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Abstract- A hybrid method using a discrete element method and an incompressible smoothed particle hydrodynamics 
method was developed and behaviors of flux and molten metal during a submerged arc welding were simulated. As a result, 
the bead formation and the slag formation processes with the time evolution were simulated simultaneously using the hybrid 
model. The ensemble average processing was carried out for the velocity fields in a weld pool to discuss about the weld pool 
convection phenomena. From the ensemble averaged velocity fields, it was clarified that the momentum of a droplet whose 
diameter was about 3 mm was transported to bottom of a weld pool by the droplet transfer. Moreover, the molten metal of 
which the droplet was composed stirred the molten metal around the droplet when weld pool surface that was dented by the 
droplet transportation restituted.  
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II. INTRODUCTION 
 
Welding is one kind of the joining method and it is 
widely used in the industry. A joint part jointed by 
this joint method has high air-tightness, high water-
tightness. Moreover, the joint part is lighter than it 
jointed by mechanical joint method such as a rivet, 
nuts and bolts and so on.  
Submerged Arc Welding (SAW) is one of these 
welding processes and it is often used for large 
constructions such as ships, bridges and so on 
because this process can obtain deep penetration and 
high weld efficiency. Fig. 1 shows the schematic 
illustration of a SAW. A weld part including tip of a 
wire, a base metal surface and an arc plasma is 
covered with flux powder to protect the weld part 
from the air. Therefore, observation of the weld part 
is difficult and it is still insufficient to understand the 
welding phenomena. However, to obtain high quality 
weld part, understanding of this welding process is 
significant. So, some researchers have been tried to 
visualize the welding phenomena to understand them. 
Especially, the numerical simulation is one of 
important approaches to understand molten metal 
convection phenomena inside of a weld pool because 
visualization of them by an experiment is difficult.  
Cho et al. investigated molten metal convection 
phenomena in a SAW[1]. They calculated velocity 
fields in a weld pool using an arc model which was 
approximated from experimental data. They also 
developed a numerical model considered the flux-
wall guided metal transfer which is the specific metal 
transfer mode in a SAW. The numerical model was 
applied to a V-groove joint and they clarified weld 
pool convection phenomena during the welding. They 
were successfully simulated porosities generated in 

the joint and the result showed good agreement with 
an experiment. However, there is still not study in 
which the molten metal behavior and behavior of flux 
powder during a SAW are simulated simultaneously 
because it is difficult for traditional grid methods to 
simulate the flux powder behaviors. So in this study, 
the numerical model using Discrete Element Method 
(DEM) and Incompressible Smoothed Particle 
Hydrodynamics (ISPH) method is developed 
considering flux behavior. Then, weld pool and slag 
formation phenomena during a SAW are simulated 
by the model.  

 
Fig. 1. Schematic illustration of SAW. 

 
II. GOVERNING EQUATIONS 
 

2.1. Momentum equations for DEM  
In this computational model, behaviors of the powder 
flux, the melted slag and the resolidified slag are 
simulated using a DEM for simplification. According 
to the Newton’s equation of the motion, the velocity 
of a particle a is determined by [2] 
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whereu⃗ is the velocity vector of the particle, t is the 
time, m  is the mass, k  is the spring constant. The 
subscript b  is an index of particles which contacts 
with particle a. dis the diameter of a particle, r⃗ is the 
relative vector, η⃗ is the normal unit vector, F⃗ is the 
friction force vector, ξ is the damping coefficient, u′⃗ 
is the relative velocity vector at a contact point of 
particles, F  is the arc pressure and g⃗  is the 
acceleration vector of gravity. The angular velocity of 
a particle a is described as 

 
Here, ω⃗ is the angular velocity vector, I is the inertia 
moment and c is the contact point between particle 
aand b.  
 
2.2. Momentum equation for ISPH 
The velocity of a molten metal particle a is calculated 
by the Navier-Stokes equation, which is written as [3] 

 
 
Here, each term in right hand side of Eq. (3) shows 
the pressure gradient, the viscous force, the gravity 
force, the shearing force, the Lorentz force, the 
surface tension force in the normal direction, the 
Marangoni effect caused by the surface tension 
gradient between a molten metal and a slag and the 
Marangoni effect caused by the temperature gradient 
of a molten metal, respectively. pis the pressure, ρ is 
the density, W  is the kernel function, δ  is the 
dimension number and λ is the parameter [4]. In this 
study, M4 spline function is used as a kernel function 
[5]. n  is the number density, μ  is the viscosity 
coefficient, τ  is the shearing stress caused by the 
shielding gas, S  is the cross-sectional area of a 
particle, j is the current density, B is the magnetic flux 
density, γ is the surface tension coefficient, h is the 
kernel radius, f  is the attractive force [6], V is 
the volume of a particle and P  is the arc pressure. 
In this simulation, the density homogenizing 
algorithm [7] is used to express the incompressibility 
using the pressure gradient term in Eq. (3). 
 
