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ABSTRACT

The present work concerns the electromagnetic force models in computational fluid dynamics simula-
tions of melt pools produced with electric arcs. These are commonly applied to gas metal arcs with metal
transfer, in welding and additive manufacturing. Metal drop impact on the melt pool is thus included in
this study. The electromagnetic force models applied in literature use either numerical solutions of Pois-
son equations or one of the two analytical models developed by Kou and Sun, or Tsao and Wu. These
models rely on assumptions for which the effect on the melt pool predictions remains to be understood.
The present work thoroughly investigates those assumptions and their effects. It has been supported by
dedicated experimental tests that did provide estimates of unknown model parameters and validation
data. The obtained results show that the assumptions that fundamentally distinguish these three models
change the electromagnetic force, including the relation between its components. These changes, which
can also be spatially non-uniform, are large. As a result, these models lead to significantly different re-
circulation flow pattern, thermal convection, melt pool morphology, bead dimensions, and free surface
response to the metal transfer. We conclude by proposing conditions in which each of these models is

suited or questionable.

© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Gas metal arc (GMA) is widely used in fusion welding with
metal transfer because of its high deposition rate and ease of au-
tomation. It is also increasingly applied in additive manufacturing
(direct energy deposition). The process of metal fusion with a GMA
involves heat and mass transfer from an electrode wire through
a thermal plasma arc, and coalescence of transferred metal drops
with the melt pool. Although the arc and pool are interdependent
[1], the unified modelling approach, which consists in computing
coupled arc and melt pool models, is seldom used due to the com-
plexity of the physics involved (see [2] and references therein). The
decoupled approach, which benefits from a lower computational
cost as underlined in [3], is instead more widely applied. This is
also the approach used in this study, which focuses on the mod-
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elling of the melt pool. Then, the modelling of the effect of the arc
on the metal alloy is simplified to source terms or boundary con-
ditions, which need to be set to close the melt pool model. This
especially involves determining the electromagnetic force.

Based on dimensional analysis, the main forces driving the fluid
flow in GMA melt pools are known to be, in ascending order of
importance, the viscous friction force, the buoyancy force, the cap-
illary force and the thermocapillary (or Marangoni) force [4,5]. In
comparison, the electromagnetic force is of the same order of mag-
nitude as the thermocapillary force [5], or at a higher order [4],
depending on the GMA process conditions. The momentum trans-
ferred by the droplets is also important to consider, as demon-
strated by Na and Kim [6] and Murphy [7]. These authors used
a computational model to compare melt pools predicted with and
without the drop effect. In the early study by Na and Kim [6], the
authors assumed a Gaussian distribution of the droplet velocity to
model the momentum it transfers to the melt pool free surface.
In the more recent study by Murphy [7], a self-consistent melt
pool model was used, which includes the workpiece, as well the
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Nomenclature

ag Activity of species s in solution [wt. %]

A Magnetic potential [T m™!]

A Mushy zone permeability coefficient [-]

B Magnetic flux density (or magnetic field) [T]

Cp Specific heat capacity at constant pressure [J kg™
K]

Cy Interface compression factor (numerical) [-]

d Gaussian distribution factor [-]

D Diameter [m]

E Electric field [V m™!]

farop Frequency of drop transfer [s~1]

fi Liquid fraction [-]

F Force applied (per unit volume) [N m—3]

F.5 Electromagnetic force (per unit volume) [N m—3]

g Gravitational acceleration [m s—2]

h Specific enthalpy [J kg™']

hy Latent heat of fusion [] kg_l]

hy, Latent heat of vaporization [] kg™']

I Electric current [A]

1 Identity tensor [-]

J Current density [A m~2]

k Thermal conductivity [W m~! K]

k, Constant related to the entropy of segregation [J
kg~! K]

kg Boltzmann constant [J K]

m Atomic weight [kg atom~!]

m Mass per unit time [kg s~']

i Unit vector locally normal to the free surface [-]

p Pressure [Pa]

q Rate of heat transfer per unit area [W m—2]

o] Rate of heat transfer per unit volume [W m—3]

r Radial distance [m]

(r, 6,z) Cylindrical coordinates

R Universal gas constant [J mol~! K]

Ry Wire radius [m]

t Time [s]

T Temperature [K]

T; Liquidus temperature [K]

Tn Melting temperature [K]

Ts Solidus temperature [K]

Ty Vaporization temperature [K]

a Fluid velocity [m s™!]

iy Interface compression velocity (numerical) [m s~1]

Uns Wire feed rate [m s—1]

Uwp Workpiece travel velocity [m s~1]

%4 Electric potential [V]

(x, ¥, z) Cartesian coordinates [m]

z Vertical elevation [m]

Greek symbols

o
a
P
Br

Y
()/8))9
(a1,

[
AH®

Volume fraction [-]

Volume fraction per unit time [s~1]

Thermal expansion coefficient of liquid alloy [K™']
Retro-diffusion coefficient [-]

Surface tension coefficient [N m~!]

Surface tension at T,; [N m~!]

Surface tension temperature gradient at T,, [N m~!
K]

Surface excess at saturation [kg mol~! m~2]
Standard heat of adsorption [J kg’1 mol’l]

€ Radiative emissivity [-]

€o small constant [-]

n Thermal efficiency [-]

0 Polar angle [-]

K Free surface curvature [m~!]

uw Dynamic viscosity [Pa s]

Wo Permeability of free space [N A~2]

0 Density [kg m—3]

0 Density per unit time [kg m—3 s~1]

Oare Effective radius of the arc current density distribu-
tion [m]

Oarc,p Effective radius of the arc pressure distribution [m]

Oarcq Effective radius of the arc heat flux distribution [m]

Oe Electrical conductivity [Q~! m~1]

Osp Stefan Boltzmann constant [W m—2 K4]

Subscripts

amb Ambient condition

arc Electric arc

conv Convection

drop Metal drop

l Liquid state

m Melting condition

pool Melt pool

rad Radiation

sat Saturation

vap Vaporization

s Solid state

0 Arc centre location at the workpiece surface

1 Primary VOF-phase (metal alloy)

2 Secondary VOF-phase (shielding gas)

arc with the metal vapour and the electrode. The effects observed
by these authors indicate that the force applied by the falling drop
on the melt pool is of the same order of magnitude as the electro-
magnetic force. The electromagnetic force is thus among the lead-
ing order forces in GMA melt pools. However, the literature shows
that there is not yet unanimity on how to model it when studying
such melt pools with computational fluid dynamics.

Three different electromagnetic force models (EMF models) are
being widely used in the literature. The first one is a numerical
model that consists in solving partial differential equations gov-
erning the electromagnetic field. This model has two main vari-
ants. Both compute the electric potential and the current density
in the same way. They differ through the computation of the mag-
netic field. In the first variant, which is the more general of the
two, the magnetic vector field is derived from Ampére’s law sup-
plemented with Ohm'’s law, either directly or through the magnetic
potential vector [8]. This variant is hereafter called the numerical
EMF model. It is commonly applied when the arc and melt pool
are simulated with a unified approach, as in [2]). However, it is
less frequently used in the context of melt pools modelled with a
decoupled approach. Nevertheless, Hashimoto et al. [9] used this
numerical EMF model to supplement their decoupled melt pool
model with drop detachment prediction. In the second variant, the
Biot-Savart law is applied to compute the magnetic field [10]. A
simplification is then made, which consists in assuming that the
radial component of the current density has a negligible contri-
bution to the magnetic field [11]. This EMF model was applied
to GMA welding (GMAW) to understand the mechanisms leading
to the formation of ripples on the melt pool and the re-solidified
bead [12]. It was also used to study the effect on the melt pool of
surface active elements at different concentrations in the wire and
the workpiece [13], varied process parameters (e.g., current, volt-
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age) [14], and operating the arc with and without pulsing of the
electric current [15].

We also consider two analytical models which were introduced
by Kou and Sun [16] in 1985, and by Tsao and Wu [17] in 1988.
Their main advantage is to reduce the computational time through
replacing partial differential equations by an integral function for
the former and an algebraic expression for the latter. These ana-
lytical models were originally introduced for gas tungsten arc as-
suming a flat workpiece and an axisymmetric configuration. Sev-
eral developments were made since then. For instance, the Kou
and Sun model was adapted by Cho et al. [18] to a V-groove joint
shape introducing coordinate mapping and an elliptically symmet-
ric arc. Wu et al. [19] proposed coordinate rotation of the arc to
adapt the Kou and Sun model to conditions where the arc axis is
not orthogonal to the workpiece surface, as when welding hori-
zontal fillet joints. Zhang and Wu [20] proposed an enhancement
factor applied to each component of the Tsao and Wu EMF. More
recently, Hamed Zargari et al. [21] who applied the Tsao and Wu
model in double-ellipse mode to study tandem-pulsed GMA intro-
duced a new factor in the vertical component of the EMF to in-
crease the model accuracy. To study the effect of a V-groove angle
in GMA welding, Chen et al. [22] extended the Tsao and Wu EMF
model to V-groove joint shapes by using a body-fitted coordinate
system. Ebrahimi et al. [23] applied a similar approach to investi-
gate various groove shapes in GMA welding. The Tsao and Wu EMF
model was also applied in additive manufacturing. For instance, Bai
et al. [3] used it to analyse the thermal flow in multi-layer deposi-
tion with a plasma arc heat source.

The analytical EMF models seem to be the most commonly
used today to study melt pools produced by an electric arc heat
source with computational fluid dynamics. The model of Kou and
Sun was applied to understand the effect of the melt flow on
the formation of defects such as lack-of-fusion and porosity when
welding narrow gap with a GMA linearly translated or moved fol-
lowing a circular motion trajectory (swing-arc) [24]. It was also
used to study the effect of GMA process parameters (e.g., current,
voltage) on the melt pool flow and geometry when the arc is elec-
trically pulsed to transfer one drop metal per pulse [25], when the
welding torch is tilted to investigate the forces driving the flow
[26], or when the weld is covered with slag to study its interac-
tion with the melt pool thermal flow [27]. It was also applied to
understand how the convective pattern is modified when a GMA
is supplemented with a second heat source operated in keyhole
mode such as a laser beam [28] or a plasma arc [29]. The model of
Tsao and Wu was as well highly employed to understand the melt
pool thermal flow in GMAW and its effect on defect formation such
as undercut and humping [30], and of the influence of various pro-
cess conditions on the melt pool flow such as arc swing compared
to no swing [31], and the presence of an additional heat source like
a laser beam for hybrid welding of aluminium alloy [32], or a sec-
ond GMA for tandem welding with steady or vibrated workpiece
[33]. The EMF model of Tsao and Wu was also applied to anal-
yse the thermal flow in wire-based direct energy deposition with
plasma-arc [3] and with GMA [34].

