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Abstract

This paper presents a general architecture for welding simulation systems, which can be used
to simulate features such as heat conduction, weld pool surface deformation, material addi-
tion and different couplings between them. The architecture consists of individual modules
that handle different welding features, so it is easy to configure a particular welding applica-
tion. The overall numerical strategy behind the architecture is based on two modules. The first
module handles a non-linear partial differential equation (PDE) describing the heat conduc-
tion in a 3D work piece, while the second module handles a system of two coupled non-linear
PDEs modelling the weld pool surface deformation. Finite elements are used in the spatial
discretisations and advanced non-linear solvers are used to achieve a stable and good numer-
ical performance. The implementation of the architecture uses object-oriented programming
techniques, enhancing the capability of configuring different welding applications. To demon-
strate its functionality, the architecture is applied to a vertical I-joint gas metal arc welding
simulation.
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1 Introduction

During the last decade, the European ship-building industry has experienced a severe compe-
tition, which has resulted in an ongoing struggle to increase the efficiency of the production.
One of the areas of interest is the welding process. Along with increasing computer power,
simulation has been increasingly used to obtain insight into the welding process. Simulation
is used to design welding procedures, both for assisting human welders and for automation
of robotic weld planning and programming. However, different welding applications require
different simulation functions and, thereby, different configurations of the simulation systems.

Most welding simulations are limited to simulating temperature distribution in work pieces,
see e.g. [2]. But temperature distribution is also of interest for identifying the weld pool size,
which influences the penetration, and for identifying the thermal history, which influences the
microstructure in the metal and the distortion of the work piece; properties of great importance
for the industrial production. In addition, welding simulation may also incorporate the addition
of material to be able to model welding processes like gas metal arc welding (GMAW) more
precisely, see e.g. [5].

Several research papers [1, 11, 14] have reported the use of a two-dimensional weld pool
surface model to account for the deformation of the weld pool surface. This is of special interest
for postural welding, because of the influence of gravity on the molten metal in the weld pool
and thereby the weld pool surface deformation.

These two different simulation systems can provide different simulation capabilities and
will, therefore, be useful for different types of welding applications. To the knowledge of the
authors, no attempt has been reported to generalise the architectures of these different simula-
tion systems to achieve a systematic approach to a flexible configuration of different simulation
systems.

Therefore, a general architecture is suggested in the present study. This paper presents the
architecture and associated configurations of different welding applications. The architecture
is implemented using Diffpack [3, 9], which is a scientific-computing environment with an
emphasis on the finite element method. The used object-oriented programming style has en-
abled the implementation of individual modules for different welding features. These modules
are easily extensible, therefore of great interest to an ongoing project to develop an automated
off-line programming system for posture robot welding at Odense Steel Shipyard Ltd. and at
Department of Production, Aalborg University. This off-line programming system bases the
programming of the robots on simulated trajectories of the control variables, e.g., position and
velocity of the weld gun, voltage and wire feed speed [7]. As a concrete example for this paper,
the architecture is used to configure a simulation system for vertical single pass I-joint GMAW.
The numerical approach and some obtained results are reported.

2 A general architecture

When building welding simulation systems and, hence, choosing appropriate numerical models
of the welding process, it is important to know in which context the models are used. This is of
importance because different phenomena are of different importance in different applications.
A main objective in the modelling process is to identify the most important phenomena related
to the application. This is done to keep the complexity of the model as low as possible, but still
obtain a sufficient model agreement with reality to fulfil application requirements. Therefore,
a modelling process can be iterative to obtain a simple and useful model.

2



The most important phenomenon in welding is heat conduction, which determines the ther-
mal history of the work piece and, hence, the course of the fusion of the base material. The
thermal history has also a large impact on the microstructure in the metal and on the work piece
deformation. For these reasons, a heat conduction model is mandatory for a welding simulation
system. However, several phenomena are present in a convective flow of liquid metal in the
weld pool, which entail energy dissipation and thereby influence the shape of the weld pool
and, hence, the fusion and penetration of the work piece. At the present stage of the devel-
opment of the simulation system presented in this paper, the convective flow of liquid is not
included in the model. Instead the energy dissipation is accounted for by a three-dimensional
heat distribution [4]. This simplification is introduced because it is assumed that the improved
accuracy of the shape of the weld pool, which can be obtained by accounting for the effects
causing the convective flow of liquid, does not justify the increased development expense. In
this way, the important effect of energy dissipation has been accounted for by a relatively sim-
ple mathematical model, which preserves model simplicity.

