coupled electronic current conduction with thermal and structural analysis
including nonlinear effects on material properties (COMSOL Multiphysics 3.4 versus
ANSYS 11.0). The test problem consists of the analysis of an electrical-thermal
actuator used in a micro-electromechanical system (MEMS). This test problem is
taken from ANSYS 11.0 Micro-Electromechanical System (MEMS) tutorial [2].
3. Electromagnetic wave propagation (COMSOL Multiphysics 3.4 versus HFSS v10).
The test problem treats the analysis of a three-port microwave circulator with a ferrite
post inserted at the center of the joint. This test problem is taken from the work of M.
Koshiba et al. [7]. Benchmark results are compared with experimental data.

4. Rotating electric generator (COMSOL Multiphysics 3.4 versus Maxwell 3D v11).
The test problem shows how the circular motion of a rotor with permanent magnets
generates an induced electromagnetic field (EMF) in a stator winding. This test
problem is taken from the AC/DC Model Library in COMSOL Multiphysics 3.4. The
model is found in the “Motors and Drives” chapter and is called “generator3D”.
This report first introduces the problem definitions for each test problem followed by
descriptions of the benchmarking procedures and results in the sense of computational
cost, efficiency and accuracy.
2. BENCHMARK PROBLEM DEFINITIONS
2.1 Fluid-structure interaction
In this model, fluid is flowing through a channel with a flexible obstacle. Due to the
viscous and pressure forces exerted by the fluid, the obstacle bends. With the obstacle
undergoing a large deformation, the fluid flow domain changes considerably.
2.1.1 Problem descriptions
In this example the flow channel is 200 μm long, 150 μm high and 150 μm wide. A
flag-shaped obstacle has a slightly off-center position in the channel. The fluid is water
with a density ρ = 1000 kg/m3 and dynamic viscosity η = 0.001 Pa·s. The obstacle is
made of a flexible material with a density ρ = 7850 kg/m3 and a Young’s modulus E = 8
MPa. The inlet velocity profile for this problem is shown in Fig. 1.

(a)
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(b)
Figure 1. Inlet velocity profile
2.1.2 Model equations
Fluid flow:
The fluid flow in the channel is described by the Navier-Stokes equations, solving for
the velocity field u = (u, v, w) and pressure, p:

(

)

∂u
T
− ∇ ⋅ ⎡ − pI + η ∇u + ( ∇u ) ⎤ + ρ ( u ⋅∇ ) u = F
⎣
⎦
∂t
−∇ ⋅ u = 0

ρ

(1)

where I is the unit diagonal matrix, and F is the volume force affecting the fluid. We
assume no gravitation or other volume forces affecting the fluid, so F = 0.
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Structural mechanics:
Structural deformations are solved using an elastic formulation and a nonlinear
geometry formulation to allow for large deformations.
The obstacle is fixed to the bottom of the fluid channel so that it cannot move in any
direction. All other boundaries experience a load from the fluid, given by

(

(

FT = −n ⋅ − pI + η ∇u + ( ∇u )

T

))

(2)

where n is the normal vector to the boundary. This load represents a sum of pressure
and viscous forces. In addition, the predefined fluid load takes into account the area
effect between the reference frame for the solid and the moving ALE frame in the fluid.
2.2 Electric current conduction coupled with thermal and structural analyses
This benchmark problem demonstrates how to analyze an electrical-thermal actuator
used in a micro-electromechanical system (MEMS). The thermal actuator is fabricated
from polysilicon and is shown in Fig. 2.

Figure 2. Three-dimensional actuator
The thermal actuator works on the basis of a differential thermal expansion between
the thin arm and the blade. The required analysis is a coupled-field multiphysics
analysis that accounts for the interaction (coupling) between thermal, electric, and
structural fields.
2.2.1 Problem descriptions
A potential difference applied across the electrical connection pads induces a current
through the arm and the blade. The current flow and the resistivity of polysilicon
produce Joule heating (I2R) in the arm and the blade. The temperature reaches levels
in the range of 700 - 1300 K. This temperature increase in combination with
temperature gradients cause thermal strain and thermally induced deflections.
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The resistance in the thin arm is greater than the resistance in the blade. Therefore, the
thin arm heats up more than the blade, which causes the actuator to bend towards the
blade. The maximum deformation occurs at the actuator tip. The amount of tip
deflection (or force applied if the tip is restrained) is a direct function of the applied
potential difference. Therefore, the amount of tip deflection (or applied force) can be
accurately calibrated as a function of applied voltage.
These thermal actuators are used to move micro devices, such as ratchets and gear
trains. Arrays of thermal actuators can be connected together at their blade tips to
multiply the effective force.
The main objective of the analysis is to compute the blade tip deflection for an
applied potential difference across the electrical connection pads.
Material properties for polysilicon ( μ MKSV units)
Young’s modulus