To permit an analytic approximation of the electromagnetic
field, simplifying assumptions were introduced by Kou and Sun
[16] and by Tsao and Wu [17]. Simplifying assumptions are also
used with the numerical EMF model applied to melt pool com-
putational fluid dynamics simulations. The effect of these assump-
tions on the melt pool predictions is still poorly understood. Kumar
and DebRoy [35] compared the components of the electromagnetic
forces resulting from the Tsao and Wu and from the Kou and Sun
models. However, to our knowledge, a comparative investigation of
these electromagnetic force models, in particular with regards to
their effect on the melt pool, has not yet been made. This is the
subject matter of the present paper. The numerical and the two an-
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alytical electromagnetic force models, as well as the assumptions
on which they are based, are first recalled in Section 2. Each of
these force models was combined with a thermo-fluid model that
is presented in Section 3. They were applied to simulate a GMA
test case, which has also been conducted experimentally. This test
case is introduced in Section 4. The computational results showing
the effect of the modelling assumptions on the predicted melt pool
are then compared and analysed.

2. Models for the electromagnetic force

The electric arc induces an electromagnetic force
Fg=JxB, (1)

that depends on the electric current density, ] and the magnetic
flux density B (simply called the magnetic field from now). The
J'and B fields should be determined in the melt pool and in the
thermal plasma arc, at least to set the boundary conditions for the
melt pool sub-region at the metal-arc interface. These vector fields
obey the set of Maxwell equations supplemented by two closure
relations, namely the equation governing charge conservation and
the generalized Ohm’s law. As this study is conducted with a fluid
approach, the magnetohydrodynamics approximation can be made
in both the melt pool and the thermal plasma arc (see e.g., [11] for
more details) since the following assumptions are valid:

(i) The Debye length is much smaller than the characteristic
length, so that there is local electro-neutrality.

(ii) The diffusion and thermodiffusion currents due to electrons are
small compared to the drift current.

(iii) The characteristic time and length allow neglecting the dis-
placement current compared to the current density (in Ampére’
s law).

(iv) The Larmor frequency is much smaller than the average colli-
sion frequency of electrons, implying a negligible Hall current
compared to the drift current.

(v) The magnetic Reynolds number is much smaller than unity,
leading to a negligible induction current compared to the drift
current.

Assumptions (i)-(v) imply that the electromagnetic phenomena
are quasi-steady, the electric field E is irrotational, and the mag-
netic field has constant zero divergence. Therefore E and B can
respectively be derived from a scalar electric potential V and a
vector magnetic potential A that are uniquely defined imposing
the Lorentz gauge (i.e., vA =0). Then, the closed system of the
Maxwell equations reduces to

V. (6. VV) =0, (2)

AA= o e VV, (3)

where the electric conductivity o, depends on e.g., the tempera-
ture. W, is the permeability of vacuum, and A denotes the Laplace
operator. The current density and magnetic field are then derived
from the solutions of these equations according to

J=0. E=—0. vV, (4)

B=v xA. (5)

A difficulty is the coupling between the thermal plasma arc and
the metal sub-regions. The coupling of these two sub-regions,
which takes place through the sheath layers, is still an open prob-
lem when the interface region deforms in time and space as is the
case at the melt pool free surface [36]. Additional simplifications
are thus commonly introduced to circumvent this difficulty.
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Fig. 1. Sketch of current density distribution on workpiece upper surface showing
the convention used for axis orientation.
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2.1. Numerical EMF model

To simplify the problem and evaluate the electromagnetic force
in the melt pool without modelling the thermal plasma ar, it is
also commonly assumed that

(vi) The electromagnetic part of the problem can be modelled as
if the melt pool free surface was frozen (while the thermo-
fluid model can predict free-surface deformation).

In addition, in this study
(vii) The current density distribution at the workpiece upper

surface located at zg, J(X.y.2o) = (0.0,J;(x.y)), obeys a
pseudo-Gaussian distribution such that

v _ I ox d 2
9z ) moeo? . P
=20 arcj

arc, J

= (x—X0)* + (¥ —¥0)*

(6)

where z is along the electrode (and arc) axis direction shown
in Fig. 1. I is the current, d the factor of the pseudo-
Gaussian, o, i-the effective radius of the arc with respect to
the current density field, and xy and y, are the coordinates
of the arc centre.

(viii) The electrical conductivity o, is constant.

with 12

Concerning assumption (vi), the surface is treated differently
depending on the application. In electric arc welding the melt pool
free surface is generally set flat (all the time along the simulated
process) to compute the electromagnetic force. In direct energy de-
position with a GMA, some authors set the contour of the frozen
surface from scans of experimental beads [8]. The contour of the
frozen surface can then be updated each time a new metal layer
begins to be deposited. Assumption (vii) is valid if the surface is
flat, but other current density distribution on flat surface could be
used in Eq. (6), such as a double ellipsoid for instance. Besides,
the restrictions (vii) and (viii) are not needed to proceed to a nu-
merical solution of this EMF model. They are only required when
looking for an analytic solution as in Sections 2.2 and 2.3. In the
test cases of this study, the numerical EMF model uses a flat shape
for the frozen surface of (vi) as well as the assumptions (vii)-(viii).
This is for consistency purpose when comparing the different EMF
models.

2.2. Kou and Sun EMF model

Kou and Sun [16] used a cylindrical coordinate system (r, 6, z)
and supplemented (i)-(viii) with the following assumptions:
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(ix) (a) The lower surface of the workpiece is electrically insulated,
and
(b) the workpiece extends far away enough from the arc centre
so that V can be set to zero on all the lateral boundaries of the
workpiece (i.e. Mpoundary = °)-

(x) The problem is axisymmetric, implying that the axial (B;) and
radial (B;) components of the B field are everywhere equal to
zero, as well as the azimuthal component, jy, of the current
density field.

(xi) The azimuthal component, By (1, z), of the magnetic field is de-
fined from Ampeére’s law (formulated in integral form in [16]),
given by

1 d(r By(r,2))

- 57 = Uo J(T, 2). (7)

Note that, by construction, the EMF model of Kou and Sun sat-
isfies the basic principle of current (or charge) conservation, and
therefore assumption (ix) means that

(ix*) (a) The electric current cannot pass through the lower surface
of the workpiece, so J; = 0 at z=0.
(b) The electric current passes through the lateral faces of the
workpiece.

The constraint (ix*) is only a sub-part of (ix). Nevertheless, it
might be problematic since experimental set-ups do not always
permit to satisfy it. The workpiece is indeed often connected to
the electrical ground through its lower surface lying on the weld-
ing table. Besides, it should be noticed that assumption (xi) is not
contained in (x), and Eq. (7) is not based on axisymmetry alone.
When using axisymmetry alone, as shown in [11], the complete
expression of Ampeére’s law indeed involves a second contribution
to By through

839 (T, Z) .
;= Mo Jr(r,2).

(8)
If the problem is effectively axisymmetric and (ix) holds, the main
difference between the numerical EMF model of Section 2.1 and
the model of Kou and Sun therefore lies in neglecting the contribu-
tion of J; to By (assumption (xi)). Hence, if the above assumptions
are valid, the simplified variant of the numerical EMF model with
magnetic field defined from the Biot-Savart law (see Section 1) is
equivalent to the model of Kou and Sun.

Assumptions (i)-(xi) allow deriving an analytic solution of
Egs. (2)-(3). The derivation steps were explained in detail by Ku-
mar and DebRoy [35] and are not repeated here. With the conven-
tion of axis orientation and origin indicated in Fig. 1 they lead to

[ —2200 1\ cosh[(zo — 2)]
_E/O M (A1) exp( 4d snhGzg)

(9)

I o _)"ZUarc] sinh[A(zg — 2)]
JZ:_E/O Ho(Ar) exp( ad ) sinh(Azg) dr. (10)

/1,01 )\'zaarc] Slﬂh[)t(zo Z)]
B, = /]1(,\r) exp( - ) R d. (11)

where Jj is the Bessel function of zero order and first kind, J; is the
Bessel function of first order and first kind, and zj is the workpiece
thickness (see Section 4.1, Table 1). The electromagnetic force field
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in cartesian coordinates is then

(Frphx = =118, (12)
(Frgly =~ 2By, (13)
(F-XE)Z =JrBg. (14)

2.3. Tsao and Wu EMF model

Tsao and Wu [17] also used the above assumptions (i)-(viii) and
(x)-(xi) but not assumption (ix) to develop their EMF model. In-
stead they made the two following additional simplifications:

(xii) The radial component J. of the current density in the workpiece
is the average value through the workpiece thickness.

(xiii) The vertical component of the current density J, and the angu-
lar component of the magnetic field By decrease linearly with z
down to zero at the lower surface of the workpiece (at z = 0).

It can be seen that, although (xii)-(xiii) and (ix*) are not equiv-
alent, the assumptions (xii)-(xiii) satisfy the constraints listed in
(ix*). It implies that (ix*) is common to the two analytical EMF
models. The simplifications (xii)—(xiii) imply that the scalar Poisson
equation governing the electric potential, Eq. (2), is no longer used.
The simplified Eq. (7) governing the magnetic field is only solved
at the workpiece upper surface and no longer within its volume.
In this framework the electromagnetic force depends on J and B
as already expressed in Egs. (12)-(14), but the components of the
current density and the magnetic field now write

I —dr?
Jr = 27”20|:1—exp <%>:| (15)

d z —dr?
Jz=—mz 7 e><p<02 ) (16)
T

ol z —dr?
By=-F% 2 11 i 17
e "

3. Thermo-fluid model

Each of the above EMF models was combined with the thermo-
fluid model described in this section to simulate the melt pool pro-
duced by a GMA. A one-fluid, unsteady and three-dimensional ap-
proach with free-surface capturing was used. It includes the shield-
ing atmosphere and the metal in both solid and liquid states, with
melting, re-solidification, and vaporization. The fluid flow equa-
tions were expressed in a fixed reference frame. In the model, the
arc was at a fixed position and the workpiece was translated at
the uniform velocity Uyp = —Utr (where Uy, is the travel speed) im-
posing appropriate boundary conditions on the velocity field. The
thermal plasma arc and the metal transfer were simplified using
closure models. The governing equations are first presented, fol-
lowed by the closure models.

