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Abstract

The development of the electromagnetism module in LS-DYNA (980 solver) was in the past primarily driven by the
need for Electromagnetic Metal Forming (EMF) simulation capabilities. As the module matures, new applications
in particular in the field of induction heating for thermoplastic composite welding/joining have appeared, providing
a crucial simulation tool for composite manufacturing processes utilizing this technology. In this work, induction
heating characterization tests involving static plate specimens using different induction heating processing
parameters have been performed and then simulated. Finite element models have been built in both LS-DYNA and
COMSOL and the results and capabilities of both software codes are discussed and compared.

1-Introduction

The push by automotive manufacturers towards the mass production of all carbon fiber
composite passenger cells like that in BMW’s fully electric mega city vehicle (i3) and its hybrid
sports counterpart the i8, together with VVolkswagen Group (Lamborghini) and GM among others
all considering the wider use of composite materials, calls for more automated production
methods for automotive composites. Currently, such passenger cells (Figure 1) are produced
using “semi-automated” resin transfer molding (RTM) processing techniques that still require a
significant amount of manual labor. On the material cost side, vigorous research efforts are
underway to find out ways of producing cheaper higher quality carbon fiber materials indicating
again a clear trend towards the increasing use of these types of materials. Beyond the concept
cars of today, the mass production of carbon fiber thermoplastic composite parts for vehicles can
be foreseen in the future considering the lightweight and customizable performance advantages
that can be offered. Thermoplastic composite sheet materials have already demonstrated their
potential in quick thermoforming processing techniques which are not so far away in principle
from the stamping processes currently performed during automotive sheet metal part
manufacturing.

An important part of the vehicle body construction is welding and joining. Joining methods
for metallic passenger cells and chassis components include automated robotic spot and seam
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welding of pre-stamped parts along with glueing in some areas mainly for providing water
sealing properties. For the use of thermoplastic carbon fiber parts to therefore become feasible
for automotive mass production one very important characteristic is therefore required; the
ability for the material to be joined quickly and efficiently by robotic means in a controlled
manner to give excellent bonding between the connected parts.

The technology to provide this capability for both metal to composite and composite to
composite thermoplastic parts has been in development at the Institute fir Verbundwerkstoffe
(IVW) over the last 15 years, in the form of robotic composite induction welding, see Figure 1.
Early methods focused on the use of susceptor materials (a metallic mesh) inserted between the
laminates so that a concentrated heating effect could be generated at the bond line. However, it is
now known that in woven carbon fiber reinforcement structures, eddy current joule heating can
produce enough heat in the composite to allow for thermal bonding to occur without the use of
susceptors. With the correct selection of electromagnetic, thermal and mechanical parameters the
composite can be melted precisely in a small volume of material close to the bond line so that the
two parts can be joined effectively without any detrimental effects of overheating and
deconsolidation. Figure 1 (right) shows the robotic induction welding of a BMW M-series front
bumper beam using a Kuka robot fitted with an induction heating head incorporating a coil and
roller pressure system.

BMW's i3 passenger cell
(Source: auto-motor-und-sport.de) J@]@@b
@

N

® Owww.ivweubi-kl.de’ 4

BMW M-series front bumper
(Source: Jacob Composite GmbH)

Figure 1: Examples of automotive components that could or have already benefitted from
induction welding (left). Induction welding Kuka robot at the Institute fur Verbunwerkstoffe
(right) joining the two thermoformed components of the BMW M-series front bumper beam

At present, the selection of the optimum processing parameters for the induction welding
of composites is an art form only known by a handful of researchers who have spent many hours
operating the equipment and burning thousands of dollars of expensive test material in the
process (2 mm thick CF/PEEK (Carbon fiber reinforced polyether ether ketone composite)
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organosheet material costs ~ 200 €/m?). While the trial and error method may give some result in
the end, an understanding of how to control the induction welding process properly in order to
create defect free bonding between the thermoformed parts still remains a mystery. In addition,
the selection of a new material results in a completely different set of processing parameters. It is
for these reasons that strong developments in the field of finite element simulation of such
processing techniques are currently being developed.

