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Abstract— Wire Arc Additive Manufacturing (WAAM) 
primarily utilizes Gas Metal Arc (GMA) as its heat source, yet 
discrepancies in the thermal modeling of the process persist in 
the literature. This study presents a computational fluid 
dynamic (CFD)-based numerical investigation of heat 
distribution in a typical GMA process used in WAAM, focusing 
on the influence of boundary conditions, initial values, and 
source terms in the energy equation. The findings highlight the 
critical role of initial electric potential and temperature in 
determining the steady-state thermal profile. Additionally, the 
significance of the electric-migration generation term is 
demonstrated, which cannot be neglected. These insights 
contribute to improving the accuracy of computational 
simulations for WAAM, aiding future research in refining 
process modeling and optimization. 
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I.  INTRODUCTION 
This paper investigates the numerical configuration of a test 

case for a GMA heat source, commonly employed in WAAM 
[1], within a CFD framework. While GMA-WAAM technology 
is widely employed as an additive manufacturing technique, 
limited studies focus on its CFD simulation. Additionally, there 
are some ambiguities regarding the numerical approach and 
boundary conditions.  

Lowke et al. [2] developed a model for calculating heat, 
potential, and electromagnetic forces in a free-burning arc 
column, which later served as a basis for future numerical 
studies. Several researchers have refined this model with various 
modifications [3–8]. In addition to this approach, a more 
simplified method has been employed to model the effects of 
electromagnetic forces and heat sources on the fluid flow 
transport equations [9–14]. However, this simplified approach 
relies on additional constants and input parameters, potentially 
reducing its practicality. Conversely, the first approach utilizes 

Maxwell’s equations to calculate electric potential and current 
density. However, it is computationally more demanding as it 
requires solving three additional transport equations (in a 3-D 
domain) to account for electric potential and magnetic field 
components. 

In the current study, we adopt the first approach mentioned 
earlier, i.e. the one incorporating Maxwell’s equations, focusing 
on thermal modelling and the associated source terms that play 
a crucial role in molten droplet dynamics. We aim to clarify 
ambiguities in previous numerical studies and evaluate the 
impacts of initial conditions and electric potential boundary flux 
on the final outcome of numerical modeling. 

II. NUMERICAL SETUP 

A. Computational Domain 
The computational domain is illustrated in Figure 1, with 

boundary types indicated. The simulation domain is adopted 
from the work presented in [5], considering an axisymmetric 
configuration for reducing complexity. However, the internal 
domain within the wire (Anode) is omitted for simplicity, as 
implemented in recent studies [3,4]. A total number of 9000 cells 
were generated using GridPro [15] that minimizes skewness and 
provides a high-quality structured mesh.  

B. Governing Equations 
The governing equations for the GMA droplet dynamics are 

the continuity, momentum, and energy equations, as well as the 
volume of fluid (VOF) equation for interface tracking and 
Maxwell’s equations for calculating the electric potential and 
current density, which follow as: 

 !"
!#
+ ∇. (𝜌𝑣) = 0 (1) 

 !("%)
!#

+ ∇. (𝜌𝑣𝑣) = −∇𝑃 + ∇. 𝜏 + 𝑆' (2) 
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Figure 1. The adopted computational domain with boundary types.  
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In the equations above, 𝜌 , 𝑣 , 𝑃 , and 𝑇  refer to the fluid 
density, velocity, pressure, and temperature, respectively. 𝜏 
represents the flow shear stress tensor and 𝐹 denotes the volume 
of fluid fraction (ranging from 0 to 1). However, as mentioned 
in the Introduction, this study focuses solely on heat transfer and 
the Maxwell-Poisson equation for electric potential, as follows: 

 ∇. (𝜎∇𝜑) = 0 (5) 

 𝐽 = −𝜎∇𝜑, (6) 

where 𝜑  refers to the electric potential, 𝜎  represents the 
electrical conductivity and 𝐽 denotes the current density vector. 
In Eq. (3), the source term 𝑆) consists of two terms, as described 
by [2]: 

 𝑆) =
|,|!

-
−𝑈, (7) 

where the first term refers to Joule-heat, and 𝑈 stands for the 
emission cooling rate, which is a function of the net emission 

coefficient. However, more recent studies have included 
additional terms for the anode-plasma interface: 

 𝑆) =
|,|!

-
−𝑈 + |𝐽|𝜔 − 𝜀𝜎./𝑇0 , (8) 

where 𝜎./ , 𝜔 , and 𝜀  refer to the Stefan-Boltzmann constant, 
work function, and emissivity of the wire anode, respectively. 
However, more recent studies have introduced an additional 
term to account for electron migration: 12"

3)
(𝐽. ∇𝑇)  [3,7,16]. 