3.1. Governing equations

The fluids are treated as immiscible, mechanically incompress-
ible and Newtonian. The flow is assumed to be laminar, so that no
turbulence model is used. The deformation of the liquid metal free
surface is tracked with a volume of fluid approach. The system of
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governing equations includes mass, momentum, and energy con-

servation, supplemented with a transport equation for the volume
fraction of metal alloy. These equations respectively are

atp +V. (:Oﬁ) = pdrops (18)

() +9- (o i)
— — T 2 — d
=-Vp+V. [M(V u +(V u) )—3,u(V~ u)1i| +p 8

s A=) =
—meB(T - Tm) g _.AW<H —Uwp>
e+ 2 (VT n <n -VT)) Va
|:)/ dT Vel P11+ P2
+I?;><E +Farc+?drop’ (19)

3t (pcpT) + V- (pcpTi)
= V- (kVT) - hy[3:(pf)) + V(0 fiiD)]

. 2
- [Xi:(hfv)i(mvup)i +eosp(T* - Tu4mb):| |Vl 01 fpz

+ Garc + Garop- (20)

g + V- (al) + GV - ((1 — @)tr) = drop. (21)

where t denotes the time, if the velocity vector, p the pressure, T
the temperature and « the volume fraction of metal alloy. In the
metal o = 1, in the atmosphere o = 0, and at the interface region
0 < a < 1. The one-fluid density, p, dynamic viscosity, u, specific
heat capacity, cp, and thermal conductivity, k, are defined by a mix-
ture model based on the distribution of volume fraction according
to

p=ap+(1-a)p, if ¢g=porp, (22)

¢=Ol[f1 $ri+ (1 _ﬁ)(z)l.s]+(] ~a)p, if ¢=korc.
(23)

Subscripts 1 and 2 refer to the primary VOF-phase (the metal
alloy) and the secondary one (the shielding gas), respectively. In-
dex s holds for the solid phase and [ for the liquid one. The prop-
erties of the metal alloy and shielding gas are given in Section 4.2,
Tables 2, 3 and 4, respectively. The mass fraction of liquid metal,
fi, ranges from zero in the solid region to one in the liquid region.
It is defined by a continuous function with continuous derivative
[37], given by

fi= %(erf[%] + 1), (24)

where T; is the solidus temperature, T, is the liquidus temperature,
and T = 0.5(Ts + Tp) is the arithmetic averaged melting tempera-
ture.

Considering the right-hand side of these equations, in Eq. (18),
the mass source term due to metal transfer in the form of drops is
defined with the closure model of Section 3.2. In the momentum
conservation equation, Eq. (19), the forces are, from left to right,
the pressure force, the viscous friction force, the weight, the buoy-
ancy force applied on the liquid alloy (Boussinesq approximation),
the Darcy damping term active in the mushy zone, the capillary
and the thermocapillary forces acting at the melt pool free sur-
face, the electromagnetic force, the arc pressure force, Fy, and the
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force caused by the momentum of the injected drops, Fg,. The
two last forces are defined in Section 3.2. For the electromagnetic
force, F}X g» three alternatives are treated using the three EMF mod-
els of Section 2. The other forces are defined here. In the viscous
friction force, I denotes the identity tensor. Next, g is the gravita-
tional acceleration, 8 the thermal expansion coefficient of the lig-
uid alloy, pm the alloy density at the melting temperature T,. A
is the permeability coefficient and €5 = 10~3 (dimensionless) is a
small constant to prevent from division by zero. The Peclet num-
ber adjacent to the solid-liquid interface calculated as introduced
by Ebrahimi et al. [38], leads to Pe* = 2 for the GMAW test case
of this study. It was shown in [38] that at this order, Pe* = O(1),
the numerical results have only a low sensitivity to the value of
A. Besides, a too large .4-value may lead to numerical oscillations,
the recommended upper-bound being 10. In this work .4 was set
to 10° (dimensionless).

The surface tension coefficient, y, is a function of both the tem-
perature and the fraction of surfactant present in the alloy, accord-
ing to [39]

Y = Vo+ (—a’/) (T — Tpn) — RTTIn[1 + kjasexp(— AHO/RT)],
aT ),
(25)

where y, and (BV/BT)O are the surface tension and the surface
tension temperature gradient of the dominant metal alloy element
(here Fe) at temperature Ty;. The last term at the right-hand side of
the Eq. (25) is the influence of the alloying element. R is the uni-
versal gas constant, ['s the surface excess at saturation, k; a con-
stant related to the entropy of segregation, as; the weight percent-
age of surface active element, and AH? the standard heat of ad-
sorption. The free surface curvature, k, and the unit vector locally
normal to the free surface, i, are given by

Va
Vol

As the density of the atmosphere and liquid alloy differ by several
orders of magnitudes, the last factor in the capillary and thermo-
capillary forces is introduced so that surface tension acceleration
remains independent of density [40].

In the energy conservation equation, Eq. (20), h; is the la-
tent heat of fusion and hy, the latent heat of vaporisation. The
second term at the right-hand side is related to melting and re-
solidification of the alloy. It includes a convective contribution as
phase change in an alloy is non-isothermal. The third term de-
scribes vaporisation of alloy constituents. It is modelled for the two
major constituents alone assuming that they have a uniform %wt
in the alloy, as element diffusion is neglected. Condensation is ig-
nored. The mass flux of evaporation of an element is given by (see
e.g. [41])

. m
Myap = psat‘/ m(l - B, (27)

where m is the element atomic weight, and kg the Boltzmann con-
stant. In the alloy, the mass flux riyqp of a constituent i is weighted
by its mass fraction, leading to the term (iyqp); in Eq. (20). The
retro-diffusion coefficient, S, is assumed to be zero. The saturated
vapor pressure of the constituent writes

mh T,
Dsat = Pamb exp|: kB]';V (1 - ;>i|v (28)

where pg,, is the ambient pressure at standard condition
(=101325 Pa), and T, the vaporisation temperature at standard
condition. The third term at the right-hand side of Eq. (20) is
the radiative cooling at the metal surface according to the grey
body model. €,,4 is the radiative emissivity of the metal, and ogp

k=—(V-fi), and fi= (26)
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the Stefan-Boltzmann constant. The energy source term due to the
electric arc, qqgrc, and the transferred metal drops, qdmp, are defined
by closure relations presented in Section 3.2.

The transport Eq. (21) is a modified VOF formulation introduced
by Weller [42]. The third term of Eq. (21), which is only active at
the interface, aims at enhancing the interface sharpening by reduc-
ing the numerical smearing of «. i, is the compression velocity
and C, the compression factor [42]. In this study C, is set to 1 to
satisfy conservation. The source term ¢y, due to metal transfer is
defined in Section 3.2.

3.2. Arc and metal transfer closure source terms

As electrode melting and thermal plasma arc are not predicted
by the model, their effect on the melt pool is included through
closure relations. The periodic metal transfer from the electrode is
modelled injecting in the computational domain drops of molten
alloy that are initially assumed to be identical, uniform, and spher-
ical. At injection the diameter of a drop is defined according to (see
e.g., [27])

U 1/3
Ddrop = (GRa/ def ) ’ (29)
rop

where Ry is the wire radius, Uy is the wire feed rate, and fy,, the
frequency of the drop transfer. The drop velocity, iy, tempera-
ture, Typ, and centre location (Xgrop, Ydrop: Zdrop) at injection are set
based on experimental observation. At these conditions drop injec-
tion creates locally a periodic source term of mass fgrop = faropP1,
momentum Eirop = pdropadropv thermal energy erop = QGrC—>dT0p' and
metal volume fraction dgrop = furop@drop-

The electric arc acts on the melt pool through pressure and drag
force, as well as heat transfer that is mainly due to temperature
gradient and free electron enthalpy. In studies opting for a decou-
pled approach, the heat transfer from the arc is described as an
overall phenomenon without distinguishing the different types of
contributions. The drag force applied by the arc on the melt pool
surface is often omitted, as in [12,14,25,26,32-34] concerning the
examples discussed in Section 1. This is also the approach used in
this study.

The arc pressure force is applied at the free surface. It is there-
fore modelled in a similar way as the surface tension force (see
Section 3.1), as

2p
p1+p2’

where pqrc is the pressure exerted by the arc. It is calculated using
the empirical relation proposed by Lin and Eagar [43] given by

ol? r
= exp| — , 31
Parc prEren p( 202, (31)

where ogrc p is the arc pressure distribution parameter.

The rate of heat input from the arc per unit area of the work-
piece surface is assumed to obey a Gaussian distribution as in sev-
eral previous studies e.g., [12,25]. This choice is supported by the
side view images of the arc, which were acquired during the ex-
periments (see Section 4.1). It is thus expressed as

. Narc— pooIVI 12
= exp| — , 32
Garc 7 Uazrc,q p zaazrc,q (32)

F(;rc = DParc |V(X| (30)

where ogrcq is the arc heat flux distribution parameter, and
Narc—pool the fraction of the process electric power that is trans-
ferred from the arc to the melt pool. It is defined from the arc
thermal efficiency,

Narc = Tarc— pool + Narc—drop» (33)
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Welding torch
—_—

i
Filler wire

Fig. 2. Picture of the welding set-up.

and requires determining the fraction of the process electric power
transferred from the arc to permit metal transfer

Qa —d
Narc—drop = $~ (34)

The rate of heat transferred from the arc to the metal wire to form
drops includes solid metal heating, fusion, and liquid metal heating
up to Ty, according to

3
S T[Ddrup
Qurc»drop = derop

+
X [p],s(cp)l.s(Ts - Tamb) + wh

sf + pl,l(cp)l,l(Tdrop - Tl):l
(35)

To complete the above closure relations and Eq. (6), the param-
eters Narc, d, Oarcq, Ogrefi Oarcps and Tyrop Were estimated for the
test case of this study, as reported in Section 4.2.

4. Test case

The GMA test case of this study was investigated both exper-
imentally and numerically. The experiments were conducted to
collect data that permit closing the model and to provide vali-
dation data. The experimental set-up is therefore presented first,
in Section 4.1. Then, the parameters entering the source terms
and boundary conditions for the arc and drop are specified in
Section 4.2, as well as the material data. Next, the computational
domain as well as boundary and initial conditions are presented in
Section 4.3. Finally, the main characteristics of the solution method
are given in Section 4.4.

4.1. Experimental set-up for data collection

Bead-on-plate GMAW experiments were carried out in pulsed
mode with one drop of metal transferred per pulse. Figure 2
shows a picture of the experimental set-up. It consisted of a power
source, an ABB robot, a wire feeding system, a gas shielding sys-
tem, and a computer controlled measurements system. The work-
piece with dimensions 150 mm x 20 mm x 60 mm (length x
width x thickness) and the 1.2 mm diameter filler wire were both
made of Invar 36, although some of the minor elements differed
slightly. The lower third of the workpiece was clamped in a fix-
ture connected to the ground. The welding torch was maintained
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Table 1
Parameters used in both experiments and simulations made with Invar 36 work-
piece and filler wire.