The simulation of material processing using electromagnetic induction is a multiphysics
problem involving at least the theories of electromagnetism and heat transfer. If the thermal and
mechanical stresses are also to be taken into account then a three-way Electro-Thermal-
Mechanical (ETM) simulation coupling is required. Two Finite Element Analysis (FEA)
software codes capable of such simulations are COMSOL AB’s COMSOL Multiphysics and
LSTC’s LS-DYNA 980 solver. For the simulation of induction heating problems COMSOL
Multiphysics uses a complete finite element method formulation. This means that all the domains
(including the coil, conducting and non-conducting workpiece parts) and the surrounding air are
represented by solid 3D elements. The LS-DYNA 980 alpha solver on the other hand uses a
combination of the boundary element (BEM) and finite element (FEM) methods. In this case, the
electromagnetic behavior is accounted for by boundary elements coupled to the outer surfaces of
the parts meshed using solid 3D finite elements which take care of the model’s thermal and
mechanical behavior. There are advantages and disadvantages with both methods. The former,
for example, provides a more efficient formulation for large static induction heating simulations
while the latter is more suited for smaller dynamic simulations where a moving coil or workpiece
is required. For very large models the BEM method requires a significant amount of memory for
the storage of the system matrices. However, the disadvantage of using the full FEM method is
that any model considering anything but simple translational movement of the coil geometry
requires automated remeshing of the entire model. In the BEM method, no mesh at all is required
for the air domain giving rise to the possibility of dynamic transient induction heating
simulations (i.e. allowing for a moving coil and workpiece). In addition, for induction heating
cases where the coil remains static and workpiece deflection can be neglected, the large system
of matrices need only be solved once.

In this work, both FEA codes have been used in order to simulate static induction heating
of ordinary steel plate and composite laminates. The characterization experiments necessary for
gathering the data for such simulations involve the static heating of plates using different
coupling distances, coil geometries and variable induction generator settings (e.g. power, current,
voltage and frequency). Two different induction heating characterization tests, involving single
steel plate specimens 100 x 100 x 0.8 mm in size, and composite plate specimens 100 x 100 x 2.1
mm in size were performed. Temperature measurements were recorded using laser guided non-
contact pyrometers on both sides of the specimens at specific locations depending on the coil
geometry. In addition, full infrared thermal imagery was recorded for one side of the specimen
setup. The overall temperature information was captured at sampling rate of 50Hz for both the
heating and cooling cycles.
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2-Experimental equipment
2-1 Induction generator and temperature data recording devices

A Hattinger Elektronik TruHeat HF 5010 generator available at the IVW, see Figure 2,
was used together with an 8:1 transformer unit. The transformer itself contains two sets of
interchangeable capacitor slots allowing for a reasonable variation of frequency. It must be noted
that for different test setups (coil geometry, heated material type, thickness, coupling distance,
etc) the capacitor set used to give a desired range of induction parameters will be different. This
is due to the fact that all of the aforementioned parameters are involved in determining the
electromagnetic circuit created during induction welding. However, since the coil size and
geometry are a major influence, a rough idea of the capacitor set required can be obtained by
trialing the coils in the absence of any test specimen.
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Figure 2: Induction heating characterization equipment at the Institute fir Verbunwerkstoffe
GmbH

In total, three pyrometers were used during the experiments, one to control the induction
generator and two others to take point temperature measurements at defined locations on the coil
side (CS) and non-coil side (NCS) of the test specimens. An infrared thermal camera provided
full surface temperature data for the NCS of the specimens which in the shown configuration is
the top side of the plate specimen. In the test setup shown in Figure 2 the coil (obstructed by the
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test specimen in this case) is connected to the transformer and faces the bottom side of the
laminate.