169GPa

Poisson’s ratio

0.22

Resistivity

2.3e-5 ohm-µm

Coefficient of thermal expansion

2.9e-6 /0K

Thermal conductivity

150e6 W/m0K

2.2.2 Model equations

Consider a differential element with thickness of polysilicon tsi , width wh , and
length dx ,when the heat flow is under steady state conditions, resistive heating
power generated in the element is equal to the heat conduction and convection out of
the element

Sdxw (T − Ts )
⎡ dT ⎤
⎡ dT ⎤
−k p wt ⎢ ⎥ + J 2 ρ wtdx = − k p wt ⎢ ⎥
+
RT
⎣ dx ⎦ x
⎣ dx ⎦ x + dx

(3)

where, T and Ts are the beam and substrate temperatures, respectively; kp is the
thermal conductivity of polysilicon, J is the current density, ρ is the resistivity of
polysilicon, and S is the shape factor which accounts for the impact of the shape of the
element on heat conduction to the substrate [10]. RT is the thermal resistance.
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The shape factor is given as
S=

⎞
t si ⎛ ta
⎜ 2 + 1⎟ + 1
wh ⎝ Tsi
⎠

(4)

where ta is the thickness of the air. The resistivity ρ is related to the temperature of
the polysilicon

ρ = ρ0 ⎡⎣1 + ξ (T − Ts ) ⎤⎦

(5)

where ρ0 is the resistivity of polysilicon at room temperature. The current density can
be written as
J=

V
ρL

(6)

where V is the voltage applied to the hot arm, L is the length of the polysilicon that
current passes through.
2.3 Electromagnetic wave propagation
2.3.1 Problem descriptions

The circulator geometry is shown in Figure 3. The three arms are standard WR-90
waveguides with cross sections of 0.9 x 0.4 inches. (Because of symmetry, the height
of the geometric model is here 0.2 inches.) The arms make 120-degree angles with
each other. In the center of the device is a ferrite post, which is a cylinder with a
radius of 0.139 inches and a height of 0.4 inches (0.2 inches in this model because of
symmetry).

Figure 3. Three-port microwave circulator
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2.3.2 Model equations

The dependent variable in this application mode is the z-component of the electric
field E. It obeys the following relation:
⎛
jσ ⎞ 2
∇ × μ r−1∇ × Ez − ⎜ ε r −
⎟k E = 0
ϖε 0 ⎠ 0 z
⎝

(

)

(7)

where μ r is the relative permeability, ϖ is the angular frequency, σ is the
conductivity, ε 0 is the permittivity of vacuum, ε r is the relative permittivity and k0
is the free space wave number.
Assumption: 1. losses are neglected (the conductivity is zero everywhere);
2. static H 0 magnetic bias field is much stronger than the alternating
magnetic field of the microwave;
3. the applied magnetic bias field is strong enough for the ferrite to be in
magnetic saturation.
The anisotropic permeability of a ferrite magnetized in the positive z-direction is given
by
⎡ μ
[ μ ] = ⎢⎢ − jκ
⎢⎣ 0

jκ

μ
0

0⎤
0 ⎥⎥
μ0 ⎥⎦

(8)

⎛ ϖϖ ⎞
⎛
ϖϖ ⎞
where κ = μ0 ⎜ 2 m 2 ⎟ , μ = μ0 ⎜ 1 + 2 0 m 2 ⎟ and ϖ 0 = μ0γ H 0 , and ϖ m = μ0γ M s ,
0 −ϖ ⎠
0 −ϖ ⎠
⎝ ϖrelative
⎝ ofϖfree
μ0 denotes the
permeability
space, ϖ is the angular frequency of the
microwave field, ϖ 0 is the precession frequency or Larmor frequency of a spinning
electron in the applied H 0 magnetic bias field, ϖ m is the electron Larmor frequency
at the saturation magnetization M s of the ferrite, and γ is the gyromagnetic ratio of
the electron.

