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ABSTRACT 

A theoretical study of heat transfer and fluid flow phenomena in welding process has been 

carried out in the present work. The study involved the numerical solution of the transient Navier-

Stokes and Energy equations of the weld pool region by using Finite Difference Method. The 

electromagnetic force field and buoyancy were included in the formulation The stream-vorticity 

formulation was used in the mathematical model. The numerical solution is capable of calculating 

the vorticity, stream function, velocity, temperature, and the interface movement of the weld pool in 

Gas Metal Arc Welding (GMAW). The model can be used to solve the Gas Tungesten Arc Welding 

(GTAW) problem. A numerical calculations algorithm was developed to carry out the numerical 

solution. The numerical results showed that the finger penetration phenomena occurs in the Gas 

Metal Arc weld is adequately explained through the application of the model. It is found that the 

frequency of spray transfer is a dominant factor in addition to shape of the weld pool geometry. A 

verification of numerical results was made through a comparison with a previous work, the 

agreement was good, confirming the capability and reliability of the proposed numerical algorithm 

in calculating fluid flow and heat transfer in Gas Metal Arc weld pools.  
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INTRODUCTION 

The heat and fluid flow in the weld pool can significantly influence the pool geometry and the 

temperature gradients. A detailed knowledge of the temperature filed and thermally induced flow in 

a weld pool is important in understanding the phenomena and in development of improved welding 

techniques, and numerical simulations offer the possibility of  avoiding this difficulty and provide a 

better quantitative description of the coupled solution behavior. If we consider a molten weld pool 

resulting from an applied surface temperature or heat flux, the thermal gradients induce buoyancy 

forces in the weld pool that tend to cause fluid flow. It is of considerable practical interest to 

understand quantitatively the heat and fluid flow phenomena in weld pool, because both the 

velocity and temperature distributions of molten metal affect the weld pool geometry, 

microstructure, and mechanical properties of the weld produced. Inherent to the welding process is 

the formation of a pool of molten metal directly below the heat source. The shape of this molten 

pool is influenced by the flow of both heat and metal, with melting occurring ahead of the heat 

source and solidification behind it. Fluid flow in weld pool can strongly affect the quality of the 

resultant weld. Variations in the weld characteristics, which are likely to occur from changes in the 

weld pool fluid flow are weld penetration, undercutting, surface smoothness segregation pattern, 

gas porosity and solidification structure, (Gukan and Sundararajan. 2001), see Fig.1. The 

problem was investigated in literatures with different approaches, (Oreper and Szekely.1987) 

developed a general mathematical statement to describe the transient weld pool development. In the 

formulation, axi-symmetric systems are considered and allowance is made for buoyancy, surface 

tension, and electromagnetic forces. (Tsao and Wu.1988) developed a mathematical model to 

evaluate the effect of the electromagnetic force field, the velocity field and the temperature field in 

a Gas Metal Arc (GMA) weld pool. (Tsai and Kou. 1990) studied the convection flow induced by 

the electromagnetic force in the weld pool during gas tungsten arc welding. In order to accurately 

describe the boundary conditions, (Kim and Na. 1994) developed a computer simulation of three 

dimensional heat transfer and fluid flow in Gas Metal Arc (GMA) welding by considering the three 

driving forces for weld-pool convection. (Gukan, et. al. 2001) developed a systematic study of a 

two dimensional model to analyze the role of convection  in the stationary (GTA) welds to analyze 

the behavior of weld pool convection and its effect on the weld geometry. 

The present work represents the beginning of a new research line in Iraq that aims to 

investigate the thermal and fluid flow phenomena associated with welding process. A 

computational study of fluid flow and heat transfer phenomena occurred in the weld pool. The 

simulation covers the molten phase, the two phase and the solid phase region. 

 

MATHEMATICAL MODEL 

Fig.2 shows a diagram of a Gas Metal Arc (GMA) liquid pool and the cylindrical coordinate 

system chosen for analysis. Velocities along the radial and axial directions are expressed as U and 

V, respectively. A spatially distributed heat flux, q(r), and current flux, j(r), fall on the free surface 

at (Z = 0), which is the surface of the workpiece, the energy exchange between the spray droplets 

and molten pool is ∆H.As shown in Fig.2, let U=U(r,z) and V=V(r,z) denote the velocity 

components in the radial r and axial z directions, respectively. The unsteady-state continuity, 

momentum and energy equation of the incompressible fluid in the molten pool is (Salah. 2005) ; 
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Using the vorticity transport formulation (Salah 2005), it can be shown that ; 

 

 

 

 

The stream function equation is ; 

  
 

 

The temperature equation in the conservative form is ; 

 

 
 

The electromagnetic force term in equ.(5) is (Tsao and Wu 1988) ; 

  
 

 

 

and the energy exchange (∆H) is ; 

 

 

 

Initial and Boundary Conditions Representations 

The initial conditions used to solve temperature, vorticity and stream function equations are ; 

Ti , j = wi , j = ψi , j = Vi , j = 0  at  t=0 

The boundary conditions used are given in Fig.3 .  