2-2 Coil and flux concentrator geometries

Only one coil geometry was chosen for these experiments as presented in Figure 3. The
“pancake” type spiral induction coil, consists of a tubular cross-section with a 3 mm outer
diameter, 0.5 mm wall thickness and an overall spiral diameter of approximately 25 mm. The
mesh geometry when created for LS-DYNA consists only of solid hexahedral elements
(tetrahedral elements are currently unavailable but are planned in the future) and three coil
section surface segment sets are used to define the input, output and flow direction of the applied
current. Although complete solid element models are not always necessary to model induction
heating, (i.e. we are usually not so interested in the temperature development in the coil itself)
the coil mesh geometry developed here for LS-DYNA allows for an investigation of the heat
developed in the coil itself. As part of the coil design process, the convective heat transfer
coefficient required on the inner surfaces of the coil to keep the coil at a safe temperature can be
determined. The appropriate cooling water flow rate can then also be calculated although no
further details will be given here. The coil geometry considered here represents only one of the
virtually unlimited possibilities available with respect to coil design in order to achieve the
desired heating pattern on the workpiece.

Figure 3: LS-DYNA coil mesh for a “pancake’ type spiral induction heating coil geometry

3-Characterization tests

For the characterization tests, a single point temperature profile with respect to time was
recorded using either two pyrometers on the CS and NCS of the laminate at a defined location
(point 4) as indicated to the right of Figure 4. Temperature measurements at points 1, 2 and 3
were obtained using the data recorded from infrared thermal images. The induction generator
settings used for the pancake coil were f = 400 kHz and three different values of power
corresponding to a coil current of 1 = 131.97 A (10% max power), | = 193.50 A (20% max
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power) and | = 241.54 A (30% max power) were applied. A coil coupling distance of 2 mm was
maintained for the coil during all the tests performed. A schematic of the induction heating
characterization test setup is shown in Figure 4.

Thermal Camera

NCS Pyrometer 2

CS Pyrometer 1

Figure 4: Schematic of test setup for static induction heating characterization and temperature
spot measurement locations using the “pancake’ type induction heating coil

4-Finite element models
4-1 The inductive heating solver in LS-DYNA

The Electromagnetism (EM) solver included in the 980 version of LS-DYNA solves the
Maxwell equations in the Eddy current (induction-diffusion) approximation [1-3]. This is
suitable for cases where the propagation of electromagnetic waves in air (or vacuum) can be
considered as instantaneous which is the case in most industrial magnetic metal welding, forming
or inductive heating applications. The EM solver is coupled with the structural mechanics solver
(the Lorentz forces are added to the mechanics equations of motion), and with the structural
thermal solver (the Ohmic heating is added to the thermal solver as an extra source of heat) thus
allowing the simulation of moving coils and the heating or deformation of work pieces. The EM
fields are solved using a Finite Element Method (FEM) for the conductors and a Boundary
Element Method (BEM) for the surrounding air/insulators. Thus no air mesh is necessary.
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Among its various features, the EM solver in LS-DYNA includes an inductive heating
solver. It was introduced in order to solve the computer cost issue arising when high frequency
currents, thus very small time steps, were combined with long simulation runs (typically, an AC
current with a frequency ranging from kHz to MHz and a total time for the process in the order
of a few seconds). The induction heating solver works the following way: it assumes a current
which oscillates very rapidly compared to the total time of the process. The following
assumption is made: a full eddy-current problem is solved over two full periods with a "micro"

EM time step, see Figure 5.
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Figure 5: Graphical representation of the electromagnetic field and resulting joule heating
calculation scheme implemented in the LS-DYNA inductive heating solver