2.3. Energy transfer equation 
Temperature of all particles is determined by the 
energy transfer equation, which is described as 

 
Is the temperature, C  is the specific heat, κ  is the 
thermal conductivity, H  is the contact conductance, 
H  is the gas conductance [8] and Q  is the heat 
generation rate. The heat generation rate acting on 
flux and slag particles is described as 

 
 
Here, q  and U  are the heat flux and the radiation 
from the arc plasma obtained from computational 
results of finite volume method (FVM), α  is the 
Stefan-Boltzmann coefficient and ε  is the 
emission coefficient of flux. The heat generation rate 
acting on the base metal surface is expressed as, 

 
Is the ion current density, V  is the ionization voltage, 
j  is the electron current density, ϕ  is the work 
function of a base metal, ε  is the emission 
coefficient of the base metal. In this study, j  is 
obtained by Stefan-Boltzmann equation. j is 
estimated using j and j , which is written as,  

 
 
III. COMPUTATIONAL CONDITIONS 
 
Fig. 2 shows the computational domain in DEM-
ISPH hybrid model. The domain (35 mm×50 mm×33 
mm) which consists of four side walls and one base 
metal plate is filled up by flux particles. In the 
computational domain, a wire space is formed. 
Diameter of the space is equivalent to a wire diameter 
and center axis of it equals to center of a heat source. 
The diameter of the wire space is set to be 4.0 mm 
and a polygon wall is set on the wire surface. This is 
because a droplet is generated in the space and it is 
transported to a base metal thorough the space. This 
wire space moves at 5 mm/s in the welding direction 
and the shearing force caused by the velocity 
difference between a wire feed rate and velocity of 
particles that contact with the space acts on the 
particles. In this study, a droplet which consists of 
216 SPH particles is vertically transported to a weld 
pool every 128.1 ms at 0.55 m/s to transport the 
energy by the droplet transfer which is obtained from 
the FVM calculation according to the previous study 
[9]. The temperature of the droplet particle is set to be 
3000 K and temperature change of it is not 
considered until the droplet reaches to a weld pool 
surface. Fig. 3 and Fig.4 show computational results 
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of a heat source obtained by the FVM. The 
calculation assumed two dimensional axisymmetric 
conditions.  
Fig. 3 shows the temperature distribution and Fig. 4 
shows the current density distribution. In these 
distributions, a wire and a base metal are colored by 
brown and light gray, respectively. Other region is 
colored by while blue and red depending on its 
temperature or current density. In both figures, r = 0 
indicates the symmetric axis. At tip of a wire, the 
space which is equivalent to the cavity is formed. 
This cavity is formed in actual SAW by evaporation 
of fluxes. The cavity in this calculation is the half-
ellipsoid shape shown in Fig. 5 and it is described as 

 
 
x , y , z are positions of a particle a which exists on 

the cavity and x , y , z  are those of the center 
of a heat source. y is the same as half of width of a 
base metal and z  equals to thickness of it. 
l , l , l are axes of the ellipsoid for each direction. l , 
l  are 4.7 mm and l  is 4.8 mm. The gage pressure 
(3000 Pa) is given to flux and slag particles on the 
elliptical surface as the arc pressure F . This study 
adapts several assumptions as follows. In SPH 
method, particles cannot express continuous body 
when number of liquid particles is low. Therefore, 
SPH particles do not immediately move when the 
particles change their layer from solid to liquid.  
When 120 particles change their layer from solid to 
liquid, the motions of liquid particles start. In this 
study, convection inside of the melted slag is not 
simulated accurately because the melted slag 
behavior is calculated by a DEM for simplification. 
So, the heat conductivity of a molten slag is assumed 
to be three times as large as that of flux powders to 
consider the effects of the convection [10]. When the 
temperature of a base metal or a flux particle reaches 
their melting point, the temperature does not change 
during the phase change. After the particle gains the 
latent heat, the temperature starts to change again. 
Table 1 shows computational conditions. 

 
Fig. 2. Computational domain for the simulation of slag and 

weld pool formation processes. 

 
Fig. 3. Temperature distribution of heat source. 

 

 
Fig. 4. Current density distribution of heat source. 

 
Fig. 5. Schematic illustration of a cavity shape 

near the heat source. 
 