Parameter Notation Value Unit
Workpiece thickness 2y 60 mm
Welding current (average) I 225 A
Arc voltage (average) Vv 25.6 \Y
Pulse frequency farop 156 Hz
Filler wire radius Rw 0.6 mm
Wire feed rate Uys 8 m min~'
Welding travel speed U 8 mm s~!
500 50
—Current
—-—--Voltage {45
400 ¢
< 40 E
+ 300 [}
c
o 35 D
= =
> O
O 200+ 30 >
25
100
20
11.95 11.97 11.99 12
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Fig. 3. (a) Sample of the electrical signal waveform recorded during the experi-
ments. (b) Side view images of the one pulse one drop GMAW before and after
drop detachment.

perpendicular to the workpiece and the contact-tip-to-workpiece
distance was 16 mm.

Pure argon gas was flowing through the welding torch at a con-
stant flow rate of 15 1/min to shield the molten metal from the at-
mosphere. A single bead was deposited along the centreline of the
workpiece using the process parameters reported in Table 1. This
operation was repeated three times. The electrical signals were
recorded using a computer data acquisition system at a sampling
frequency of 4kHz. Figure 3a shows a sample of their waveforms.
The value of the electric current and arc voltage ranged approxi-
mately from 90 to 400 A and 22 to 30 V, respectively. These time-
variations are not considered in the simulations.

High speed imaging with an acquisition rate at 10,000 frames
per second was used to capture drop size and motion, specifically
drop velocity towards impingement into the melt pool. A colli-
mated high power LED emitting 10 W optical power at a center
wavelength of 450 nm was positioned on one side of the work-
piece to provide backlighting during imaging. On the other side, a
camera (IDT CCM-1540) was positioned to capture side view im-
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ages of the process interaction zone. A dielectric-coated spectral
filter with a center wavelength of 450 nm and a full width half
max of 40 nm was mounted in the optical path of the camera
matching the spectral distribution of the LED output power. The
setup, shown in Fig. 2, was optimized to make the metal transfer
visible through the arc attenuating partially the light entering the
camera. However, the arc could still be distinguished in most of
the captured images. An example of images can be seen in Fig. 3b.
The captured images were used to extract data for the effective ra-
dius of the arc, drop size, and impingement drop speed. Besides,
cross-sections of the weld beads were made at 55 mm, 65 mm
and 75 mm from the start of the weld. The sectioned specimens
were mounted in epoxy resin, polished and etched using Marble’s
reagent. The samples subjected to this standard metallographic
procedure were then analysed in a light optical microscope.

4.2. Closure parameters and material data

The closure parameters for arc and metal drop modelling were
collected from the literature and the experiments of Section 4.1.
The total arc efficiency was set to ng = 0.85, based on a trial-
and-error approach applied to reproduce numerically the dimen-
sions of the bead cross sections obtained in the experiments. This
value is at the high end of the range experimentally evaluated for
GMAW (from about 0.68 to 0.85, see [44] and references therein).
The pseudo-Gaussian distribution factor was set to the standard
value d = 3, as proposed by e.g., Kou and Sun [16]. The arc heat
flux distribution parameter, ogrcq, is known to be governed by
several process parameters including the arc current and the arc
length, as shown in e.g., [45] within the frame of gas tungsten arcs
(GTA). Compared to GTA, a difficulty appears when the electrode
is non-refractory, or when the elevation of the melt pool free sur-
face varies with time as the arc length then changes with time.
When modelling the melt pool with a decoupled approach, this
variation with time uses to be neglected. The distribution parame-
ter ogre,q can then be approximated from spectral analysis or from
measured irradiation using Abel inversion [46]. In the absence of
such means, it is also commonly approximated either from arc
simulation, or from empirical equations derived for gas tungsten
arc welding, or from images of the thermal plasma arc. For in-
stance, Wu et al. [47] did simulate a plasma arc assuming a flat
workpiece surface to determine oqrc g, and then used this parame-
ter to model a melt pool with keyhole. Ebrahimi et al. [48] applied
a fitted function of the arc length and arc current based on ex-
perimental measurements made by Eagar and Tsai [45] for GTA on
water cooled workpiece. Estimation from images was used in this
study by manually defining a reasonable pixel intensity threshold
to define the arc distribution and then measure the diameter at
a reference level in z-direction using image] tool software as de-
scribed by Zhu et al. [49]. A set of such images can be seen in
the supplementary material, S1. Measurements from captured arc
images for two complete pulsation cycles (120 images) were used
and the average value of the diameters resulted in ogrcq = 1.4 mm
as estimate. The arc pressure was assumed to have the same dis-
tribution as the arc heat flux. The current distribution parameter
was adjusted by trial-and-error to o, =1 mm to reproduce the
penetration depth obtained experimentally from the macrograph
images. The adjustment was performed using the most general of
the three EMF models, that is the numerical model of Section 2.1.

Concerning drop conditions at detachment from the electrode
wire, the vertical position z,,, was estimated to 2.1 mm above the
workpiece upper surface from the high-speed camera observation.
The frequency of the drop transfer was obtained from the weld-
ing data logger. In the studied process, the metal drops impact the
melt pool with a high velocity. The drop speed was estimated be-
fore the impact from the high-speed images leading to 1.3 m s~ 1.
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Table 2
Material properties of Invar 36 (used for both workpiece and metal drops).
Property Value Unit
Pis 8130 [53] kg m—3
P11 7275 [54] kg m—3
T 1702 [53] K
T 1723 [53] K
w 1070619423347 103 [55] kg m-1 s
(cp)1s 398 + 0.19 T [56] J kg K
(ep)r 801 [54] JTkgt K
Ky s 6.293 + 0.01185 T [56] W m-! K!
ki, 2.755 + 0.01264 T [54] W m-1 K!
Yo 1.92 [57] N m-!
(%) -3.97x 1074 [57] N m-1 K-!
0
T 1.3 x 1078 [39] kg mol™' m~2
ki 0.00318 [39] -
as 0.004 wt. %
AH® -1.66 x 10° [39] ] kg™! mol™!
hes 2.76 x 10° [54] J kg™!
B (12.357 + 0.001536 T) x 10 [56] K!
€rad 0.7 [52] -
Table 3
Vaporisation properties of the two main metal constituents [58].
Constituent Property Value Unit
Fe (64%wt): m 9.273280 x 1072 kg atom™!
Ty 3135 K
hy, 6.260 x 10° Jkg!
Ni (36%wt): m 9.746268 x 1072 kg atom™!
Ty 3186 K
hy, 6.787 x 10° ] kg™!

This value is also in good agreement with the experimental results
of Lin et al. [50] for GMAW with 1.2 mm wire. To maintain con-
sistency, all the model parameters were kept the same in all the
simulated cases.

The material properties used in the simulations are reported in
Tables 2-4. Constant values were assumed for the argon gas prop-
erties. The cases computed resulted in a maximum temperature
less than 3000 K. The thermal conductivity and specific heat ca-
pacity of argon show insignificant variations with T when 300 <
T < 3000 K [51]. However, in this temperature range the argon
density decreases with T while its viscosity increases T [51]. Nev-
ertheless, in the arc area the effect of these variations is negligible
compared to the intensity of the arc source terms. Outside the arc
area, the effect of this simplification on the computed alloy fields
remains to be evaluated. During the experiments, a thin oxide layer
was observed floating on the melt pool free surface. The radiative
emissivity was thus set based on the experimental measurements
of Barka et al. [52] for Invar 36 at high temperature in the presence
of a thin oxide layer.

4.3. Computational domain, boundary and initial conditions

A 10 mm wide cuboid domain corresponding to half of the
workpiece along the y-direction (see Fig. 2) was used for all the

Table 4
Material properties of argon gas at 300 K,
[59].
Property  Value Unit
P2 1.6337 kg m—3
a2 226 x 10° kg m's!
Cp2 520 J kg K
ky 0.08 W m-! K!
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Fig. 4. Computational domain with metal and argon at the initial time.

simulations. This is equivalent to assuming symmetry although
flow instability might occur in the melt pool due to e.g., the
Marangoni recirculation induced by the presence of surfactant [60].
A symmetry boundary condition was thus applied to all the vari-
ables at y = 0, which coincides with the face BCGF in the computa-
tional domain of Fig. 4. Dimensions and conditions along the other
directions were model dependent, and will be described later. In
all the computations of this study the corner B (see Fig. 4) defines
the origin of the domain.

Concerning the numerical EMF model, the computational do-
main used to solve Eqs. (2)-(3) includes only the metal subdomain
of Fig. 4 since the atmosphere does not need to be considered
at this stage. It was designed long enough along the travel direc-
tion to contain the domain needed for the thermo-fluid model. In
a preliminary study, the influence of the thickness and length of
the simulated workpiece on the EMF-fields was investigated. It was
concluded that it is important that the electromagnetic bound-
ary conditions can satisfy symmetry to comply with the modelling
assumption (x) made by the analytical EMF models. The domain
length along x was thus set identical on both sides of the arc. The
arc axis was positioned at the centre (xg = 50 mm) of a domain
that spanned 100 mm in the x-direction. The current density dis-
tribution defined in Eq. (6) was applied as boundary condition for
the electric potential, Eq. (2), at the upper surface of the work-
piece (EFGH at zy) with the parameters specified in Section 4.2. To
investigate the solution (in)dependence with respect to the posi-
tion of the lower boundary surface (ABCD in z = 0), domains of
various thicknesses were used. Two cases are reported below with
Zop = 4 mm and zy = 10 mm. Similar solutions were obtained with
the experimental configuration and with a 10 mm thick workpiece
whose lower face was set to V=0 while the lateral faces were elec-
trically insulated. Results obtained with lateral grounding are also
discussed later. The boundary conditions for the magnetic poten-
tial, Eq. (3), were set to zero gradient at z; and z = 0, and to zero
on all the other metal boundaries.

The computational domain used to solve the thermo-fluid
model, Eqs. (18)-(21), is shown in Fig. 4. It spans 60 x 10 x 15 mm
in the x, y, and z directions, respectively. Its lower part was initial-
ized with a 10 mm thick solid workpiece at 300 K and o = 1, and
the upper part with a 5 mm thick layer of argon gas at rest, at
atmospheric pressure, 300 K, and o = 0. The boundary conditions
applied to Eqs. (18)-(21) are summarized in Table 5.

In Table 5, the rate of heat transfer by convection is qcony =
heony(T — Typmp) with the constant heny = 100 W m=2 K-1 [8,61].
The ambient conditions are T, = 300 K, and Py, = 101325 Pa.
At the workpiece boundaries AEFB, ABCD, and EIJF the tempera-
ture gradient was extrapolated along the direction normal to the
boundary.
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Table 5
Boundary conditions for the thermo-fluid model.
Boundary  Variable
a p T o
AEFB i = Upp Hp=0 —kd,T = const® 1
AEHD 3yLly =0 3yp =0 —k3yT = q::om/ 1
HGCD T=Uwp Hp=0 T=Tup 1
ABCD du; =0 d,p=0 —kd,T = const? 1
BFGC du,=0 dp=0 T=0 dya =0
EIJF Oty =0 P = Patm —koxT = const? oy =0
EILH Wuy=0 p=pam —kT = Geonv 0
LKGH Oxtx =0 D = Patm —k0;T = Geonv 0
JKGF du,=0 dp=0 T=0 dya =0
ILK] Qu; =0  p=pam  —kd.T = Geonw 0

@ The gradient is extrapolated.