An average of the EM fields during the two full periods as well as the joule heating is
computed. It is then assumed that the properties of the material (heat capacity, thermal
conductivity, magnetic permeability) and mostly the electrical conductivity which drives the
flow of the current and the joule heating do not change for the next periods of the current within
the “macro” EM time step chosen. As all the properties are largely temperature dependent, the
assumption can therefore be considered accurate as long as the temperature does not change too
much. During these periods, no EM computation is performed; only the averaged joule heating
term is added to the thermal solver. However, as the temperature and thus the electrical
conductivity changes together with all the other material properties mentioned, the EM fields
need to be updated accordingly so another full eddy current resolution is computed for two full
periods of the current giving new averaged EM fields (introducing a “macro” EM time step). In
this way the solver can efficiently solve inductive heating problems for both the cases of a static
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or moving coil. It is also worth noting that velocity of the coil is not a factor with respect to the
computational efficiency. For example, a fast moving coil will require the same number of macro
time steps to ensure an accurate solution as a slow moving coil. The important parameter in the
moving case is therefore the total coil travel distance which is simulated.

4-2 Material properties

A large number of material properties need to be collected in order to setup the
simulations. A summary of the properties used in both the LS-DYNA and COMSOL finite
element models along with their relevant references are presented in Table 1.

Table 1: Summary of the material property parameters used in the LS-DYNA and COMSOL
induction heating finite element models. COMSOL values used are given in brackets if different

Material Propert Air Cail Steel Plate Composite Plate
perty (Copper) (0.9% Carbon Structural Steel) (CF/PEEK)
Density, p (kg/m”3) (i‘gi?) 8960 7850 1790
Heat Capacity at (const. 1010 385 1475 ®1803
pressure), Cp (J/(kg*K) (1006) Cpvs. T curve Cpvs. T curve
0.026 244.5 6
Thermal ke (0.025) 390 kvs. T curve 2.50
Conductivity, k K 5
% 2 - - - 2.50
(W/mK) ks - - - %0.32
Electrical Conductivity, o L £ 998 x 107 $1.032 x 10° 71.389 x 10*
(S/m) ' o vs. T curve o vs. T curve
Relative Permittivity, & 1 1 1 837
150
Relative Permeability, pir 1 1 B vs. H curve 1
W vs. T curve
Surface Emissivity - 0.5 (0.95) (0.95)
Skin Depth (mm) i N
(automatically calculated) 0.1 See Eq. 1 See Eq. 1

'Specific heat capacity at room temperature for low carbon structural steel is shown, however from references [4,5]
curves defining the property with respect to temperature have been implemented in both the LS-DYNA and
COMSOL models.

?|sotropic thermal conductivity at room temperature shown, however from references [4,5] curves defining the
property with respect to temperature have been implemented in both the LS-DYNA and COMSOL models.
*Electrical conductivity for AC current source at room temperature for low carbon structural steel shown, however
from reference [6] a curve defining the property with respect to temperature has been implemented in both the LS-
DYNA and COMSOL models.

“Relative permeability value at room temperature for low carbon structural steel shown and used although B vs. H
curves where B is the magnetic flux density, H is magnetic field density and x, vs. T curves can be defined as given
in references [7, 8].

*Best constant value over the processing temperature for heat capacity is shown although a curve defining the
property with respect to temperature experimentally measured using DSC equipment at IVW has been implemented
in both the LS-DYNA and COMSOL models.
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878 values taken from the measurements and data collected in reference [9], thermal conductivity is so low there is
no point defining it with respect to temperature in this case.

In the both the LS-DYNA and COMSOL models, the free convection heat transfer
coefficients were calculated for the upper, lower and sides faces of the plate. Tabulated values
with respect to temperature (for a range of 40 — 480 °C) were input into the models as curves
defining the respective convection boundary condition. The average values were 7.83 W/(m?.K)
for the horizontal upside surface, 5.94 W/(m?.K) for the horizontal downside surface and 33.00
W/(m?.K) for the vertical faces.

The skin depth is another important electromagnetic parameter where the magnetic field
has decreased by a factor of “e” compared to its value at the surface. In LS-DYNA and in
COMSOL, it is automatically calculated using the formula given in Equation (1), which is a
function of the already specified electromagnetic material properties.