Table 1: Other computational conditions. 
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IV. RESULTS AND DISCUSSION 
 
Fig. 6 shows temperature distributions and Fig. 7 
shows particle property distributions at each time. 
This figure shows the vertical cross-section along 
with the weld line. In the temperature distribution, 
particles in light gray color represent those with 
temperatures that are lower than the melting point of 
a base metal (1750 K), while blue and red particles 
show those with temperatures that are higher than the 
melting point. In the particle state distribution, base 
metal and walls are shown by light gray, molten 
metal is shown by blue and a wire region is expressed 
by dark gray. The powder flux, the melted slag, the 
resolidified slag are expressed by yellow, red and 
brown, respectively. When once the temperature of 
the flux becomes higher than the melting point of it, 
the flux particle is regarded as a slag particle. From 
the result, base metal particles and flux particles are 
heated by an arc plasma around tip of the wire. A 
base metal surface is melted and molten metal 
particles start to move around t = 0.5 s (Fig. 6(a), Fig. 
7(a)). The mass of a weld pool which is composed of 
the molten metal particles increases by the droplet 
transfer. After heat source passed, a weld bead which 
is made of the resolidified molten metal is formed at 
the back of the weld pool (Fig. 6(b), Fig. 7(b)). The 
flux is melted on the cavity wall and a slag is formed 
with the bead formation, simultaneously (Fig. 6(c), 
Fig. 7(c)). These results show that the weld pool 
formation and slag formation processes can be 
simulated simultaneously using this hybrid method. 
Using 9 cycles of droplet transfers after t = 3.0 s, the 
ensemble average processing is carried out to discuss 
about the velocity field of a weld pool. The data are 
processed on the coordinate system moving with the 
drop position, which is equivalent to center of a heat 
source. Fig. 8 shows ensemble averaged velocity 
fields of a weld pool at each time. This figure shows 
vertical cross-sections along with the weld line. The 
color in Fig. 8 shows magnitudes of the velocity. The 
magnitude is calculated using the velocity vector  
 
components only in x and z directions. Tc is the 
period of the molten metal droplet transfer (128.1 ms) 
and tc/Tc = 0 ~ 1 shows 1 cycle of the droplet transfer. 
x 0.0shows center of a heat source. When a droplet 
reaches to a weld pool, the weld pool surface is 
pushed down and its velocity at center of the heat 
source increases (Fig. 8(a), Fig. 8(b)). The high 
velocity region is expanded to the bottom of the weld 
pool. It suggests that the momentum of a droplet is 
transported deeply into the weld pool. A molten metal 
of which the weld pool consists is pushed forward 
and backward in welding direction (Fig. 8(c)). In a 
region which is largely recessed by the droplet 
transportation, the velocity of molten metal decreases 
and its vector reverses upward (Fig. 8(d), Fig. 8(e)). 
At this time, in the backward of a heat source, a 
vortex which is surrounded by circle A in Fig. 8(e) is 

generated by both of molten metal surface flows 
caused by the restitution of recessed surface and 
caused by the Marangoni effect. After that, the 
velocity near edge of the weld pool in forward side of 
a heat source increases because the molten metal 
flows to a center of the heat source by the surface 
tension force and the Lorentz force. Because of both 
of the flow and the molten metal surface flow caused 
by the restitution of recessed surface, small vortex 
which is surrounded by circle B in Fig. 8(f) is formed 
in forward side of the heat source. The molten metal 
around center of the heat source is stirred by those 
vortexes after the droplet transportation and the 
molten metal which is heated on a weld pool surface 
flows into a weld pool. The convection forward of the 
source which flows to center of a heat source in front 
of a heat source becomes dominant with the 
restitution of the weld pool surface. After that, 
direction of the molten metal surface flow is changed 
again by the arc pressure and disappearance of those 
vortexes (Fig. 8(f), Fig. 8(g)). Finally, the velocity 
field such as Fig. 8(h) is kept until the next droplet 
transfer. Thus, the momentum of a droplet whose 
diameter is about 3 mm is transported to bottom of a 
weld pool. Moreover, it is clarified that the molten 
metal of which the droplet is composed stirs the 
molten metal around the droplet when the weld pool 
surface which is dented by the droplet transportation 
restitutes. 

 

 
Fig. 6.Temperature distribution at each time. 
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Fig. 7.Particle state distribution at each time. 

 

 

 
Fig. 8. Averaged velocity field on a weld line. 

 
CONCULUSIONS 
 
A hybrid method using a DEM and an ISPH method 
was developed and behaviors of fluxes and a molten 
metal during a SAW were simulated simultaneously. 
The conclusions of this study are summarized as 
follows:  
1) The bead formation and the slag formation 

processes with the time evolution were simulated 
simultaneously using the hybrid model. 

2) In this study, it was clarified that the momentum 
of a droplet whose diameter was about 3 mm was 
transported to bottom of a weld pool by the 
droplet transfer. Moreover, the molten metal of 
which the droplet was composed stirred the 
molten metal around the droplet when weld pool 
surface dented by the droplet transportation 
restituted.  
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