There are some inconsistencies in the literature regarding the 
inclusion of source terms. For example, [4] omitted the electron 
migration term but included the anode-plasma interface in Eq. 
(8), multiplied by |∇𝐹| , which can significantly increase the 
value of fine meshes. In contrast, [3] did not consider this term 
at all. In the current study, we consider all source terms in the 
energy equation and apply the anode-plasma term only to the 
interfacial cells. 

As seen in Eq. (4) through Eq. (8), there is a strong coupling 
between the energy equation and Maxwell’s equations due to the 
presence of source terms in the former. In fact, the source terms 
arising from Maxwell’s equations are responsible for the 
temperature distribution in the plasma region. To investigate this 
coupling, we use a volume fraction field obtained from an initial 
solution without the heat sources and only solve for the 
momentum, energy, and electric potential. A similar technique 
was previously used in [4] to stabilize the plasma temperature 
before adding the momentum source terms. Also, [3] 
demonstrated that the overall temperature distribution in the 
plasma region remains unchanged when the droplet develops 
and detaches from the wire. We exploit this observation to 
investigate the terms of energy source and electric potential 
boundary conditions. With regard to the latter, [2] used a 
uniform current density at the wire inlet to specify a Neumann 
boundary condition for the electric potential. Later, other studies 
[3–5,7,17] extended this assumption and applied a simple 
relation for the current density at the inlet: 𝐽4 =

5
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, where 𝐼 
refers to the welding current and 𝑟8 represents the wire radius. 
Therefore, the following relation is applied to the wire inlet as 
the electric potential boundary condition.  

 −𝜎 !9
!:
= 5

67#!
,  (9) 

where 𝑦  refers to the axial direction. As for the electrical 
conductivity 𝜎, it should be noted that it is a field quantity rather 
than a constant value, depending on the medium, whether 
plasma or metal. [2] stated that metal electrical conductivity 
should be used for the above boundary condition. We will 
investigate the impact of this parameter on the temperature field. 
However, there is one issue with eq. (9): the current density 
vector should be heading downward through the wire anode. 
Therefore, a negative sign should also be included on the right-
hand side of eq. (9). Unfortunately, the literature has shown 
inconsistencies and ambiguities in this regard. For example, [3] 
has not included 𝜎 in their formulation, [16] has implemented a 
Dirichlet condition instead of a Neumann type, or [18] specified 
a zero-gradient (zero current) boundary condition in their study. 



   

Therefore, it is necessary to clarify the effect of the boundary 
flux on the temperature distribution. In addition, we will 
examine the significance of each source term in the energy 
equation to determine their relative importance.    

For the simulations, we have considered the parameters 
and feedstock material introduced in [5]. Argon shielding gas 
was set to a flow rate of 10 L/min, and the WAAM current was 
fixed at 350 A. The wire anode is made of normal carbon steel 
with an electrical conductivity of 7.7e+5 S/m, and the inlet 
temperature was set to 2000K. For the outlet surfaces, a 
Neumann condition was assigned to the temperature, and a fixed 
value, as specified in [5], was used for the wire and bottom 
surfaces. The electric potential boundary condition at the ground 
( 𝑦 = 0 ) was specified as zero, and a Neumann boundary 
condition was assigned to the outlet and wire surface boundaries. 

III. RESULTS 
Figure 2 presents temperature distribution resulting from 

an initial temperature of 300K and an electric potential of 0V. 
The white dashed line represents the droplet boundary. It is seen 
that the plasma gas temperature is primarily influenced by the 
boundary conditions, including those at the wire tip and the 
bottom wall. Figure 3 shows the temperature distribution 
obtained with an initial temperature of 15,000K assigned to the 
region between the wire tip and the bottom. Noteworthy, the 
initial electric potential was set to 11V. It was found that 
assigning both initial temperature and potential is required to 
achieve a realistic temperature distribution that closely matches 
the results in [5]. 

 

 
Figure 2. Temperature distribution with Tinit=300K. 

 

To investigate the effect of electric potential boundary 
flux, two additional values are examined, and the resulting 
temperature distributions are presented in Figure 4 and Figure 5. 

It should be noted that the original boundary flux in eq. (9) was 
580 in the previous plots. The results show that the overall 
temperature distribution is not significantly affected by the 
boundary flux, with only minor variations near the droplet. This 
finding may justify the inconsistencies in the literature regarding 
the boundary flux value, as highlighted in the previous section, 
and conveys the larger dependence of temperature on the 
material properties, i.e. the electrical conductivity.  