In addition to disregarding the phenomenon that causes the convective flow of liquid in
the weld pool, the dynamical deformation of the weld pool surfaces is also excluded at the
present stage. The weld pool surface deformation is not regarded important in top-down weld-
ing without either material addition or full penetration, because the weld pool bed can support
the liquid metal. Therefore, there is a very limited risk that liquid metal will leave the weld
seam and cause a destroyed weld process. However, in postural welding, the surface deforma-
tion becomes important because this risk increases. Instead of a complex dynamical model, a
simplified static model can be used to model gravity and arc pressure on the weld pool surface
deformation [11]. Moreover, if welding processes with addition of material are modelled, this
effect should also be included to account for the effect of work piece reinforcement.

In the light of the above description of the context in which the welding process model is to
be used, a general architecture for a welding simulation system should consist of four different
modules. The modules should allow different configurations of the coupling between them,
such that different welding applications can be handled properly. The four modules are:

• Heat conduction module.

• Surface deformation module.

• Free surface domain extraction module.

• Material addition module.

2.1 Heat conduction module

The heat conduction module calculates the three-dimensional temperature distribution in a
work piece. It uses the Fourier heat conduction model described by the following non-linear
PDE:
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In the above equation, u is the primary unknown and represents temperature, ρ represents
density, c(u) represents a specific heat capacity, k(u) represents the thermal conductivity for an
isotropic material, t represents time, x, y, z represent space coordinates, Q

′′′

v represents internal
energy generation per volume and Ω represents the spatial domain of the work piece.
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Figure 1: Left: A diagram of the heat conduction module with associated information
input and output. Right: A diagram of the surface deformation module with associated
information input and output.

On the surface of Ω, the heat transport is determined by convection and radiation. Convec-
tion is dominating at some distance away from the weld pool, whereas radiation is dominant in
the area of high temperature close to the weld pool. Therefore, the chosen boundary equation
is as follows (see [10]):

−k(u)
∂u

∂n
= ccon(u − usur) + crad(u

4 − u4
sur) on ∂Ω. (2)

In the above equation, ∂u
∂n

represents the normal derivative of u on ∂Ω, ccon represents the
convection factor, crad represents the radiation factor and usur represents the temperature of the
surroundings.

The energy input from the heat source to the work piece channels through the surface of the
weld pool. Here, the heat source refers to the welding torch and welding arc. The properties
of the heat source include velocity, position, voltage, current, wire feed speed. Inside the weld
pool, convective flow results in a dispersion of energy. To account for the energy dispersion,
the energy input can be regarded as an internal energy generation instead of a boundary condi-
tion. On a flat work piece, the energy dispersion can be accounted for by a three-dimensional
ellipsoidal energy distribution of the form [4]:
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In the Q
′′′

v function, x∗, y∗, z∗ represent space coordinates relative to the position of the
heat source, Q represents the effective power (W) delivered by the heat source, a, b, c represent
variables that control the extent of the heat source, and f represents a factor used to change the
ellipsoidal shape in front of and behind the heat source.

Initially, the input to the heat conduction module is the three-dimensional geometry of a
work piece to set up the domain. During the simulation, the module needs information on Q

′′′

,
position and speed of the heat source to calculate the influence on the temperature distribution.
Q

′′′

is calculated from voltage, current and wire feed speed. Additionally, the module may need
an updated domain and temperature field to account for the change in the domain because of
reinforcement. The primary output is the three-dimensional temperature field u, which gives
the internal temperature distribution in the work piece. The output may also include an updated
Ω in case it is needed for reinforcement update. The left picture of Figure 1 shows a diagram
of the heat conduction module with information input and output during a simulation.
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Figure 2: Sketch of the modelled situation of a work piece and its weld pool.

2.2 Surface deformation module

The surface deformation module calculates the deformation of the free surfaces in the weld pool
for a hydrostatic situation [8]. It is necessary to consider the weld pool surface deformation
in posture welding because the molten metal is influenced by gravity. (In top-down welding,
simulating heat conduction may be sufficient [7].) The surface tension, gravity and arc pressure
are considered. So the mathematical model describing the weld pool surface deformation is
a system of two coupled non-linear PDEs, which arise from a balance between the internal
pressure in the liquid and the counter pressure due to the surface tension and arc pressure. The
two non-linear PDEs, each known as a prescribed mean curvature equation, respectively model
the front and back free surface [8].