For a lossless ferrite, the permeability clearly becomes unbounded at ω = ω0 . In a real
ferrite, this resonance becomes finite and is broadened due to losses. In this analysis the
operating frequency is chosen sufficiently off from the Larmor frequency to avoid the
singularity. The material data, M s = 2.39e5 A m and ε r = 12.9 , are taken for
magnesium ferrite. The applied bias field is set to H 0 = 2.72e5 A m , which is well
above saturation. The electron gyromagnetic ratio is set to 1.759e11 C kg . Finally, the
model uses an operating frequency of 10 GHz , which is well above the cutoff for the
TE10 mode which for a waveguide cross section of 2 cm by 1 cm is at about 7.5 GHz.
At the ports, matched port boundary conditions make the boundaries transparent to the
wave.
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2.4 Rotating electric generator
2.4.1 Problem descriptions

This example is a static case, which calculates the magnetic fields around and inside the
generator. The center of the rotor consists of annealed medium carbon steel, which is a
material with a high relative permeability. The center is surrounded with several blocks
of a permanent magnet made of Samarium Cobalt, creating a strong magnetic field. The
stator is made of the same permeable material as the center of the rotor, confining the
field in closed loops through the winding. The winding is wound around the stator poles.
The generator is shown in Fig. 4, with part of the stator sliced, in order to show the
winding and the rotor.

Figure 4. Three-dimensional generator
2.4.2 Model equations

The PDE is simplified in order to solve for the magnetic scalar potential, Vm, instead of
the vector potential, A. It is based on the assumption that currents can be neglected,
which holds true when the generator terminals are open. The equation for Vm becomes
−∇ ⋅ ( μ∇Vm − Br ) = 0

(9)

The stator and center of the rotor are made of annealed medium-carbon steel, which is a
nonlinear magnetic material. This is implemented in COMSOL Multiphysics 3.4 as an
interpolation function for the relative permeability, μr. The difference compared to the
2D version is that the argument to this function needs to be changed to the norm of the
magnetic field, |H|, in this model. The reason is that in this problem, H is calculated
from the dependent variable Vm according to
H = −∇Vm

(10)

B is then calculated from H using the relation

B = μ0 μr H + Br

(11)
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resulting in an implicit or circular dependence of μr if B were used as the argument for
the interpolation function.
3. MEASUREMENT: SIMULATION RESULTS
3.1 Benchmark environment

Hardware: Pentium(R) D CPU 2.80GHz, 4.0GB RAM (since 32 bit windows OS is
running, the system can only handle 2.0 GB RAM)
Operating system: Window XP
Software:

COMSOL Multiphysics 3.4
ANSYS 11.0
ANSYS CFX 11.0
HFSS v10
MAXWELL 3D v11
CST MWS version 2006

3.2 Benchmark criteria

The aim for the benchmark is to compare both the computational accuracy as well as
the computational cost, which includes the memory and CPU time. Comparisons are
also made for computational grid generations. All the software packages involved in
the benchmark studies were run using their respective graphical user interfaces.
3.2.1 Computational accuracy

Simulation results are compared for different test problems. The results include the
contours of the key variables (such as velocity, temperature, displacements, electric
fields, power flows, magnetic flux densities, etc.) and extreme values in the
computational domain. Comparisons with experimental data are also made whenever
the data are available. (Usually the difference is less than or equal to 5%).
3.2.2 Mesh independent study

Comparisons are made for results obtained from different mesh densities for a
selected test problem to make sure the results are mesh independent. Mesh size will
be considered as sufficient, if further increase of the number of element leads to
negligible differences in the solutions (less than or equal to 5%).
3.2.3 Memory

For comparable mesh size using different software packages, memory requirement
information would be valuable for the different test problems. This information will
be provided whenever possible. Usually the information is reported directly by the
programs. For COMSOL Multiphysics 3.4, there is no direct report about memory
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consumption. An alternative way is used to approximate the memory consumption:
average the memory during the whole solution procedure, using the “Mem Usage”
from Windows Task Manage. (However, this may not be very accurate).
3.2.4 CPU time