At injection, the drop center was aligned with the arc axis thus
Xdrop = Xo = 50 mm, and Y44, = Yo = 0 mm. The vertical position
Zgrop Was obtained from experimental observation (see Section 4.2).
The fluid velocity (g, = (0; 0; -1.3) m s~1) and temperature
(Tarop = 2100 K) were assumed uniform throughout the drop. Con-
trary to Uy,op, Tyrop could not be measured in the experiments of
this study. It was therefore set from a GMA study by Zhou et al.
[8], which was selected because of its similar range of process con-
ditions. To initialize the drops, the quantity cg,, was set at each
injection patching on the computational mesh a sphere of diame-
ter Dyyop centred in (Xgrop, Ydrops Zdrop)-

As the numerical EMF model was solved using a large domain,
the computed electromagnetic force fields were mapped cell to cell
about the centre of the arc to the smaller thermo-fluid domain
shown in Fig. 4. These mapped fields were used as body force
source term in the momentum equation. It was ensured that the
electromagnetic force fields in the vicinity of the arc axis remained
identical before and after mapping.

4.4. Solution method

The EMF and thermo-fluid models were implemented in the
OpenFOAM open-source software. The numerical EMF model was
solved prior to the thermo-fluid model, setting the final conver-
gence criteria to 10~ for both A and V. Concerning the thermo-
fluid model, the pressure-velocity coupling was solved using the
Pressure-Implicit with Splitting of Operators (PISO) algorithm. The
discretization of the convective term in the VOF equation was
achieved by the Van Leer scheme, which is a second-order scheme
that ensures boundedness of the scalar field « between 0 and 1.
The Limited Linear scheme was used for the remaining convec-
tive terms in the governing equations. The Limited Linear scheme
is a blended 1st/2nd order scheme that returns a first-order up-
wind differencing scheme in regions with a rapidly changing gra-
dient and the second-order central differencing scheme elsewhere.
The diffusion term in the governing equations was discretized us-
ing the central differencing scheme. The highly coupled governing
equations were solved iteratively for each time step until the pre-
defined criteria for convergence were satisfied before advancing to
the next time step. The convergence criteria on the residual value
was set to 1072 for volume fraction, 1078 for pressure and veloc-
ity, and 10~1° for temperature. The time stepping for advancing the
solution was adjusted automatically imposing a maximum Courant
number of 0.1 and a maximum allowed time step of 107> s.

A first grid study was conducted with the EMF model, and a
second with the thermo-fluid model, using in each study 4, 5 and
6 cells per millimetre. When performing the second grid study
with the thermo-fluid model, the coarse, medium and fine mesh
had 375 360, 660 000 and 2 054 250 cells, respectively. It led to
a fully developed melt pool with variation in penetration depth,
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half-width and length below 6% for the medium compared to the
coarse mesh, and 1% for the fine compared to the medium mesh.
The medium-sized mesh provided a good compromise between
quality of the solution and computational time. The mesh used
for all the calculations presented hereafter thus has a uniform grid
size of 0.2 mm in x, 0 >y > 6 mm, and 0 >z—23 > -6 mm to
ensure that the electromagnetic force variations are captured and
that the melt pool is within the region of uniform cell size. Out-
side that region a cell to cell expansion ratio of 1.14 was applied.
Besides, this mesh implies that 6 cells are used to discretize the
droplet along its diameter, which is more than the minimum of 4
mesh cells usually recommended, as in [27] and references therein.
Each simulation was executed in parallel using 20 cores Intel Xeon
Gold 6130 CPU @ 2.90 GHz x 32 on a computing cluster provided
by the Swedish National Infrastructure for Computing (SNIC). The
computational time per simulation with the thermo-fluid model
and the medium-sized mesh took about 168 h of physical time (~
3360 Core hours) to simulate 12 s of GMAW.

5. Results and discussion

Experimental set-ups do not always comply with assumption
(ix*). For instance, the electric potential (V) is often grounded un-
der the workpiece through the working table, or as in this study
through a fixture that covers only the lower part of lateral faces
of the workpiece. Besides, it can be seen in the literature that
the analytical EMF models were applied to a variety of work-
piece thicknesses ranging from thin (e.g., 2.3 mm [62], 4 mm [34])
to thick (e.g., 10 mm [26], 20 mm [31]). The influence of the
location of the electric potential ground on the electromagnetic
force is thus investigated in this study for various workpiece thick-
nesses. The results are reported for both thin (4 mm) and thick
(10 mm) workpieces in Section 5.1. Next, the GMAW conditions
of Section 4 are applied. The effect of the assumptions that fun-
damentally differentiate the three EMF models is examined. Their
impact on the current density, magnetic field and resultant elec-
tromagnetic force are analysed in Section 5.2. Finally, the effect of
these modelling assumptions on the melt pool flow and tempera-
ture field (Section 5.3), melt pool geometry (Section 5.4), as well as
on the free surface ripples resulting from the impact of the trans-
ferred metal drops (Section 5.5), are successively analysed.

5.1. Effect of V-ground location for thin and thick workpiece

The test cases of this section apply to the workpiece alone (no
atmosphere and no metal transfer) and the numerical EMF model
alone (without thermo-fluid model). The boundary conditions that
are not discussed in this section are set as described in Section 4.
Figure 5 shows the computed current density vectors, electric po-
tential and electromagnetic force distributions. The plots are pre-
sented for two different metal thicknesses: 10 mm in Fig. 5a, b and
4 mm in Fig. 5c-h. Each thickness is combined with two different
boundaries for grounding the electric potential: a lateral ground-
ing in Fig. 5a, c, e (left side), and a lower surface grounding in
Fig. 5b, d, f (right side). Comparing Fig. 5a and b, it can be seen
that for the thick workpiece the ground potential can be at the
two studied locations without significantly changing the V-isolines
or the Jidistribution in the area where the melt pool is expected
to form (i.e, |x| < 5 mm, z< 3 mm). On the contrary, Fig. 5c, d
show that for the thinner workpiece these two conditions do not
give equivalent fields in the region of interest. A comparison be-
tween the V-isolines in Fig. 5e (lateral ground) and Fig. 5f (lower
surface ground) shows clear differences. Their significant effect on
the electromagnetic force can be seen in Fig. 5¢ and h, plotted
along the radial direction x at 2 and 1 mm below the workpiece

10
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upper surface (i.e., where liquid alloy could be present). Let us con-
sider for instance the extrema of the electromagnetic field compo-
nents, which are reached at x ~ 2 mm. For the vertical compo-
nent (Fjﬂxg)z, the absolute value of its extremum at 1 mm (resp.
2 mm) below the surface of the workpiece is about 15% (resp. ~
70%) larger when setting the electric potential ground at the lateral
surface rather than at the lower surface. For the radial component
(in these plots (F]fx,;)x) the difference is more significant, as the
absolute value of its extremum at 1 mm (resp. 2 mm) below the
surface is about 30% (resp. ~ 170%) larger when setting the elec-
tric potential ground at the lower surface rather than at the lateral
surface. These results imply that assumption (ix-(a)) is particularly
important to respect when applying the analytical EMF models to
thin workpieces, while it could be neglected for thick workpieces
when the arc is operated in conduction mode as in this study. Be-
sides, for an electric arc operated in keyhole mode (plasma arc)
it is anticipated that this assumption might not be reasonable to
circumvent when applying one of the analytical EMF models to
a 10 mm thick workpiece, especially when burn-through occurs,
since then the region of influence of the EMF force extends deeper
into the workpiece.

5.2. Effect of the EMF models on the electromagnetic force

This section focuses on the different EMF models (without
thermo-fluid model). The test cases apply to the workpiece alone
(no atmosphere and no metal transfer). The computational results
presented in the sequel were all obtained for a 10 mm thick work-
piece, with the setting of the GMAW test case of Section 4. It was
checked in Section 5.1 that the boundary condition V =0 can be
set at the lower or at the lateral surface of the 10 mm-thick work-
piece without affecting the results, when computing the numeri-
cal EMFE It implies that the constraint (ix*) can also be satisfied
by the numerical EMF model in the studied test case. Then, the
Kou and Sun model differs from the numerical EMF model through
(xi) alone, and from the Tsao and Wu model through (ix)/(xii)-
(xiii). Figure 6 shows the current density calculated with each of
the three EMF models, plotted along the x direction at y = 0.
In these plots Jx is equivalent to J, and x —xy to r. The results
are reported at elevations that would be in the melt pool, close
to its surface (upper figures at z = 9.9 mm) or deeper (lower
figures at z = 8.1 mm). The plots at the left side show the x-
component of the current density while those at the right side
show the z-component. It can be seen that the numerical model
and the model of Kou and Sun lead to the same results for both
Jx and J;. This is as expected since these two models are based on
the same assumptions for determining the electric potential (pro-
vided that the boundary conditions are treated consistently). On
the other hand, the additional simplifications of the Tsao and Wu
model lead everywhere to clear differences in both Jy and J,. It can
be seen that these differences are not systematic. J is indeed more
than one order of magnitude smaller with the model of Tsao and
Wu than with the two other models when z = 9.9 mm. On the
contrary, it is larger in the vicinity of the arc centre (x —xq = 0)
when z = 81 mm. The maximum value of J, is about 30% larger
at z = 9.9 mm with the model of Tsao and Wu than with the two
other models, and it is more than one order of magnitude larger
at z = 8.1 mm. It implies that the components Jy and J; do not
change with the same proportions when changing from the Tsao
and Wu model to any of the two other models. Furthermore, the
proportionality factor varies with the position. As a result the sim-
plifications made when predicting Jy and J, with the model of Tsao
and Wu cannot be simply compensated by a constant multiplying
factor to recover the more general results of the two other models.

Figure 7 shows the component B, of the magnetic field along
the x direction at y = 0 and the elevations z = 9.9 mm and z =
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Fig. 5. Solution of the numerical EMF model for (a)-(b): 10 mm and (c)-(h): 4 mm thick workpiece. (a)-(d) : current density vectors; (e)-(f) : electric potential isolines from
-0.08 to 0 V with intervals of 0.01 V; with V grounded at lateral (left plots) and at the lower surface (right plots). Electromagnetic force along x at (g): 2 mm and (h): 1 mm
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Fig. 7. Magnetic field component B, as function of the position along x (arc center in x —xo = 0). (a): at z = 9.9 mm. (b): at z = 8.1 mm. For the analytical EMF models B,
here corresponds to By.