−∇ ·
(

γ∇Φ
√

1+ | ∇Φ |2

)

= fΦ(Φ, x, y) + λ in GΦ, (4)

−∇ ·
(

γ∇Ψ
√

1+ | ∇Ψ |2

)

= fΨ(Ψ, x, y) − λ in GΨFree
. (5)

In the above equations, Φ represents deformation of the front weld pool surface, Ψ repre-
sents deformation of the back weld pool surface, γ represents the surface tension, λ represents
a Lagrange multiplier, fΦ(Φ, x, y) represents the pressure arising from gravity and arc pressure,
fΨ(Ψ, x, y) represents the pressure arising from gravity.

The Lagrange multiplier λ is introduced into (4)-(5) due to a constraint on the surface
deformation [13]. That is, mass conservation must be preserved, no matter material is added or
not.

Figure 2 presents a sketch of the weld pool with naming of the weld pool surfaces. In this
case, fΦ(Φ, x, y) and fΨ(Ψ, x, y) can be expressed as:

fΦ(Φ, x, y) = −Pa(x, y) − ρg sin αx − ρg cos αΦ, (6)

fΨ(Ψ, x, y) = ρg sin αx + ρg cos α(Ψ − s), (7)

where Pa is the arc pressure and s is the thickness of the work piece [8].
The input to the surface deformation module includes the two-dimensional domains; GΦ

and GΨFree
, and a constraint on the surface deformation to conserve a mass balance between
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Figure 4: A diagram of the free surface domain extraction module, which shows input
and output during simulation.

the change in the weld pool volume and the rate of filler material. The output includes the
two-dimensional deformation fields: Φ and Ψ. The right picture of Figure 1 shows a diagram
of the surface deformation module.

2.3 Free surface domain extraction module

The free surface domain extraction module extracts the free weld pool surfaces GΦ and GΨFree

using a given temperature field u. So the input to the module is u and the output is GΦ and
GΨFree

. The volume of the weld pool can be identified by locating the melting temperature
isothermal; hence GΦ and GΨFree

are defined by the intersection of the melting temperature
isothermal and the surface of the three-dimensional heat conduction domain Ω.

A simple approach to identifying the free surface domains and calculating the surface de-
formations is as follows. Take for instance the deformation of the front weld pool surface Φ. A
large enough rectangular two-dimensional finite element surface grid is built to cover GΦ and
some area around, see Figure 3. For each node point in the rectangular surface grid, the temper-
ature can be found by interpolating the temperature field u. If the temperature at one node point
of the rectangular surface grid is above the melting temperature, the node point “participates
in” the finite element calculation of Φ using (4); otherwise, the value of Φ at the node point is
simply enforced to a fixed value, e.g. zero. The advantage is that the work of constructing an
unstructured finite element grid with curved boundaries can be saved. Of course, the accuracy
of this simple “domain-embedding” approach depends on the grid resolution.

The free surface domain extraction module has the prescribed input and output as seen in
Figure 4. Note that the input to the surface extraction module can be the output from the heat
conduction module, while the output from the surface extraction module can be the input to the
surface deformation module. Therefore, these three modules can be “coupled” in a sequence.
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Figure 5: A diagram of the material addition module, which shows information input and
output during simulation.

2.4 The material addition module

The material addition module calculates the addition of material to the work piece during the
welding process; referred to as reinforcement of the work piece. As input, it takes heat source
settings to calculate the reinforcement rate: e.g. rate of filler material and velocity. Addition-
ally, it takes the weld pool surface deformation fields Φ and Ψ, the heat conduction domain Ω
and the temperature field u to update Ω and u with reinforcement material. The output from the
material addition module is the updated Ω, updated u, constraint on the surface deformation
and updated heat source settings.

The material addition module has the prescribed input and output possibilities as seen in
Figure 5. The input of the material addition module is the output from the heat conduction mod-
ule, and vice versa. So these two modules can be “coupled together” to form a loop. Note that
the possible use of the material addition module should not affect the internal implementation
of the other three modules.

The material addition module does not solve PDEs, but mainly deals with geometrical
changes in association with the reinforcement. These geometrical changes are not trivial op-
tions in the commercial finite element software. Therefore, this module demands most attention
for future development.

Update of the heat conduction domain

As described above, addition of material to the work piece results in a change in the three-
dimensional domain Ω. For a simulator using finite elements, this change in Ω can be performed
in different ways:

• Modify the existing grid by using alteration elements.

• Modify the existing grid by using relocation nodes.

• Extend the existing grid by adding new elements.

Modifying an existing grid with so-called alteration elements, as shown in Figure 6, Left,
is a simple approach. Alteration elements are defined as those elements that freely can be
“included in” or “excluded from” the calculations. More specifically, the heat conduction grid
“occupies” in this case a volume that is larger than the actual work piece. This is because
certain regions of the heat conduction grid consist of such alteration elements, which do not
participate in the calculations initially. However, later on during a simulation, some of these
alteration elements may be “turned on” to account for the material addition.