S= |— 2P 503 |-L (1)
(27 ) (o 1,) w f

o0 = the skin depth in meters (calculated using Eq. 1 as 3.5 mm for pancake coil (400
kHz) and 2.85 mm for the single turn coil (600 kHz) for CF/PEEK)

ur = the relative permeability of the medium (3.7 used for CF/PEEK, reference [6])

o = the magnetic permeability of free space (4-1-10" H/m)

p = the resistivity of the medium in Qem, also equal to the reciprocal of its conductivity:

p =1/ o (for CFIPEEK, p = 7.14%10™ Qem, reference [6])

f = the frequency of the current in Hz

where

4-3 Simulation results and comparisons with Experiments/LS-DYNA/COMSOL

One coil geometry and two different plate material types with large differences in
electrical conductivity (structural steel and CF/PEEK polymer composite) have been chosen for
these experiments as has been highlighted in the previous sections. The experimental data has
then been compared with analyses performed in both LS-DYNA and COMSOL.

4-3-1 Structural steel plate

In the first instance, multiple point in-plane temperature measurements were carried out on
the coil side of the steel plate using the pancake type induction coil. The three measurement
location points (1, 2 and 3) beginning from the centre of the coil, were chosen in order to
demonstrate the in-plane non-uniformity of the developed heating pattern. Measurement location
point 4 has not been used for the steel plate experiments but was later arbitrarily chosen to gather
the point temperature measurement data on both sides of the thicker composite plate specimen.
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Figure 6: Experimental coil-side surface point temperature measurement curves for a structural
steel plate at various power levels 10% (131.97A), 20% (193.5 A), 30% (241.54 A) and coupling
distances of 2, 5 and 10 mm, frequency 400 kHz.

As the steel plate used in the experiments was only 0.8 mm thick, there was no detectable
difference in the temperatures at the measurement points on the coil and non-coil side of the
plate. The experimental point temperature measurement curves are presented in Figure 6. The
significance of the induction generator power level (or applied current to the coil) and the value
of the coil to plate coupling distance on the heating behaviour can be seen by examining the
curves. Each of the curves represents a constant power level of induction heating until a certain
target temperature has been reached (in this case approximately 400°C) after which only natural
convective cooling takes place. The nature of the heating pattern can be better visualized by
looking at infrared thermal images of the heating behavior as shown in Figure 7.
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t=1.0sec

t=2.0sec

Figure 7: Infrared thermal images showing the experimental surface temperature development
on the non-coil side of a 0.8mm thick steel plate for 10% (131.97 A) generator power, 400 kHz
and a 2 mm coupling distance.

These experimental results can be compared directly with those predicted by both LS-
DYNA and COMSOL. In Figure 8 an equivalent plot for the steel plate measurement points is
given showing the results obtained from both software. Note that the convective cooling part of
the COMSOL simulation curves has been omitted for clarity and that the heating curves in these
cases end at specified values of time (e.g. 2, 10 and 30 sec looking at the curves from left to
right). For the same parameter set used experimentally (Figure 6) the plot shows that both LS-
DYNA and COMSOL agree well with one another considering the differences which exist in the
meshing (LS-DYNA uses hexahedral while COMSOL uses tetrahedral solid elements). It can
also be seen that the curves predict the experimental results quite well considering the wide
range of material properties which have been defined. Some further detailed features of the
experimental curves, for example an increasing slope exhibited by some of the curves can be
explained by thermal expansion. The thermal expansion of the thin steel plate causes the coil-
side surface of the specimen to move closer to the coil itself therefore reducing the coupling
distance. This phenomenon could also be accounted for in LS-DYNA at the expense of
computing time. The electromagnetic field would have to be recalculated at a suitable time step
in order to capture the dynamics of the thermal expansion giving rise to a changing coupling
distance.
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Figure 8: LS-DYNA and COMSOL predicted point temperature curves for a structural steel
plate at various power levels 10% (131.97A), 20% (193.5 A), 30% (241.54 A) and coupling
distances 2, 5 and 10 mm, frequency 400 kHz.