The execution times for different test problems using different software packages are
recorded either from immediate access to the CPU time by the programs or obtained
from measuring wall-clock time. In order to obtain accurate CPU time, all
unnecessary processes were stopped.
3.3 Simulation results for the fluid-structure interaction case
3.3.1 Results from ANSYS CFX 11.0

Only transient results could be obtained using ANSYS_CFX 11.0 for this case. Steady
state setting always lead to folded mesh or negative mesh. However, the transient
simulation finally reached steady state, which gave comparable results with COMSOL
Multiphysics 3.4 steady state solutions.
Two mesh densities are tested; using tetrahedral elements for the corresponding mesh
size; CPU time, and the maximum values for streamline velocity are listed in Table. 1.
Table 1. Results from ANSYS CFX 11.0
Number of
elements

CPU time
(s)

Maximum displacement
(μm)

Mesh 1:
6,649

1,546

27.98

Mesh 2:
14,848

2,809

29.09

Computational mesh 1 is shown in Fig. 5.

Figure 5. Mesh 1 for flow through a channel with a flexible obstacle
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Mesh 1 convergence histories are shown in Fig. 6 (a) – (c). For Fig. 6 (a), the CRIT
quantities are the convergence criteria for each relevant variable, and the L2 quantities
represent the L2 Norm of the relevant variable. The x-axis of the plot is the cumulative
iteration number for ANSYS. The plot appears as a series of convergent spikes. This
occurs since each quantity does not converge at the start of each time step, but then
convergence improves with each step.

(a)
In Fig. 6 (b), the plot shows the convergence for each quantity that is part of the data
exchanged between the CFX and ANSYS Solvers. In this case, 6 lines appear,
corresponding to three force components (FX, FY and FZ) and three displacement
components (UX, UY and UZ). Each quantity is converged when the plot shows a
negative value. Again, a spiked plot is expected as the quantities will not converge at
the start of each time step.
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(b)
In Fig. 6 (c), the plot shows the convergence history for mass and momentum (U, V
and W). As seen in Fig. 6 (c), steady state is nealry reached after accumulated time
step 35 – with minor vibrations, which also explains the small changes in the mass
convergence plot in Fig. 6 (c).
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(c)
Figure 6. Convergence histories for flows through a channel with a flexible obstacle
by ANSYS CFX 11.0
Figure 7 shows the transient procedure for the tip point displacement for mesh 1.

Figure 7. Tip point displacement
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The velocity - streamline distributions and total mesh displacement are shown in Fig.
8 for mesh 1.

Figure 8. Flows through a channel with a flexible obstacle (ANSYS CFX 11.0)
Velocity vector distributions are shown in Fig. 9 for the mid-Z plane. Notice the
recirculation zones on the back of the obstacle. However, this feature is not revealed
by the post processing from CFX in Fig. 8.

Figure 9. Velocity vectors at mid-Z plane
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Computational mesh 2 is shown in Fig. 10 and convergence histories are shown in Fig.
11 (a) – (b).

Figure 10. Mesh 2 for flows through a channel with a flexible obstacle

(a)
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(b)
Figure 11. Convergence histories for flows through a channel with a flexible obstacle
by ANSYS CFX 11.0 (mesh 2)

Figure 12 shows the transient displacement for the tip point for mesh 2. Here the tip
point displacement tends to reach a value of 2.5e-005 after about an accumulated time
step of 60.
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Figure 12. Tip point displacement
The velocity - streamline distributions and total mesh displacement are shown in Fig.
13 for mesh 2. Velocity vector distribution is shown in Fig. 14 for the mid-Z plane.
Again, notice the recirculation region behind the obstacle, which is not revealed by
the post processing from CFX in Fig. 13.