8.1 mm. In these plots By is equivalent to By and x —xg to r. It can 8.1 mm than at z = 9.9 mm. This is a consequence of assumption
be seen that the model of Tsao and Wu overestimates the magnetic (xiii) which implies that B decreases linearly with z rather than

field everywhere compared to the two other models. This overes- exponentially. Therefore, here too the simplification made cannot
timation changes amplitude depending on the spatial location. For be compensated by a constant multiplying factor to recover the
instance, close to the arc center (x — xg ~ 0) it is much larger at z = more general results of the two other models. Besides, the mag-
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netic fields computed using the numerical model and the analyti-
cal model of Kou and Sun now differ to a significant extent. This
is due to the contribution of J; (Jy in Fig. 6) to By that is ignored
in the model of Kou and Sun (see assumption (xi) and the follow-
ing discussion). The results show that locally this contribution can
reach up to 90% of the value of the magnetic field (see Fig. 7(a) at
|x — xg| ~ 1 mm). Recall that in this case the model of Kou and Sun
is equivalent to the simplified version of the numerical EMF model
that computes the magnetic field from the Biot-Savart law. There-
fore, the two variants of the numerical EMF model (see Section 1)
cannot be considered as equivalent in the context of GMA (nor gas
tungsten arc [11]).

Figure 8 shows for each of the three EMF models the x and z
components of the electromagnetic force plotted as functions of x
relative to the arc centre (in xp) at y = 0 and at the elevations
z = 9.9 mm and z = 8.1 mm. As expected, the results reflect the
differences in current density and magnetic field previously ob-
served. It can be seen that the difference in assumptions made in
the models of Kou and Sun and Tsao and Wu lead to significant
differences for both (ﬁ;g)x and (I"}‘XE)Z- While in the studied ex-
ample the model of Kou and Sun overestimates the components
of the electromagnetic force by a factor of about two compared
to the numerical model, no clear proportionality is seen between
the model of Tsao and Wu and the two others. For instance, let us
compare the absolute extrema reached with the model of Tsao and
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Wu compared to the numerical model. For the component (I'}XE)X
the extrema are almost three times larger at z = 9.9 mm, and
more than two orders of magnitude larger at z = 8.1 mm. While
for the component (Fj, g); they are about five times smaller at z =
9.9 mm, and one order of magnitude larger at z = 8.1 mm. In other
words, the modelling assumptions (xii)-(xiii) (Section 2.2) change
not only the amplitude of the electromagnetic force but also the
proportion of its components, furthermore in a space-dependent
way.

5.3. Effect of the EMF models on the melt pool flow and temperature
field

The calculation results presented in the following were com-
puted for the complete GMAW test case with workpiece, atmo-
sphere and transferred metal drops. They were obtained combin-
ing the thermo-fluid model with each of the EMF models. The EMF
model is the only element varied in the next comparisons. The
simulation results are from now time-dependent. Time t = 0 s is
the time when the arc heat source is switched on. The metal trans-
fer starts at t = 0.03 s and continues with the drop frequency fg,op
= 156 Hz. It was checked that at time t = 8 s the melt pool was
already fully developed with each of the models (see Section 5.4).
The computations were conducted up to the time t = 12 s. Look-
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ing at the simulation results over several cycles of metal transfer
while the melt pool is fully developed, it can be observed that in a
large part of the liquid alloy the computed fields present almost no
variation with time (see supplementary material, movies S2-S5c).
However, this observation does not apply to the drop impact area
or to the free surface area due to the propagation of ripples issuing
from drop impact. In these two last areas the flow, in particular its
velocity, shows some periodicity related to the metal transfer peri-
odicity (see also Sections 5.3, 5.5). However, possible random fluc-
tuation of the mean flow is not investigated in the scope of this
study.

Figure 9 presents, at time t = 12 s, velocity vectors computed
in the liquid alloy with each of the three EMF models. Figure 9a
shows top-view images with the melt pool free surface in grey
color, and Fig. 9b presents side view images in a longitudinal sec-
tion at y = 0 (symmetry plane). The arc axis is aligned with the
z-axis and passes through xo = 50 mm, and y; = 0 mm. At this
location it can be seen in both Fig. 9a and b that the velocity
vectors have different orientations with the different EMF models.
This is related to the dynamics of the flow during the drop impact
cycle, which is discussed in Section 5.5. Figure 9a shows that at
the free surface, in a radius of approximately 3 mm about the arc
axis, the velocity vectors are oriented radially outward due to the
combined effect of the thermocapillary force (outward), the x, y-
components of the electromagnetic force (inward radial contribu-
tion), and the dynamics of the flow related to the ripples caused
by the drops (outward). The black line plotted at the melt pool
surface in Fig. 9a represents the temperature isoline T = 1850 K,
across which the thermocapillary force of an iron alloy containing
40 ppm sulfur changes sign. It can be seen that at the free sur-
face the flow changes direction across that line, and that recircu-
lation vortices form at the rear part of the melt pool. When ob-
served over a time period while the melt pool is fully developed,
this isoline is quasi-steady with negligible oscillation (see supple-
mentary material S2). It is also observed in Fig. 9a that the shape
of this isoline is different with the different EMF models, in partic-
ular the transition shoulder in the vicinity of x = 40 mm. Its shape
is smoother with the Kou and Sun model than with the numerical
EMF model, while is it more abrupt with the Tsao and Wu model.
It implies that the EMF models have also different effects on the
thermocapillary flow.

Figure 9b shows that under the free surface the melt pool flow
is very different depending on the EMF model, as highlighted by
the white arrows indicating recirculation regions. Examining the
fully developed melt pool as time evolves, it can be observed (see
supplementary movies S3) that the recirculation regions remain
the same for the most part, except near the arc center (x = 50 mm)
where the flow pattern shows dynamic evolution related to the pe-
riodic drop impact. Behind the arc axis (x < 50 mm) a very large
recirculation is observed with the Kou and Sun model. It is asso-
ciated with a downward melt pool flow at the arc center that is
characteristic of a leading order electromagnetic force. With the
numerical EMF model this recirculation region is smaller, while
with the Tsao and Wu model it is not observed. On the contrary,
a recirculation rotating in the other direction (seen counterclock-
wise in Fig. 9b), which is characteristic of a leading order ther-
mocapillary force, is observed with the model of Tsao and Wu, as
well as with the two other models but then further behind the
arc. It is largest with the Tsao and Wu model, and extends from
the arc region to far downstream up to about x = 40 mm (or P3),
where the thermocapillary force changes direction. It has a smaller
size with the numerical EMF model as it faces the first recircu-
lation in the vicinity of x = 45 mm (or P1). The smallest size is
given by the Kou and Sun model. In that case the reverse direc-
tion swirls confront at x ~ 47.5 mm (or P2). The assumptions (Xi)
and (ix)/(xii)—(xiii) that differentiate the three EMF models thus in-
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troduce simplifications with significant consequences on the melt
pool flow. It was seen in Fig. 8a that the electromagnetic force
components have an amplitude that depends on the EMF model
close to the arc axis (|x —xg| < 4 mm). The electromagnetic force
component (I-}XE)Z, which is oriented downward, has the largest
amplitude with the Kou and Sun model and the smallest amplitude
with the Tsao and Wu model (Fig. 8b). These differences are con-
sistent with the differences in recirculation flow observed under
the free surface in Fig. 9b in the arc axis area (|x — xy| < 4 mm). In
that same region the amplitude of the radial component (oriented
inward) of the electromagnetic force about the arc axis is smallest
with the numerical EMF model (resp. largest with the Tsao and Wu
model; see Fig. 8a). Thus, it decelerates the less (resp. the most)
the thermocapillary flow. However, this seems to be in contradic-
tion with the radial extent of the melt pool that is wider with the
Tsao and Wu model than with the numerical EMF model (Fig. 9a,
and 14 d). Moreover, Fig. 8 shows that for each of the EMF models
the electromagnetic force is negligible at more than 5 mm from
the arc centre. Thus the differences in flow pattern in the region
of P1 and P2 are not simply direct effects of the electromagnetic
force. The problem becomes more complex by the presence of both
solid/liquid and liquid/gas interfaces that interact with the ther-
mal convection. Free-surface oscillations are also known to influ-
ence the thermocapillary flow [63]. The indirect effect of the elec-
tromagnetic force on the flow dynamic due to differences in melt
pool morphology (Section 5.4) and on free surface oscillation dur-
ing drop impact and coalescence (Section 5.5) need also to be con-
sidered.

Figure 10 shows the evolution over time of the maximum fluid
velocity, umax, computed at the melt pool free surface (isosurface
o fy = 0.5) for the different EMF models. The time interval re-
ported, 11.95 <t < 12 s, includes 8 cycles of metal transfer. It
can be seen that that umax follows a periodic pattern with a fre-
quency corresponding to the metal transfer frequency. The extrema
reached by umax are almost the same for the different EMF models.
During each cycle of metal transfer, uma,x varies between about 1.6
to 0.4 m s~!. Figure 10 shows that the time t = 12 s corresponds
to the end of a cycle, thus the maximum velocity of about 0.4 m
s~1 in Fig. 9. The minimum value of umax is thus 50 times larger
than the welding travel speed (U = 0.008 m s~1), and the maxi-
mum value is about 20% above the initial drop velocity (|ugr,p| =
1.3 m s~1). The root mean square of umax was calculated over the
reported time interval, leading to the values indicated in Fig. 10 for
each EMF model. The RMS value obtained with the numerical and
the Kou and Sun models are very similar, while with the Tsao and
Wu model it is about 20% lower. A possible reason for this differ-
ence is proposed below examining the temperature field. Besides,
the evolution of umax over a metal transfer cycle follows differ-
ent patterns depending on the EMF model, as can be observed in
Fig. 10. With the numerical and Kou and Sun models it goes up
and down two times, while with the model of Tsao and Wu there
is only one peak per cycle. This might be related to the primary
and secondary ripples discussed in Section 5.5.

Figure 11 visualizes the computed temperature distribution at
the symmetry plane y = 0 and at time t = 12 s. It can be seen that
the three EMF models result in different convection of the heat
transferred to the workpiece by the arc and the metal drops. The
heat is convected deeper into the material and over a wider ex-
tend with the Kou and Sun model compared to the numerical EMF
model. It shows that the overestimation of the amplitude of (I~}~X 5z
made by the Kou and Sun model due to assumption (xi) through
neglecting the contribution of J, to By enhances the thermal con-
vection towards the melt pool depth. With the model of Tsao and
Wau the heat transferred to the material is instead confined to the
close vicinity of the free surface. It shows that for this EMF model
the underestimation of U‘]}E)Z in the upper part of the melt pool



P. Aryal, F. Sikstrom, H. Nilsson et al.

International Journal of Heat and Mass Transfer 194 (2022) 123068

U [m/s]
— I_
0 0.1 0.2 0.3 0.42
10 20
| I
Numerical
|
Kou & Sun
Tsao & Wu
(a) Top view
U [m/s]
0 0.05 0.1 0.15 0.2 0.25 0.3
_— ' b —
10 20 30 X [mm] 40 425 45 50 55

Numerical

Kou & Sun

Tsao & Wu

(b) Side view.