A comparison of the thermal contour plots obtained from both FEA software codes is

shown in Figures 9 a) and b) for the case of 10% power and a coupling distance of 2 mm at a
frequency of 400 kHz. This case of rapid heating is the most difficult to model, in particular with
a material with high conductivity due to the fast changing temperature field that results. While
the nature of the nature of the heating pattern is well predicted by both software codes, it can be
seen from the heating pattern itself why actual point temperature predictions are very difficult to
replicate. Mesh convergence in high conductivity materials due to very small skin depths is
another factor which can cause maximum temperature inaccuracies and is discussed in more
detail in Section 5.
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a)
Figure 9: Comparison of a) LS-DYNA and b) COMSOL thermal contour plots in °C for a
structural steel plate at 10% (131.97A) power and a coupling distance of 2mm, frequency 400
kHz.

4-3-2 CF/PEEK Composite plate

The same study has been performed with a 2 mm thick CF/PEEK composite plate which has an
electrical conductivity several orders of magnitude lower than that of structural steel. The graphs
in Figures 10 a), b) and c) show the predicted temperature versus time curves at position 4 on the
coil-side (CS) and non-coil side (NCS) of the plate specimen for 10, 20, and 30% power and a
working frequency of 400 kHz. The temperature sensor location is an arbitrarily chosen point
located 10 mm from the center of the coil in the x and y directions. As in one of the steel plate
experiments, a constant coupling distance of 2 mm was used.
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Figure 10: Comparison of LS-DYNA and COMSOL point temperature measurements thermal in
°C for a CF/PEEK composite plate at 10, 20 and 30% (131.97A, 193.50 A, 241.54 A) at a

coupling distance of 2mm, frequency 400 kHz.
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5- Mesh convergence analysis with LS-DYNA
5-1 The model

To perform the convergence analysis a fully meshed pancake coil and steel plate geometry
(0.8 mm thick) and the appropriate thermal properties are used. The mesh parameters studied
include the number of elements in the thickness dimension of the plate which will be the
reference mesh size parameter since the correct representation of the diffusion of the fields in the
thickness of the plate will be the leading factor influencing the results. Consistently, the mesh in
the thickness of the plate will in every case be 8 times finer than in the plane directions. The
mesh sizes studied are: 2, 4, 8 and 16 elements in the plate thickness. The varying parameter for
each mesh will be the electrical conductivity since the conductivity has an influence on the skin
depth (the bigger the conductivity, the smaller the skin depth). It is interesting to see how the
solver reacts when the mesh size is smaller or bigger than the skin depth (Note that in the Eddy
current approximation, the EM fields diffuse exponentially through the skin depth). Another
parameter that could be varied in future analyses could be the magnetic permeability via the
“murel” parameter on the EM_MAT card. Table 2 shows the skin depth calculated by the code
for various values of electrical conductivity at 30% power, 2mm coil coupling distance and 400
kHz.

Table 2: Skin depths calculated for different values of electrical conductivity in LS-DYNA

Con(c;l;r(;c)lwty Skin Depth (mm)
led 8
1e5 2.5
1e6 0.8
le7 0.25

The extracted variable in this case is the maximum temperature developed in the plate
after 20 seconds heating time. It must also be noted that the stability of the EM micro time step
varies with the mesh size and the conductivity. For the following analysis, the time step has
therefore been adjusted for every case to ensure the convergence of the EM-BEM system.