Figure 13. Flow through a channel with a flexible obstacle (ANSYS CFX 11.0)
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Figure 14. Velocity vectors at mid-Z plane
A mesh size of 6,649 elements was selected and deemed sufficient for the set of the
simulations (refer to section 3.3.2 mesh independent study; the maximum
displacement is used as the measure).
3.3.2 Results from COMSOL Multiphysics 3.4

The simulation results from the COMSOL Multiphysics 3.4 agree well with those
obtained from ANSYS CFX 11.0. In a previous benchmark study involving COMSOL
Multiphysics 3.3, it failed to run the same problem with 1346 elements -run out of
memory . COMSOL Multiphysics 3.4, with its improved segregate flow solvers, can
solve the benchmark problem with much more element number. Four mesh densities
have been tested results are shown in Table 2 as well as in Fig. 15 (a) – (h).
Table 2. Results from COMSOL 3.4
Number of Number
elements of DOF

CPU
time
(s)

Memory
(MB)

Maximum
displacement
(μm)

3,407

32,932

1,537

245

25.43

6,602

61,647

3,342

267

25.72

9,728

89,958

5,301

308

25.50

14,265

129,573

8,475

349

26.04
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(a) Streamlines (mesh 1)

(b) Velocity vectors at mid-Z plane (mesh 1)
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(c) Streamlines (mesh 2)

(d) Velocity vectors at mid-Z plane (mesh 2)
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(e) Streamlines (mesh 3)

(f) Velocity vectors at mid-Z plane (mesh 3)
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(g) Streamlines (mesh 4)

(h) Velocity vectors at mid-Z plane (mesh 4)
Figure 15 Flows through a channel with a flexible obstacle (COMSOL 3.4)
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Notice the recirculation zones on the downstream side of the obstacle. This
feature is clearly revealed by the post processing from COMSOL Multiphysics 3.4 in
Figs. 15 (a), (c), (e) and (g). A mesh size consisting of 3407 tetrahedrals was selected
and deemed sufficient for the set of the simulations. For this specific problem,
ANSYS-CFX solves the transient problem, while COMSOL 3.4 solves the steady
state problem. For ANSYS-CFX the steady state setting always lead to folded mesh or
negative mesh.
3.4 Simulation results for the actuator case
3.4.1 Results from ANSYS 11.0

Three mesh densities were used for the corresponding mesh size (tetrahedral
elements); CPU time, memory (the sparse matrix direct solver memory required for
in-core) and maximum total displacement are listed in Table 3.
Table 3. Results from ANSYS 11.0
Number of
elements

Number of
Nodes

CPU time
(s)

Memory
(MB)

Maximum total
displacement (μm)

5,153

11,298

68

123

3.067

9,368

18,574

130

234

3.067

24,911

42,917

600

759

3.065

Three computational meshes are shown in Fig. 16 (a) – (c).

(a) Mesh 1
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(b) Mesh 2

(b) Mesh 3
Figure 16. Computational meshes from ANSYS 11.0
Total displacement distributions obtained from the three meshes are shown in Fig. 17
(a) – (c).
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(a) Total displacement (μm) from mesh 1

(b) Total displacement (μm) from mesh 2
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(c) Total displacement (μm) from mesh 3
Figure 17. Total displacement distribution for actuator from ANSYS
A mesh size consisting of 5153 tetrahedrals was selected and deemed sufficient for
the set of the simulations (refer to section 3.3.2 mesh independent study). The
maximum total displacement was used as the measure in this problem.
3.4.2 Results from COMSOL Multiphysics 3.4

Three mesh densities were used for the corresponding mesh size (tetrahedral elements
were employed). The CPU times and maximum total displacements are listed in Table
4.
Table 4. Results from COMSOL 3.4
Number of
elements

Number of
degrees of
freedom

CPU time
(s)

Memory
(MB)

Maximum total
displacement
(μm)

5,032

32,673

5

220

3.065

9,635

59,907

11

312

3.069

15,774

93,942
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420

3.066

The total displacement distribution is shown in Fig.18 (a) – (c).
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(a)

(b)
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(c)
Figure 18. Total displacement (m)
A mesh consisting of 5032 tetrahedrals was selected and deemed sufficient for the set
of the simulations (refer to section 3.3.2 mesh independent study; the maximum total
displacement is used as measure). ANSYS 11.0 and COMSOL Multiphysics 3.4 can
produce close simulation results (refer to section 3.3.2 for the computational
accuracy). However, when using comparable mesh densities (ANSYS 11.0, 5153
elements; COMSOL Multiphysics 3.4, 5032 elements), the CPU times are dramatically
different. ANSYS 11.0 required more than 9x CPU time than COMSOL 3.4.
3.5 Simulation results for the circulator case
3.5.1 Results from HFSS v10

Simulation results were obtained using an adaptation procedure - no mesh
independent study was needed here. The corresponding mesh size (tetrahedral
elements are used), CPU time and memory used are listed in Table 5. To compare
simulation results with other packages, the insertion loss, reflection and isolation are
presented.
Table 5. Results from HFSS v10
Number of
elements

Adaptation
Pass

CPU time
(s)

Memory
(MB)

7,431

5

609

139

The final adaptive computational mesh is shown in Fig. 19 (a, b).
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(a)

(b)
Figure 19. Final adaptive mesh from HFSS v10
Simulation results for the electric field distribution are shown in Fig. 20.