Fig. 9. Velocity fields computed in the melt pool at t = 12 s with the different EMF models. In (a) the free surface isosurface is in grey. The black line represents the

isotherm T = 1850 K.

(by a factor 5 in z = 9.9 mm, see Fig. 8b) has a larger effect than
its overestimation in the lower part (by a factor 10 in z = 8.1 mm,
Fig. 8d).

The maximum temperature of the metal is also affected by the
EMF model used. Its value is about 2800 K with the numerical
EMF model and the Kou and Sun model, and about 2500 K with
the Tsao and Wu model. These values, that are at the free surface,
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are at least 300 K lower than the vaporization temperature of the
main constituents of the studied alloy. The computed effect of va-
porization is insignificant for the melt pool in terms of both energy
and mass loss. It confirms that material loss can be neglected, as
done in the model (Section 3.1). Besides, a higher maximum tem-
perature is known to strengthen the thermocapillary force, and is
expected to result in a larger fluid velocity. Thus, it could explain
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Fig. 10. Evolution over time of the maximum fluid velocity computed at the melt
pool free surface with the different EMF models. e : instant of metal drop injection
in the computational domain. RMS: Root Mean Square.
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Fig. 11. Temperature distribution at the symmetry plane (y = 0) at t = 12 s with
the different EMF models.

why the RMS value of upax obtained with the Tsao and Wu model
is lower than with the two other models.

5.4. Effect of the EMF models on the melt pool geometry

Figure 12 presents the time evolution of the melt pool half-
width, penetration depth and half-volume computed with the
three EMF models. The results from the different models share
in common that at the start of the process the melt pool width
and volume increase almost linearly for about 1 s until the trail-
ing edge of the initially circular melt pool begins to develop. The
melt pool half-width and penetration depth reach a stable condi-
tion after approximately 4 s. However, the melt pool length and
volume require longer time to stabilize. The increase in melt pool
volume is followed by a decrease at t ~ 6 s due to the rapid cool-
ing when the re-solidification of the trailing edge starts. The length
and volume expand over a longer time before reaching a quasi-
steady condition at t ~ 8 s. The results reached at fully-developed
melt pool show that the three EMF models lead to different melt
pool dimensions. The model of Tsao and Wu leads to a wider and
shallower melt pool with smaller volume than the two other EMF
models. The model of Kou and Sun instead produces a narrower
and deeper melt pool with a volume slightly larger than the nu-
merical EMF model. These geometrical differences result from the
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Fig. 12. Evolution over time of the predicted melt pool (a) half-width, depth and
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distinct effect on the thermal flow of the different simplifying as-
sumptions underlying the EMF models studied. For instance, the
most shallow melt pool observed with the model of Tsao and Wu
is a consequence of the quasi-absence of convective recirculation
of alloy under the arc as a result of the underestimation of (I-}-X 5z
in the upper part of the melt pool. It can also be seen that with
the model of Tsao and Wu (resp. Kou and Sun) the reduced (resp.
increased) melt pool depth is not balanced by the increased (resp.
reduced) width since the melt pool volume is smaller (resp. larger)
than with the numerical EMF model while the total amount of
heat input and its space-distribution (Eq. (32)) is the same for all
the cases. The change in force balance due to the simplifying as-
sumptions (xi) and (ix)/(xii)-(xiii) therefore changes also the frac-
tion of heat transferred to the workpiece that is used to melt the
alloy.

Figure 13 compares the melt pool geometry computed with
each of the three electromagnetic models, at time t = 12 s. The
top-view images of Fig. 13a show that the largest melt pool width
(at section AA’) is reached downstream the arc center (located at
x = 50 mm) at rather similar locations with the numerical EMF
model and with the Kou and Sun model, while it is further away
with the model of Tsao and Wu. The transition to the tail region
is closer to section AA’ with the Kou and Sun model than with
the two other ones as the front area is then not only narrower
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Fig. 13. Melt pool geometry computed with each EMF model; t = 12 s.

but also shorter. The side view images in Fig. 13b show that the
model of Tsao and Wu leads to a very different melt pool shape,
compared to that of the other models. The largest melt pool depth
(at section CC’) is indeed reached much further downstream the
arc center with this model than with the other ones. As noticed in
Section 5.3, with this model the largest penetration depth is not
governed by the same effects as for the other models. For the two
other EMF models the deepest melt pool depth is reached under
the arc at xo = 50 mm. According to the recirculation pattern it is
believed to be mainly governed by the electromagnetic force (com-
bined with the metal transfer). With the Tsao and Wu model the
largest depth is reached at x ~ 35 mm. There, the electromagnetic
force is known to be negligible. Thus, these results show that the
change in proportion of the force components (I‘}‘XB‘))( and (1‘}‘X§)z
observed in Fig. 8 when changing from e.g., the numerical EMF
model to the Tsao and Wu model turn out to be large enough to
induce drastic changes in the predicted melt pool morphology.
Figure 14 (a)-(b) present macrograph images of the bead along
the longitudinal and transverse directions. Figure 14a shows the
uniformity of the penetration depth and the reinforced bead
height. Figure 14b visualizes the fusion boundary used for com-
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Table 6
Bead dimensions measured experimentally, and computed with each EMF model.
Height [mm]  Width [mm] Depth [mm)]
Sample 1 2.5+0.1 10.2+0.1 2.6+0.1
Experimental Sample 2 2.4540.1 10.3+0.1 2.7+0.1
Sample 3 2.6+0.1 10.4+0.1 2.5+0.1
Average exp. value: 2.5+0.1 10.3+0.1 2.6+0.1
Numerical 2.6+0.1 10.1+0.1 2.6+0.1
Computed Kou & Sun 2.940.1 8.8+0.1 3.440.1
Tsao & Wu  2.5+0.1 10.8+0.1 1.9+0.1

parison with the computational results obtained at time t = 12 s
with the different EMF models. Experimental measurements are
also reported in Table 6 for three different samples. The accuracy
of the measurements was evaluated to be +0.1 mm due to the un-
certainty in positioning the fusion boundary. The values computed
with the different EMF models are also reported in this table. Their
uncertainty is evaluated based on the mesh cell-size to be equal to
+0.1 mm. The computed boundaries of the reinforced bead plotted
in Fig. 14c were extracted from the re-solidified surface (defined
by the isosurface « = 0.5) at the section BB’ (shown in Fig. 13a).
The numerical EMF model and the Tsao and Wu model are in good
agreement with the experimental data, the relative error being less
than 4% compared to the average experimental value. With the Kou
and Sun model the relative error is larger, reaching approximately
16%. Since the added mass (and thus volume) from the wire feed
is the same for all the simulated cases, the increased reinforced
height with the Kou and Sun model is correlated to the reduced
melt pool width. The melt pool depth and width reach their max-
imum values at different distances from the arc center. The com-
puted edge of the fusion zone is defined by the solidus isotherm.
The melt pool width compared to the experimental data in Fig. 14d
is plotted in section AA, and the penetration depth compared in
Fig. 14e is plotted in section CC (see Fig. 13). It can be seen that
the (maximum) width predicted with the numerical EMF model is
in good agreement with the experimental results. With the Tsao
and Wu model it is overestimated whereas with the Kou and Sun
model it is underestimated. The maximum relative error between
the numerical simulations and the experimental results is about
15%. Figure 14e shows that the maximum penetration depth ob-
tained with the numerical EMF model is in very good agreement
with the experimental results, with a difference of less than 3%.
This is simply a direct consequence of the adjustment of the clo-
sure parameter o, as explained in Section 3.2. Nevertheless, the
morphology of the fusion zone simulated using the numerical EMF
model slightly differs from the experimental data. Besides, it can
be seen that the penetration depth is overestimated by approxi-
mately 30% with the Kou and Sun model and underestimated by
approximately 30% with the Tsao and Wu model. These differences
are significant. Furthermore, while the depth to width ratio is cor-
rectly reproduced by the numerical EMF model, it is not by the two
other models. The GMAW example of this study therefore shows
that assumptions (ix)/(xii)-(xiii) as well as (xi) alter the leading or-
der physics predicted in the melt pool.

5.5. Effects of the EMF models on the ripples from drop impact

The general dynamics of the surface is first discussed be-
fore going into detailed comparisons with the three EMF models.
Figure 15 presents symmetry plane views of the melt pool com-
puted with the numerical EMF model. The plots show the drop
impact area at different instances in time chosen to highlight par-
ticular features within a period of metal transfer when the melt
pool is fully developed. When a metal drop is transferred (see A)
and enters the melt pool (B) a depression forms (C) until reaching
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Fig. 14. Metallographic image showing the solidified fusion zone and reinforced bead in a section (a) longitudinal and (b) transverse. Comparison between the experimental
bead contour extracted from (b) and the fusion zone contour computed with the three different EMF models showing the (c) bead reinforced height in section BB’, (d) width

in section AA’, and (e) penetration depth in section CC".

the maximum depression (D). The metal pushed away causes the
formation of a primary ripple that moves away from the point of
drop impact as time evolves (see supplementary movie S4). Next,
the free surface starts restoring (E) with a central jet formation
(F) resulting in a secondary ripple (G) that is still partially present
when the next drop is transferred (H).
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Figure 16 compares the evolution over time of the liquid al-
loy top-most surface, which includes both the free surface and the
drop. It is computed with the different EMF models and is reported
at the arc centre. This location coincides with the location of the
drop impact. The figure shows two cycles of metal transfer taking
place when the melt pool is fully developed. The plots start when
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Fig. 15. Melt pool free surface deformation computed with the numerical EMF
model and plotted at various instances in time within a metal transfer period.
The dashed-dotted line indicates the original elevation of the workpiece upper sur-
face (at z = 10 mm). The blue/brick color corresponds to a temperature range be-
low/above the melting temperature (1712.5 K). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 16. Evolution over time of the free surface elevation at the arc centre, com-
puted during two cycles of metal transfer with each of the three EMF models. The
original elevation of the workpiece upper surface is in z = 10 mm. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

the drop is injected into the computational domain (in A, as in
Fig. 15). A sudden increase in top-most surface elevation can be
seen when a new drop is inserted since at this instant the height
reported in Fig. 16 includes the diameter of the drop (1.2 mm) and
the space between the drop and the free surface. In B the drop has
partially entered the free surface (similar to B in Fig. 15), and in
C it is totally immersed and has initiated a depression at the melt
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Table 7
Velocity along the x-direction of the crest of the ripples moving towards the
rear part of the melt pool, for each EMF model.