7



V-joint  after second pass


Approximation of surface shape to finite elements


First pass
 Second pass


V-joint  after second pass


Realocating nodes to fit surface shape


First pass
 Second pass


Figure 6: Left: A V-joint after second pass where the simulated reinforcement is fitted
to nearest node. The alteration elements below the surface are “turned on”. Right: A
V-joint after second pass where the simulated reinforcement is approximated by real-
locating nodes followed, if necessary, by grid refinement by means of an adaptive grid
algorithm.

This change is needed because the alteration elements have been deliberately placed where
reinforcement may take place during the welding process. Before filler material is added, the
alteration elements represent air and afterwards represent work piece material; indicated by
letting the state of the alteration elements change from “turned off” to “turned on”. When
the alteration elements are “turned off” and represent air, they are actually placed outside the
domain of the “real work piece. This means that they should behave as if the ordinary boundary
conditions are enforced during the simulation. The heat transport in the weld seam in front of
the heat source has a very limited effect on the temperature distribution, because the material
in front of the heat source is close to the initial temperature. The properties of “turned off”
alteration elements should then have none or limited influence on the calculation of temperature
distribution. During a simulation, alteration elements are “turned on” to simulate addition of
liquid material. This is done by setting their properties equal to the base material and by setting
their temperature equal to the temperature of the droplets of liquid metal entering the weld pool
during the welding process.

Alteration elements are included into the grid from the beginning, which entails that the
maximum magnitude of the reinforcement should be known prior to the simulation such that
the distribution of nodes can reflect the expected shape. The resolution of alteration elements
should be sufficiently fine to be able to approximate the reinforcement shape sufficiently. The
left picture of Figure 6 sketches a V-joint after a second pass, where reinforcement is approxi-
mated to the nearest node. Elements inside the reinforcement are turned on.

Modifying an existing grid by with reallocation nodes is a more complicated procedure but
it has the advantage that no alteration elements are included, which can affect the calculations,
because of the alteration elements approximated behaviour as air when they are turned off. The
main advantage is, however, that the maximum magnitude of the reinforcement does not have
to be known prior to the simulation. Instead it can be obtained from the surface deformation
module, which enables a more precise simulation of complex reinforcement shapes. This is
because the relocation nodes are following the changes in the boundary of the work pieces
region Ω with material addition instead of approximating the surface shape as with alteration
elements. The right picture of Figure 6 sketches a V-joint after second pass, where the rein-
forcement is approximated by relocation nodes. When moving nodes in the finite element grid
the finite elements will be deformed. It is only possible to a certain extent in order to avoid
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large errors in the calculation. Therefore, this procedure should be coupled with an adaptive
grid procedure to regenerate the grid.

A hybrid of the two methods can also be used to avoid too many adaptive grid iterations.
Alteration elements are allocated in the grid and then the nodes near the surface of the rein-
forcement are moved to give a better approximation. In this case it will not be the same nodes,
which are moved and, therefore, the deformation of each element will be limited.

Extending the existing grid by adding new elements entails a rebuilding of the laid out grid
and, hence, a re-allocation of data storage for the system of algebraic equations, which the finite
element method utilises. This rebuilding gives full freedom to adapt to any change in the heat
conduction domain. However, this method demands a flexible grid generation utility, which
can re-generate a grid based on information about the reinforcement of the heat conduction
domain.

2.5 Implementation of modules

All the four modules in the architecture are implemented as objects, using the object-oriented
programming approach of Diffpack. This enables a separate development of the numerical
solvers inside the heat conduction module and the weld pool surface deformation module. Ad-
ditionally, the modules are not confined to a particular numerical method. Object orientation
also makes it easy to build a hierarchy of different heat conduction modules (or a hierarchy
of surface deformation modules) with different internal numerical schemes. An important
programming technique is to equip each hierarchy of modules with a unified “input-output
interface”, which is compatible with those of other hierarchies. Such a unified interface should
clearly be made independent of the internal solution method. Therefore, in cases where a cer-
tain implementation of a module is inadequate it can be replaced. This is of special interest
for the material addition module because it is a non-trivial task in finite element simulations
and, therefore, the material addition module will very likely be subject to further development.
All things considered, this enables a fast, easy and continuing development of a simulation
system.