29

Figure 20. Electric fields distributions (V/m) from HFSS v10
Insertion loss, isolation and reflection of the lossless circulator from the HFSS v10
calculation are shown in Fig. 21. Convergence and adaptation histories are shown in
Figs. 22 - 23.

Figure 21. Insertion loss, isolation and reflection of the circulator from HFSS v10
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Figure 22. Adaptation history of the lossless circulator from HFSS v10

Figure 23. Convergence history of the lossless circulator from HFSS v10
3.5.2 Results from COMSOL Multiphysics 3.4

Simulation results were obtained using an adaptation procedure - no mesh
independent study was needed here. To make results compatible with both HFSS v10
and CST MWS 2006, two sets of meshes were used. Initial and final adaptive
numbers of elements are listed in Tables 6 and 7, along with the CPU times. Results (a)
were used to compare with HSFF v10, while results (b) were used to compare with
CST MWS 2006. Both initial and final adapted meshes are shown in Figs. 24 and 27.
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The electric fields distributions are shown in Figs. 25 and 28. Insertion loss, isolation
and reflection of the lossless circulator from the HFSS v10 calculation are shown in
Figs. 26 and 29.
Table 6. Results (a) from COMSOL Multiphysics 3.4
Number of
elements (initial)

Number of
elements (final)

CPU time (s)

Memory (MB)

3,539

9,067

127

173

(b) final mesh
(a) Initial mesh
Figure 24. Computational mesh from COMSOL Multiphysics 3.4 results (a)

Figure 25. Electric fields (V/m) from COMSOL Multiphysics 3.4 results (a)
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Figure 26. Insertion loss, isolation and reflection of the lossless circulator from
COMSOL Multiphysics 3.4 results (a)

Table 7. Results (b) from COMSOL Multiphysics 3.4
Number of
elements (initial)

Number of
elements (final)

CPU time (s)

Memory (MB)

7,625

19,398

361

376

(a) Initial mesh
(b) final mesh
Figure 27. Computational mesh from COMSOL Multiphysics 3.4 results (b)
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Figure 28. Electric fields (V/m) from COMSOL Multiphysics 3.4 results (b)

Figure 29. Insertion loss, isolation and reflection of the lossless circulator from
COMSOL Multiphysics 3.4 results (b)
3.5.2 Results from CSTMWS version 2006

Simulation results were obtained using an adaptation procedure, and no mesh
independent study was required. The corresponding mesh size (tetrahedral elements
are used), total solver CPU time (13 frequency samples), memory used and maximum
norm electric fields value are listed in Table 8. The final adapted mesh is shown in
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Fig.30.
Table 8. Results from CST MWS version 2006B
Number of
elements

Memory used
(MB)

CPU time (s)

16,342

381

297

Figure 30. Final adaptive mesh from CST MSW version 2006
Convergence and adaptation histories are shown in Fig. 31(a) – (e).

(a)
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(b)

(c)

(d)
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(e)
Figure 31. Convergence and adaptation histories from CST MWS version 2006
Electric field distributions are shown in Fig. 32 (a) – (b).

(a)
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(b)
Figure 32. Electric fields distributions (V/m) from CST MWS version 2006
Comparisons for reflection, isolation and insertion loss of the lossless circulator from
experimental data, numerical simulation results from Koshiba et al. [7], HFSS v10,
COMSOL Multiphysics 3.4 results (b), and CST MWS version 2006 results are shown
in Figs. 33 - 35. Overall good agreement was observed for all the simulations when
compared with experimental data. CST MWS is based on a finite difference scheme,
while HFSS and COMSOL are based on an FEM approach. COMSOL Multiphysics
3.4 ran 3X faster than HFSS v10, with a little more memory consumption.