Crest x-velocity [mm s~']

Set A Set B
Model mean max. min. mean max. min.
Numerical 856.6  909.1 769.2 9184 112500 7143
Kou & Sun 836.7 1000.0 5555 1058.5 1428.6 714.3
Tsao & Wu  761.2 909.1 666.6 - - -

pool free surface. Figure 16 shows that the depression (in D, as
in Fig. 15) is the deepest with the Kou and Sun model, with a free
surface lowering reaching about 1.3 mm, whereas the Tsao and Wu
model leads to the shallowest lowering of only 0.5 mm. Compared
to the numerical EMF model the restored height (in R) is 0.5 mm
higher with the Tsao and Wu model, while it is 0.2 mm lower with
the Kou and Sun model. Furthermore, the time needed to reach
the deepest depression after the drop impact is the longest with
the Kou and Sun model, while it is almost the same with the two
other models. On the contrary, the time needed to restore the ele-
vation as prior to impact (e.g., from D to R) is the shortest with the
Kou and Sun model while it is the longest with the Tsao and Wu
model. These variations are caused by the force balance at the free
surface and the thickness of liquid alloy under the impact point,
which are different for each of the three EMF models (see previ-
ous sections). The effect on the amplitudes and propagation of the
ripples is now examined as they move away from the point of drop
impact.

The primary ripple that moves towards the front side of the
melt pool is reflected as it reaches the liquid/solid transition re-
gion (see S4). Along this back and forth travel, the amplitude of
the ripple progressively attenuates. Towards the rear side of the
melt pool, the propagation is more complex. It is now examined
in more details. In the computations with the numerical and the
Kou and Sun EMF models, primary and secondary ripples are ob-
served to travel away from the point of drop impact (see S5a-b).
With the model of Tsao and Wu, no secondary ripple is seen to
travel away (S5c). The speed of the crests of the ripples computed
with each of the models was evaluated along the travel direction,
after the arc centre, from the time t = 11.95 s to t = 12 s. This
time interval includes 8 cycles of metal transfer. The evaluation
was made by sampling the times of passage of the crests, first at x
= 46 mm and next at x = 45 mm. For the cases with secondary
ripples, as the primary and the secondary ripples alternate, the
crests successively detected were alternately distributed in a set
A and a set B. However, as it was difficult to determine whether
the ripples passing at x = 46 mm were primary or secondary, the
correspondence between set (A or B) and ripple type (primary or
secondary) could not be established. Nevertheless, the minimum,
maximum and mean crest velocities were calculated for each set
over the time interval above mentioned. The results are reported
in Table 7. It can be seen that in all the cases the ripples move
much faster than the welding travel speed, Uy, = 8 mm s~1. They
also show that the primary ripples predicted by the model of Tsao
and Wu are on average slightly slower (about 10%) than the slow-
est set (A) of ripples predicted by the two other models. Finally,
it can be seen that when both primary and secondary ripples are
present, they have different average velocities. It implies that a B-
ripple might catch up with the A-ripple ahead of it.

Figure 17 presents the free surface elevation computed with
the different EMF models and plotted at three locations along the
travel direction over a period of 0.05 s. These locations are po-
sitioned at increasing distances after the arc center, as shown in
Fig. 17a: 5 mm (point P1), 7.5 mm (P2) and 10 mm (P3). It can
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Fig. 17. Surface oscillation at the melt pool free surface (observed in the reference
frame of the heat source). (a) Location of the monitoring points P1, P2 and P3. Free
surface elevation z at (b) P1, (c) P2, and (d) P3.

be seen in Fig. 17b that with the Tsao and Wu model a ripple
passes in P1 at the frequency of 156 Hz (i.e., the drop transfer fre-
quency). When using the numerical EMF model and the Kou and
Sun model the number of ripples passing P1 at that frequency is
doubled. Two ripples can clearly be distinguished with the numer-
ical EMF model while partial overlap is observed with the Kou and
Sun model. These differences are related to the location of drop
impact on the secondary ripple (see S5a-c). It occurs on the crest
of the secondary ripple with the model of Tsao and Wu (there-
fore the primary and secondary ripples are merged). With the two
other models, the drop falls over a longer distance before reach-
ing the free surface whose elevation is then lower just prior to
impact (see Fig. 17). This delay permits the secondary ripple to
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travel, so that the drop impact takes place at some distance after
the passage of the secondary crest. In the computations with the
Kou and Sun model the delay is even larger than with the numer-
ical EMF model. The delayed impact generates a surface elevation
with two crests that move away from the point of impact. These
two crests are more or less differentiated depending on the delay
and on the point of observation (as they travel at different speeds).
Figure 17c shows that when reaching further away to point P2,
the primary and secondary ripples are merged for these two last
models. The remaining differences are a small phase shift and the
slightly larger crest elevation with the Kou and Sun model com-
pared to the numerical one. The amplitude of the ripples predicted
by the Tsao and Wu model is still clearly the smallest at P2 while
it becomes the largest at P3. Ripples could be expected to lower
their amplitude along their travel away from the arc center due to
energy dissipation. But this is not the case here. With the numeri-
cal EMF model the ripple amplitude increases between P1 and P2,
and further between P2 and P3. With the Kou and Sun model no
noticeable change in ripple amplitude is seen between P2 and P3.
Also, the predicted amplitude in P3 is almost the same with the
Kou and Sun model as with the numerical EMF model while it is
clearly overestimated by the Tsao and Wu model. Several factors
can affect the ripple amplitude. Among them are the thickness of
the liquid layer beneath the ripple, and the current (or flow field)
within this layer. According to Fig. 13b the thickness of the liquid
layer beneath the ripple is rather uniform between P1 and P3. On
the other hand the recirculation flow patterns are clearly different
between P1 and P3 for the three EMF models, Fig. 9b. They could
contribute to the differences in the space-evolution of the ripple
amplitude obtained with the three EMF models.

6. Conclusions

The three electromagnetic force models most commonly ap-
plied to fluid dynamics simulation of melt pools formed with an
electric arc were investigated. One was numerical and the two oth-
ers analytical (Kou and Sun [16], and Tsao and Wu [17]). The un-
derlying assumptions were first recalled and their impact on the
computed electromagnetic force studied. These models were then
applied combined with a thermo-fluid model to compare their ef-
fect on the melt pool flow, geometry and ripples from drop impact
during metal transfer with a gas metal arc. From the obtained re-
sults and their analysis, the following conclusions and recommen-
dations are drawn:

1. When an electric arc is operated in conduction mode on a
workpiece with local thickness > 10 mm, it has negligible ef-
fect on the electromagnetic force acting in the melt pool area
to ground the electric potential (V) at the lower surface of the
workpiece rather than at the lateral ones. In these specific con-
ditions, the analytical EMF models can therefore be applied to
study a problem with V grounded at the lower surface although
assumption (ix-(a)) is not satisfied, since then the electromag-
netic force predicted in the melt pool is not undermined by the
inappropriate grounding.

2. It should not be presumed that conclusion 1 holds also for an
electric arc operated in keyhole mode. Further investigation is
recommended in such case.

3. For small workpiece thickness, e.g., 4 mm, the electromagnetic
force in the melt pool area is very different when changing the
electric potential ground from the lower to the lateral faces.
It is therefore advised to avoid using any of the analytic EMF
models when the metal thickness under the arc is less than ~
10 mm and an underside electric potential ground is applied
in the experiments to be simulated. The numerical EMF model
(either the complete or the simplified variant) is then strongly
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10.

11.

recommended, as it gives the freedom to set the true boundary
conditions for V. It is stressed that if the arc is positioned above
a groove e.g., a Y-groove, the thickness to consider is the root
face height rather than the workpiece thickness.

. The assumption of axisymmetic electromagnetic field (assump-

tion (x)) does not imply that the contribution of the radial cur-
rent density (J;) to the azimuthal magnetic field (By) is negligi-
ble in the melt pool.

. The two analytical models and the simplified variant (based on

Biot-Savart law) of the numerical EMF model do all neglect the
contribution of J to By (assumption (xi)). The complete vari-
ant of the numerical EMF model (Section 2.1) is the only one
among the studied EMF models that does not neglect this con-
tribution.

. Neglecting the contribution of J; to B, leads to an overestima-

tion (in absolute value) of the components of the electromag-
netic force in the melt pool area. In the studied GMAW problem
this overestimation reached locally about 90%.

. The simplifying assumptions (xii)-(xiii), which are specific to

the Tsao and Wu model, significantly change the components
of the electromagnetic force in the melt pool area compared to
any of the other models. These changes are in different propor-
tions depending on the force component as well as the distance
from the free surface. The discrepancy with the other (less sim-
plified) models locally reached more than one order of magni-
tude in the studied GMAW application.

. The assumptions that fundamentally distinguish each of the

studied EMF models result in the prediction of different recircu-
lation flow patterns in the GMA melt pool while using the same
closure parameters (Section 4.2), as observed in the test case of
this study. In turn, they result in clear differences in the com-
puted maximum velocity amplitude, thermal convection, melt
pool morphology, bead dimensions and proportions, and free
surface response to the metal transfer, depending on the EMF
model selected.

. Although the model of Kou and Sun (and the simplified vari-

ant of the numerical model) overestimates the electromagnetic
force, it led to a satisfactory qualitative prediction of the flow
recirculation, free surface response to drop impact, ripple prop-
agation, and melt pool morphology compared to the more com-
plete numerical EMF model (Section 2.1). These computational
outputs were on the contrary significantly distorted with the
model of Tsao and Wu in the investigated GMA problem while
using the same closure parameters as with the other EMF mod-
els.

Above listed deficiencies of the electromagnetic forces pre-
dicted by the analytical models (and the simplified numerical
model) can be compensated by tuning the amplitude of other
forces applied by the arc on the melt pool to recover satisfying
agreement with measured bead width and penetration depth
(specifically under the arc). For instance, strategies already in
use in the literature consist in adjusting the arc pressure (resp.
the arc shear stress) to counterbalance the underestimation of
the electromagnetic force along the vertical (resp. radial) direc-
tion by the Tsao and Wu (resp. Kou and Sun) model. There-
fore, if the aim is to evaluate the effect of the different forces
acting on the melt pool flow individually, this approach can be
inappropriate since it can be biased by construction. Then, the
complete variant of the numerical EMF model (Section 2.1) is
instead strongly recommended.

As the assumptions specific to the analytical EMF models (and
the simplified variant of the numerical EMF model) alter the
predicted thermal flow compared to the more general numer-
ical EMF model, this last one is recommended when seeking
for a quantitative prediction of the melt pool. Yet, also this last
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one is based on assumptions (see Section 2.1) that may require
further consideration in a future study.
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