 

  
Figure 3. Temperature distribution with Tinit=15000K. 

 

  
Figure 4. Temperature distribution with !"
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= 2400. 

 



   

 

  
Figure 5. Temperature distribution with !"

!#
= 10000. 

As explained in the section “Numerical Setup”, there are 
four source terms in the energy equation that influence the 
temperature distribution. It was mentioned that some studies 
omitted one or two of these terms in their calculations. In this 
study, it was aimed to identify the contribution of each of these 
source terms to clarify their impact on the temperature field. 

 

 
Figure 6. Logarithmic distribution of Joule-heat generation term. 

Figure 6 presents the logarithmic distribution of the Joule-
heat source term. As seen, there are two high-intensity regions, 
one near the droplet and another near the bottom, both 

contributing to the temperature increase. Between these two 
regions, a less intense generation term (shown in yellow) is 
observed. Interestingly, the electron-migration distribution 
presented in Figure 7 closely resembles the Joule-heat term, 
indicating that this term should not be omitted, as done in [4]. 
Both terms depend on the current density distribution and 
electrical conductivity. However, the electron-migration term is 
also directly influenced by the temperature distribution. This 
creates a strong coupling between the energy equation and 
Maxwell’s equation, requiring careful numerical setup and the 
use of small under-relaxation factors.  

  
Figure 7. Logarithmic distribution of electron-migration generation term. 

 
Figure 8. Logarithmic distribution of anode-plasma generation term. 

 



   

The contribution of anode-plasma heat generation is 
illustrated in Figure 8. It is seen that, compared to the Joule-heat 
and electron-migration terms, this term produces significantly 
lower heat and is confined to the droplet boundary, as expected. 
Therefore, this term can be omitted from the energy equation for 
simplicity and to lower the computational costs. Finally, Figure 
9 presents the cooling rate of emission (note the negative sign on 
the plot). Although this term is less intense than the generation 
terms, it affects a much broader area between the anode (wire 
tip) and the bottom. 

 

  
Figure 9. Logarithmic distribution of emission-cooling term. 

It should be noted that the emission cooling rate is a linear 
function of the plasma emission coefficient. The latter is given 
in the literature and varies with temperature [3,4]. However, to 
the best of the authors’ knowledge, no simple analytical 
expression has been proposed for it. For our simulations, we 
developed a Gaussian relation that calculates this coefficient 
with reasonable accuracy.  

 𝑛𝑒𝑡	𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛	𝑐𝑜𝑒𝑓𝑓.= 𝐴 × 𝑒𝑥𝑝 J− (;</)!

3=!
K + 𝐷 (10) 

The coefficients on the right-hand side of Eq. (10) are 
listed in TABLE I, and a comparison is made in Figure 10. 

TABLE I. COEFFICIENTS USED IN EQ. (10). 

Coeff. A B C D 

Value 3.47e+09 2.94e+04 6.46e+03 1.11e+07 

 

 

 
Figure 10. Net emission coefficient, modeled (solid line) vs. experimental data 

(symbols) [3]. 

Also, for the electrical conductivity of plasma gas (argon), a 
new relation is introduced and used in the current study 
according to the temperature-dependent values provided in the 
literature [3,4]. The developed relation reads: 

 𝜎 = 𝐴𝑇0 + 𝐵𝑇> + 𝐶𝑇3 +𝐷𝑇 + 𝐸, (11) 

where the coefficients are listed in TABLE II, and a comparison 
is presented in Figure 11. It should be noted that for temperatures 
lower than 5000K, a constant value of 0 was used. 

 
Figure 11. Electrical conductivity, modeled (solid line) vs. experimental data 

(symbols) [3]. 

TABLE II. COEFFICIENTS USED IN EQ. (11). 

Coeff. A B C D E 

Value 2.34e-14 -4.37e-09 1.39e-04 -7.22e-01 3.32e+02 

 

 

IV. CONCLUSIONS 
In the current study, the heat distribution in a typical GMA-

based WAAM process was numerically investigated. The 



   

existing ambiguities regarding the boundary conditions, initial 
values, and the contribution of each source term in the energy 
equation were addressed to assess their significance. The 
findings indicate that the initial electric potential and 
temperature play a crucial role in achieving a steady temperature 
distribution. Also, the electric-migration generation term was 
shown to be significant in magnitude and should not be omitted. 
The results of this investigation provide valuable insights for 
future studies aiming to characterize the WAAM process 
computationally. 
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