3 System configuration

Different configurations of the simulation system can affect its usability for different welding
applications. Therefore, requirements to the simulation system from the chosen welding ap-
plication need to be considered carefully before configuring the simulation system. Table 1
gives an overview of the minimum demands from different welding applications. All GMAW
processes are regarded to have full penetration at least in the root pass, which means that there
will be a free surface on the back side of the work piece. Table 2 gives overview of different
geometrical weld quality variables. The table indicates which module is the main module and
therefore necessary for generating information about the particular weld quality variable. The
subsequent sections describe the different system configurations.

3.1 Configuration I

Use of only the heat conduction module results in a simulation system, which contains infor-
mation about the thermal history but no information about material addition or weld surface
deformation. Such a system is usable for top-down Gas Tungsten Arc Welding (GTAW or
TIG) without material addition on horizontal work piece without full penetration. In this case
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Table 1: List of minimum demands from different welding applications to the configu-
ration of the simulator. Feedback under material addition refers to feedback from the
surface deformation module used for updating the heat conduction domain.

No. Welding type Module Material addition
Heat Surface deformation Material No Feedback Feedback

Conduction and Extraction Addition
I GTAW top-down,

÷ material addition,

÷ full penetration x
II GTAW top-down,

÷ material addition,

full penetration x x
II GTAW postural,

÷ material addition x x
III GTAW,

top down / postural,

single pass,

material addition x x x x
IV GTAW,

top down / postural,

multi pass,

material addition x x x x
III GMAW,

top down / postural,

single pass x x x x
IV GMAW,

top down / postural,

multi pass x x x x

Table 2: List of different geometrical weld quality variables. The table indicates which
module is the main module for generating information about the particular variable. The
material addition module is necessary for the heat conduction module when simulation
a welding process with material addition to obtain the right thermal distribution and
thermal history.

Weld quality variable Driven by module
Heat Surface deformation Material

Conduction and Extraction Addition
Penetration / Fusion x (x)
Notch / Undercut x
Unstable weld pool x
∆t8,5 x (x)
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Figure 7: Diagram of configuration II; a simulation system for heat conduction and
surface deformation simulation.

the weld pool bottom supports the weld pool. A small inclination of the work piece can be
allowed such that the well pool bottom can still support the weld pool. The system will be able
to simulate the weld quality variables: penetration / fusion of the work piece and ∆t8,5.

3.2 Configuration II

A simulator system, which includes the heat conduction, the surface deformation and the free
surface domain extraction modules, extends the previous configuration with information on
weld pool surface deformation. This configuration allows an inclination of the work piece and
full penetration welding, because it is possible to simulate weld pool surface deformation and,
hence, to identify if the weld pool surface breaks and destroys the weld. The system is still
limited to GTAW without material addition, because material addition is not included. The
system will be able to simulate the weld quality parameters: penetration / fusion of the work
piece, ∆t8,5, undercut / notch and unstable weld pool surfaces.

The configuration of the simulation system is shown in Figure 7. The heat conduction mod-
ule transfers the temperature field to the free surface domain extraction module. The surface
extraction module determines the free surface domain and passes that on to the surface defor-
mation module. The output from the surface deformation module is used only as simulation
result and not for further calculation inside the simulation system.

3.3 Configurations III and IV

A simulator including all the four modules can be configured in two different ways, depending
on whether the surface deformation is used for updating Ω or not. The first configuration
uses no feedback from the surface deformation module and the second configuration uses the
feedback. These two different configurations give different simulation capabilities of a welding
application.

3.3.1 Configuration III

The coupling of the material addition module with the heat conduction module for the case
of no feedback from the surface deformation module can be seen in Figure 8. The change
from configuration II is the inclusion of material addition. The material addition module re-
ceives the heat conduction domain and the temperature field for update with reinforcement

11



Calculation of

surface deformation


constraint,

and


updating of

heat conduction


domain,

temperature field

and heat source


settings


Heat source

settings


Updated heat

conduction domain


and temperature

field for


reinforcement


Material Addition Module


Surface

deformation

constraint


Heat

conduction

domain and

temperature


field


Weld pool

surface


deformation


Updated

heat source


settings


Domain for

surface


calculation


Surface model


Weld pool

surface


deformation


Surface Deformation Module


Surface

deformation

constraint


Heat condution

model


Temperature

field: internal

tempratures


Heat Conduction Module


Updated heat

conduction domain


and temperature

field for


reinforcement


Heat

conduction


domain


Updated

heat source


settings


Free weld pool

surface domain


extraction


Temperature

field: internal

tempratures


Domain for

surface


calculation


Free Surface Domain Extraction Module


Figure 8: Diagram of configuration III and IV; a system for simulating heat conduction,
surface deformation and material addition. In configuration III, the surface deformation
is not used for calculating the shape of reinforcement, whereas it is used in configuration
IV. The difference is represented by the dotted line.