5-2 Results and observations

Figure 11 shows the behavior of the maximum temperature in the plate versus
conductivity for every given element size. It can be observed that the maximum temperature
value always increases as the mesh becomes finer. Moreover, in all cases, the maximum
temperature starts by going up when the conductivity rises, then reaches a peak and finally

decreases when the conductivity keeps increasing. This is consistent with the fact that the Joule
.2

heating increases as }—. At high conductivity, the current density j is high, but so is the
o

conductivity @ and there is not much Joule heating. If the plate were a perfect conductor, there
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would not be any heating at all. At low conductivity, o is low which makes the Joule heating
efficient for a given current density, but j is also low because the coupling between the coil and

the plate is low. Again, for a perfect insulator, there would be no heating because no current
would be flowing in the plate. Somewhere in between lays therefore a maximum point.

In order to determine if mesh convergence was achieved, we first start by calculating the
relative error each time the mesh is refined i.e. the error between two consecutive mesh sizes.
We consider that convergence is achieved when the relative error between two consecutive mesh
sizes is less than 1%. We see that for the case o = 1e4 S.m™ 1, this is achieved between 4 and 8
elements in the plate thickness. We therefore consider it unnecessary to calculate the 16 elements
case where the error would most likely be negligible and therefore we use the 8 elements case as
reference for ¢ = 1e4 S.m™*. On the other hand, for & = 1e7 5.m™!, the relative error between
8 elements and 16 elements is 1.4% which is still higher than 1%. However, as the computer
time cost was found to significantly increase with a finer mesh, it was decided to use the 16
element value as a reference value for ¢ = 1e7 5.m™* keeping in mind that the true converged

value is probably slightly higher.

0.8 mm Thick Structural Steel Plate

2.5
Mesh analysis
A 2 elements
2 B 4 elements
_C 8 elements
1 D 16 elements
™
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0 I | 1 1
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Figure 11: Graphical representation of the maximum temperature developed after 20 seconds in
a 0.8 mm thick plate for different values of electrical conductivity using different through
thickness mesh resolutions
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Now, that the reference values have been established, we can calculate the absolute error
which shows the error between a given value and the reference value. Figure 12 shows how this
absolute error behaves as a function of the mesh size for four conductivity values. It can be seen
that the absolute error increases with the conductivity as well as with the coarseness of the mesh.
While looking at Table 2, it can be noted that for the coarsest mesh and ¢ = 1e7 5.m™*, where

the absolute error is at its highest point, there is less than 1 element in the skin depth.

20 0.8 mm Thick Structural Steel Plate

A Conductivity

\ A Sigma=1e7 S/m
\ B Sigma=1e6 S/m
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Figure 12: Absolute error (%) in the maximum plate temperature afier 20 second’s heating with
respect to the through thickness mesh size for different electrical conductivity values

Let us now introduce Table 3 that sums up the results that have been obtained. For every
case, the temperature as well as the absolute and relative error is given. However, the main mesh
parameter will now be the number of elements through the skin depth instead of the number of
elements in the thickness. This way, the results appear in a new light since the effect of the
conductivity can clearly be seen and a number of conclusions can be drawn. It indeed appears
that the more elements we have in the skin depth, the more accurate the results. It explains why
for the o = 1e4 S.m™?, the results appear already very accurate with a coarse mesh as there are
already 20 elements in the skin depth. On the other hand, with less than 1 element for
o = 1e7 5.m™*, the error is big but rapidly decreases as soon as there is more than one element

in the skin depth.
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Table 3: Relative and Absolute error calculation for different electrical conductivity values and
therefore skin depths with respect to chosen element size

Conductivity led 1eb leb 1e7

ASkinDepth 20 6.25 2 0.625
AEleSize

Max 375.3 1970 745.6 220

Temperature (2.5%) (3.9%) (7.8%) (18.8%)
(Absolute Error) (2.2%) (2.3%) (6.1%) (14.1%)
(Relative Error)

ASkinDepth 40 12.5 4 1.25
AEleSize

Max 383.8 2017 793.7 256.2

Temperature (0.3%) (1.6%) (1.8%) (5.4%)
(Absolute Error) (0.3%) (1.3%) (1.3%) (4.0%)
(Relative Error)