Figure 33. Comparisons for reflection of the lossless circulator
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Figure 34. Comparisons for isolation of the lossless circulator

Figure 35. Comparisons for insertion loss of the lossless circulator
3.6 Simulation results for the generator case
3.6.1 Results from MAXWELL 3D v11

Simulation results were obtained using adaptation - a mesh independent study was not
undertaken. The corresponding mesh size (tetrahedral elements are used), CPU time,
and maximum magnetic flux density value are listed in Table 9.
Table 9. Results from MAXWELL 3D
Number of
elements

Adaptation
Pass

CPU time
(s)

Memory
(MB)

Maximum magnetic
flux density value (T)

24,055

10

375

94

1.421
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Magnetic flux densities are shown in Figs. 36-37 from HFSS. Convergence and
adaptation histories are shown in Figs. 38-39.

Figure 36. Magnetic flux density, norm (T)

Figure 37. Magnetic flux density (T)
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Figure 38. Convergence history

Figure 39. Adaptation history
3.6.2 Results from COMSOL Multiphysics 3.4

Simulation results were also obtained using an adaptation procedure. The initial and
final adapted numbers of elements are listed in Table 10, along with the CPU time.
Table 10. Results from COMSOL Multiphysics 3.4
Number of
elements
(initial)

Number of
elements
(final)

CPU time (s)

Memory
(MB)

Maximum
magnetic flux
density value (T)

13,189

38,440

78

283

1.225
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COMSOL Multiphysics 3.4 ran considerably faster than MAXWELL 3D v11 (almost
5X). The mesh size used in COMSOL Multiphysics 3.4 was larger than the mesh used
in MAXWELL 3D v11. This was due to the limitations in allowing the smallest mesh
size that could be obtained to get comparable results.
Magnetic flux densities from COMSOL Multiphysics 3.4 are shown in Fig.40.

Figure 40. Magnetic flux density (T)
CONCLUSIONS

Four benchmark problems were tested using different commercial software packages.
Whenever possible, simulation results were compared with data in the literature and
experimental data. Overall good agreements for all the test problems were observed. A
summary table for all the test problems using the different packages is shown in Table
11.
For the FSI problem, COMSOL 3.4 provides a much improved solver compared with
COMSOL 3.3 – it is faster and consumes less memory. COMSOL Multiphysics 3.4 is
more computationally efficient for the thermal actuator problem compared with
ANSYS 11.0. For the circulator problem, COMSOL Multiphysics 3.4 ran 3X faster
than HFSS v10 – considering that both employ an FEM scheme with compatible
mesh size. However, COMSOL 3.4 required more memory consumption. In the
generator problem, MAXWELL 3D was able to obtain comparable results with less
elements and CPU time than COMSOL 3.4, but required 5X more CPU time.
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Table 11. Summary of benchmark results
Benchmark

Software

case

Used

Case 1:

COMSOL
Multiphysics
3.4

FSI

Number
of
elements

Memory
cost
(MB)

CPU time
(s)

Compared values

3,407

245

1,537

Totdis-max:25.43µm

6,602

267

3,342

Totdis-max:25.72µm

9,728

308

5,301

Totdis-max:25.50µm

14,265

349

8,475

Totdis-max:26.04µm

6,649

N/A

1,546

Totdis-max:27.98µm

14,848

N/A

2,809

Totdis-max:29.09µm

5,032

220

5

Xdis-max=3.065µm

9,635

312

11

Xdis-max=3.069µm

15,774

520

22

Xdis-max=3.066µm

5,153

123

68

Xdis-max=3.067µm

9,368

234

130

Xdis-max=3.067µm

24,911

759

600

Xdis-max=3.065µm

9,067

173

127

19,398

376

361

HFSS 10.0

7,431

139

609

reflection,
isolation and
insertion loss
(Fig. 33, 34, 35)

CST2006B

16,342

381

297

COMSOL
Multiphysics
3.4

38,440

303

78

Bmax=1.225T

MAXWELL
3D 11.0

24,055

94

375

Bmax=1.421T

ANSYS CFX
11.0

Case 2:
Actuator

COMSOL
Multiphysics
3.4
ANSYS 11.0

Case 3:
Circulator

Case 4:
Generator

COMSOL
Multiphysics
3.4
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