material. Reinforcement material update is the basic task of the material addition module. The
material addition module supplies the surface deformation module with a surface deformation
constraint. A possible surface deformation constraint can be calculated on the basis of the
difference between the necessary reinforcement rate, which can be calculated from the cross-
sectional area of the gap and the welding speed, and the volume rate of reinforcement material,
which is calculated from the wire feed speed and wire diameter. An excessive volume of rein-
forcement material will result in a bulb on the surface of the work piece. Therefore, the amount
of excessive volume is passed on to the surface module as a constraint on the change in vol-
ume with deformation of the free weld pool surface [8]. This configuration enables modelling
of gas metal arc welding (GMAW or MIG/MAG) and GTAW both with full penetration and
inclination of the work piece. However, the configuration implies that the final shape of rein-
forcement is known to a satisfactory level a priori, because the shape of the surface deformation
is not passed on to the material addition module for reinforcement calculations. Therefore, this
configuration of the simulation system is useful for work piece geometries where single pass
welding is usable, e.g., thin plate I-joint, V-joint or T-joint. In these cases, the error in the tem-
perature distribution is limited when approximating the change in the heat conduction domain
by a qualified guess. For single pass welding, the heat source settings should be chosen so the
weld seam is filled in a single pass. This entails that the welding speed is set on the basis of the
rate of filler material or vice versa.

The system will be able to simulate the weld quality parameters: penetration / fusion of the
work piece, ∆t8,5, undercut / notch and unstable weld pool surfaces.
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3.3.2 Configuration IV

The coupling of the material addition module with both the heat conduction and surface defor-
mation modules for the case of feedback from the surface deformation module can be sewen
in Figure 8. The only change from configuration III is surface deformation feedback to the
material addition module represented by the dotted line. This information enables the material
addition to reflect the shape of the surface deformation in the reinforcement of the heat conduc-
tion domain. This is of special interest for multi pass welding, because the configuration of a
new layer of reinforcement material is dependent on the configuration of previous layers. This
is a result of the relatively large change in the weld seam geometry during the welding process.
Additionally, the configuration of a new layer of reinforcement material is dependent on the
temperature distribution in the weld seam, which also depends on the geometrical change of
the weld seam with reinforcement. This configuration allows GMAW with full penetration and
inclination of the work piece usable for multi pass welding of e.g. I-joints, V-joints, U-joints or
T-joints.

The system will be able to simulate the weld quality parameters: penetration / fusion of the
work piece, ∆t8,5, undercut / notch and unstable weld pool surfaces.

4 Numerical solution method

Different numerical solution methods are used for the heat conduction and the surface deforma-
tion modules to be able to conduct a sound and fast simulation. The object-oriented approach,
supported by Diffpack, enables separate development and testing of the solvers without de-
pending on other modules. This results in an easier development. The following text presents
the used numerical strategies inside the two modules.

4.1 Numerical method for the heat conduction equation

The material properties of heat capacity and conductivity are considered temperature depen-
dent, whereas the density is regarded temperature independent. The temperature dependencies
result in a non-linear PDE, which requires a non-linear solver. The iterative solution method
Successive Substitution is used, because it is simple and because it gives in this case sufficiently
good convergence rates. At each time step, the Successive Substitution solves a non-linear sys-
tem of algebraic equations. So an iterative procedure is carried out at every time step, see (8).
The iteration is repeated until the change in the solution between two iterations is sufficiently
small. The solution of the linear system of algebraic equations in each iteration uses the conju-
gated gradient method, which utilises that the fact the system matrix is sparse, symmetric and
positive definite.

A(uk)uk+1 = b(uk) k = 1, 2, . . . (8)

The temperature field u normally has large gradients and moves along with the heat source.
Therefore, a high grid resolution is needed along the weld seam to avoid large numerical errors.
A uniformly high grid resolution throughout Ω requires a large computational effort. However,
material a short distance in front of the heat source will almost always have initial temperatures
and, hence, temperature gradients in front of the heat source are very large. How far in front
of the heat source this is the case depends on the welding speed and the conductivity of the
metal. Additionally, the gradients behind the heat source are relatively small because of the
slow cooling of the work piece. The change in the value of the temperature gradients indicates
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Figure 9: A snapshot of the grid of the work piece during a simulation. An adaptive
algorithm is used to refine the elements around the heat source.

that very fine elements are only needed close to the heat source and its tail. The rest of the grid
elements can be coarser. For small welding simulations the penalty of not using adaptive grid
algorithms can be insignificant, but for larger welding simulations difference in grid density
can save an significant amount of computational effort [12]. The heat conduction module is
used for all sizes of work piece and, therefore, an adaptive grid algorithm is used. Figure 9
shows a grid where the adaptive refinement algorithm is used.