ASkinDepth 80 25 8 2.5
AEleSize

Max 385 2044 804 267

Temperature (RefValue) (0.3%) (0.5%) (1.4%)
(Absolute Error) (LastValue) (0.3%) (0.5%) (1.4%)
(Relative Error)

ASkinDepth 160 50 16 5
AEleSize

Max 2050 808.3 270.8

Temperature - (RefValue) (RefValue) (RefValue)
(Absolute Error) (LastValue) (LastValue) (LastValue)
(Relative Error)

In summary, from Table 3 it can be determined that:

- With less than one element in the skin depth the error is > 10 %.
- Between 1 and 2 elements in the skin depth gives 5 % < Error < 10 %.
- For more than 2 elements in the skin depth gives an Error <5 %.

This mesh convergence analysis and the resulting table (see Table 3) will therefore be
very useful for future analyses. The user can now anticipate the numerical error due to the mesh
size relative to the skin depth. It could also be used in order to predict errors when for computer
cost reasons, it is impractical to run the case with the fully converged mesh size. For instance, in
the ¢ = 1e7 S.m case, the 16 elements through thickness case has 5 elements in the skin
depth. When looking at some other results, it can be assumed that the error between this value
and the fully converged value would be between 1.8% (4 elements for ¢ = 1e6 S.m™*) and
3.9% (6 elements for ¢ = 1e5 5.m™ 1),
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6-Future analyses with LS-DYNA

One of the main advantages of the electromagnetic modeling approach taken by LS-DYNA
is its potential for the simulation of complex coil movements such as those performed by
industrial welding robots. With the appropriate additional motion boundary conditions, the
models developed here can also be used to verify the heating behavior of moving induction coils
across different material types. In fact, any three dimensional motion of the induction coil within
the model space could be defined. The aforementioned capability can be particularly useful when
defining the complex movement of a thermoplastic induction welding robot in an automotive car
assembly plant as was outlined at the beginning of the paper. A preview of this capability is
shown in Figure 13 a) and b) where the pancake coil traverses a 100 mm long 0.8 mm thick steel
plate at either 1 or 50 mm/min respectively. The temperature contour plots at the top left of each
of the two figures show the dramatic difference in the developed heating pattern. If the
temperature time history results in the nodes along the center of the plate in the direction of coil
movement are plotted with respect to time, then it can be seen that for different speeds a steady
state heating temperature can be achieved for performing a welding, curing or heat treating
procedure. It can also be seen that the “edge effect” which occurs when the coil passes over the

edge of the plate causing a temperature spike is also predicted.

Induction Heating Simulation (Moving Coil 1 mm/sec)
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Induction Heating Simulation (Moving Coil 50 mm/sec)
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Figure 13: Joule heating in a 0.8 mm thick steel plate resulting from a coil moving at speeds of 1
mm/sec a) and 50 mm/sec b) as predicted by the LS-DYNA inductive heating solver

7-Conclusions

The following work has demonstrated some of the potential of the new induction heating
solver available in LS-DYNA. Comparisons with experimental results and an additional EM
capable software code COMSOL have validated a variety of heating predictions that can be
made. Special care must be taken to define the correct material properties and in particular the
correct through thickness mesh density when dealing with workpiece materials with different
electrical conductivities as has been demonstrated in the mesh convergence study. For high
electrical conductivity materials a larger number of elements should be used to capture correctly
the effect of the skin depth. The BEM-FEM modeling approach taken by LS-DYNA eliminates
the need for an air mesh and allows more complex moving coil or workpiece cases to be
simulated. A preview of this valuable simulation capability has been demonstrated using the case
of simple linear coil motion. The demonstrated EM module is integrated into the 980 version of
LS-DYNA, which should be released sometime soon. In the meantime, it is available as a “beta
version”.
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