4.2 Numerical method for the surface deformation equation

The PDEs describing the surface deformation ((4) and (5)) are non-linear. This again calls for
a non-linear solver and the Newton-Raphson method can be chosen in this case. Take Φ for
instance, the Newton-Raphson method can be summarised as the following iteration:

J(Φk)δuk+1 = −f(Φk), (9)

Φ
k+1 = Φ

k + δΦk+1, (10)

where J is the Jacobi matrix and f is the right-hand side vector associated with a Newton-
Raphson formulation of (4), see e.g. [9].

The iterative process continues until the change in the solution between two iterations is
sufficiently small. Again, the solution of the linear system of algebraic equations, see (9), can
use the conjugated gradient method.

The PDEs describing the surface deformation are connected by an unknown λ, such that
the solutions Φ and Ψ together fulfil a mass conservation constraint [8]. The associated volume
criterion defines a function dependent on λ. An example is the following equation, which
calculates the deviation in the weld pool volume:

dV (λ) =

∫

GΦ

Φ(x, y, λ) dxdy −
∫

GΨ

Ψ(x, y, λ) dxdy, (11)

which should satisfy the condition: dV (λ) = dVdesired.
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Figure 10: Sketch of the three needed iterations loops to solve the weld pool surface
deformation PDEs.

Therefore, it cannot be expected that any value of λ is usable, and the objective is then to
identify λ∗ so that the deviation is equal to a desired deviation, e.g., zero. A Secant-type method
(see [6]) can be used to find an approximation to λ∗. The solution scheme is as follows:

1. Start with a first initial guess λ1. Solve equations (4) and (5) using λ1 and compute
dV (λ1) by numerical integration. If |dV (λ1) − dVdesired| is sufficiently small, then we
have found λ∗ = λ1, else continue.

2. Choose a second initial guess λ2. Solve equations (4) and (5) using λ2 and compute
dV (λ2) by numerical integration. If |dV (λ2) − dVdesired| is sufficiently small, then we
have found λ∗ = λ2, else continue.

3. For n = 3,4,...., repeat the following steps until |dV (λn) − dVdesired| is sufficiently small:

• Compute a new value of λn by

s =
dV (λn−1) − dV (λn−2)

λn−1 − λn−2

,

λn = λn−1 −
(dV (λn−1) − dVdesired)

s
.

• Solve (4) and (5) using λn and compute the dV (λn) by numerical integration.

Note that the above numerical strategy calls for three levels of iterations, see Figure 10. In
the implementation, the surface deformation module uses internally two nonlinear PDE solver
objects, one for (4) and the other for (5). The topmost iteration is implemented in the surface
deformation module to find an approximation to λ∗ that fulfils the volume constraint.

5 Vertical I-joint GMAW simulator

To demonstrate the architectural principle, this section presents the configuration and results
from a vertical falling single pass thin sheet I-joint GMA welding simulation. A sketch of the
welding application can be seen in Figure 11.
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Figure 11: Sketch of a vertical falling I-joint GMA welding situation of 3 mm sheets,
which is conducted in a single pass. The front of the weld pool is sketched as a straight
line. This is due to the implementation of material addition where the new material is
added as rectangular blocks.

5.1 Configuration

The configuration involves all the four modules, but without feedback from the surface defor-
mation module to the material addition module, i.e., configuration III.

The most interesting module in the simulator system is the material addition module be-
cause of its task of reinforcement calculation, which is non-trivial for the finite element sim-
ulations. Therefore, its implementation in the present simulator is described. No feedback of
surface deformation is assumed, because the welding process can be performed in a single pass.
The bulb of reinforcement material that appears on the front and back sides of the work piece
has insignificant influence on the overall temperature distribution in the work piece. Therefore,
this is disregarded when adding filler material to the heat conduction domain Ω. Instead, a filler
material efficiency factor is used to account for the volume outside heat conduction domain Ω.

The material addition module is chosen to simulate material addition by use of alteration
elements because it is the simplest approach. A schematic view of the implementation of the
material addition module can be seen in Figure 12. The material addition function addresses
two objects from the heat conduction module; the heat conduction domain grid and the inter-
nal temperature field. The heat conduction domain grid is updated with information on which
alteration elements are turned on. The area of turned-on elements changes their temperature in
the internal temperature field from initial temperature to the temperature of droplets of liquid
metal entering the weld pool. Additionally, the material addition module calculates the exces-
sive volume of reinforcement material, which makes a bulb on the work piece. This excessive
volume rate of reinforcement material is used to set up a constraint on the surface deformation.
In the process of determination of the reinforcement, the material addition module also needs
to be able to change the heat source settings to secure that the weld seam is filled in a single
pass as wanted. The heat input is also updated so the energy used to heat up the filler material
is deduced from the heat input coming form the arc.

16



Heat

conduction

domain grid


-object


Internal

temperature


field

- object


Heat source

settings


incl. volume

rate of filler


material


Calculate volume

for reinforcement in


next iteration


Transform dummy

elements in


reinforment volume


Transform

temperature for


dummy element in

reinforment volume


Update heat

conduction

domain grid


-object


Updated

internal


temperature

field


- object

Material Addition Module Implementation


Surface

deformation


constrain


Calculate volume

rate of excessive


material


Determin weld

seam cross


sectional area


Calculate weld

speed to fill weld


seam


Update heat source

settings


Calculate energy in

added refincement


material


Updated

heat source


settings


Figure 12: Diagram of implementation of the material addition module at programming
level.

Figure 13: Left: Temperature distribution in the heat conduction domain. The isother-
mals are set at: 700 ◦C, 900 ◦C, 1100 ◦C and 1530 ◦C. Right: Fusion of the work pieces
is shown by removing all elements, which have been above the melting point. It shows
that a full penetration welding is obtained except from the start of the welding. At the end
of the welding the weld pool gets wider because the heat input is not able to be conducted
away from the fusion zone.

5.2 Simulation results

Results from a simulation can be viewed in Figures 13 and 14. The work piece is 100 mm long,
40 mm broad and 3 mm thick. The left picture of Figure 13 shows the temperature distribution
in the heat conduction domain by use of four isothermals: 700oC, 900oC, 1100oC and 1530oC.
The last one is the melting point of the metal and, therefore, the 1530oC isothermal identifies
the boundary of the weld pool. Note that the picture also reveals the adaptive grid used.

The fusion of the work piece and the penetration can be identified in the right picture of
Figure 13, which shows a reference grid containing the maximum temperatures obtained dur-
ing simulation. All the elements in the grid having temperatures above the melting point are
removed. It can be seen that full penetration does not occur initially. Therefore, the energy in-
put needs to be higher in the beginning to obtain full penetration from the start of the welding.
It can also be seen that at the end of the welding process, the weld pool is getting wider in the
bottom before the heat source is turned off. This is because the energy cannot be conducted
away from the fusion zone at the end of the work piece. This increases the risk of breaking
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Figure 14: The surface deformation. The left picture shows the surface deformation Φ
for the front surface GΦ and the right shows deformation Ψ for the back surface GΨ. The
heat source is moving from the top and down. The centre of the heat source is located at
the origin of the coordinate system.

the weld pool surface. To avoid this, the heat input should be reduced close to the end of the
welding process.

Figure 14 shows the surface deformation. The left picture shows the front surface defor-
mation Φ. The centre of the heat source is located at the origin of the coordinate system. The
effect of the arc pressure can be seen as a depression on the surface. The right picture shows the
back surface deformation Ψ. The simulation results show that the simulator works quite well.
However, the simulation results are not usable for process prediction before the heat source
and material addition function are calibrated to experiments for chosen process settings. The
simulator can then be used to predict the welding process at different process settings by an
interpolation between the known process settings.

6 Results and discussion

The presented general architecture for the welding simulation systems consists of four basic
modules; heat conduction module, free surface domain extractor, surface deformation module
and material addition module. Different configurations of the simulation system results in
different simulation capabilities; from top-down bead-on-plate gas tungsten arc welding, where
using only the heat conduction module is sufficient, to multi pass postural GMAW of complex
seams, where all the four modules are needed.

The architectural principle has been demonstrated by configuring a simulator for vertical
I-joint single pass GMAW. This configuration uses the four modules that are implemented as
objects in Diffpack, allowing a separated development of each module and an easy configura-
tion of the simulation system.

This architecture has been developed without depending on the details of how each mod-
ule handles its specific task. Therefore, different approaches can be used inside each module
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as long as the interface to other modules is preserved. As examples of future work, a more
advanced heat source suitable for curved geometries can be developed and implemented in the
heat conduction module. The material addition module can be extended with more advanced
algorithms for adding reinforcement material. However, these developments can be imple-
mented inside each module without interfering with other modules and, therefore, it is easy to
extend the simulation system as the demands from the welding applications appear. Therefore,
this architecture has been found usable for an ongoing project to develop an automated off-line
welding programming system.
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