 

NUMERICAL SOLUTION 

The governing equations mentioned above were solved numerically by using the FDM. A grid 

arrangement was generated with the notation of Fig.4. The temperature of each grid point in 

weldment is compared with the melting temperature Tm. Once the liquid region emerges, the fluid 

flow and heat transfer in the weld pool and the heat conduction out of the molten pool are 

calculated. 
 

The nodal equation at i=1 ; 1 ≤ j ≤ M  

 

 

 

The nodal equation at i=1 ;  j =1 

 

 

 

 

The nodal equation at 2 ≤ i ≤ R/∆r+1 (i.e r=R) 
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At i=1 ;  j =1 

 

 

 

 

 

 

 

At i=1 ;  j =M 

 

 

 

 

 

 

At i=1 ;  JFL < j < M 
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At  i=N ; j=M 

 

 

 

 

 

 

At  1< i < N ; j=M 

 

 

 

 

 

 

At  i = N ; 1< j < M 

 

 

 

 

 

 

At  1< i < IFL (j) ; 1< i < IFL 

 

 

 

 

 
 

 

The temperature equation in weld pool ; 
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The electromagnetic force field in the vorticity equation ;  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

The temperature equation at the centerline as ; 
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Where ; 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The vorticity equation at centerline ; 
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The stream function for the next iteration (m+1) ;  

 

 

 

 

 

From (Petrovic and Stuper. 1996) ; 
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The radial and vertical velocities ;  

 

 

 

 

Calculation of the Vertical Velocity at Centerline from (Chow.1979) ; 

 

 

 

 

 

RESULTS AND DISCUSSIONS 

Fig.5 shows the computed isotherms and convection patterns in the pool of the weld to 

account for convection and temperature distribution in moving weld pools driven by buoyancy and 

electromagnetic forces at times (0.1, 0.3, 0.5 and 0.75 seconds). As time passes, the molten pool 

increases for MIG welding process. The deep penetration is observed in the figure. The liquidus 

temperature is 1440°C and the solidus 1000°C. Fig.6 shows the computed stream function in the 

case of combined buoyancy and electromagnetically driven flow of the weld pool at times (0.1, 0.3, 

0.5 and 0.75 seconds), respectively. As time passes, the molten pool increases. Fig.7 shows a strong 

counterclockwise circulation pattern, with very high velocities, which is dominated by the 

combined effect of the buoyancy and electromagnetically driven flow components. The weld pool 

shape, involving deep penetration, is consistent with the circulation pattern, (0.1, 0.3, 0.5 and 0.75 

seconds), and the large the weld pool. It is this transfer of additional heat from the metal droplets 

(∆H) in the GMA process which plays a very important role in the formation of the finger 

penetration in the GMA welds. This phenomenon is not present in the GTAW process. Figs.8 and 9 

show the interface between the molten pool and the solid region at different times (0.1, 0.5, 0.75 

and 1 seconds) respectively during MIG and TIG welding processes. A comparison between the 

calculated numerical results of the present work and the results of TSAO and Wu (1988) will be 

made for verification. Some results were selected in order to check the model. Figures (8) and (9) of 

the present work may be compared with Figs 10 and 11 of (TSAO and Wu 1988) for GMA and 

TIG results. The comparison show good qualitative and quantitative agreement.  

 

 

CONCLUSIONS 

A numerical study of heat transfer and fluid flow phenomena in welding process has been 

carried out in the present work. The weld pool size in GMA welding increases at a faster rate at 

small times (0.1 – 0.3 Sec.) and the stream function at times 0.1 sec and 0.3 sec appear increasing in 

the (r) and (z) directions. Two circulation loops in the weld pool appears one near the free surface 

and the other in the bulk weld pool, the maximum velocity which occurs at the free surface. And the 

flow at the free surface is radially outward from the (z) axis to the pool boundary.  
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Fig. (1): Schematic Representation of Gas Tungsten arc Weld 

     Phenomena (Gukan and Sundararajan 2001). 

Fig. (2): Sketch the weldment of GMAW 
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Fig. (4) The Nodal Points Used in Numerical Solution 

Fig.(3): Nodes Equations of the Numerical grid arrangement of weldment using 

temperature distribution , pool temperature distribution and boundary 

conditions used in calculations 
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Fig. (5): Calculated Temperature Distribution at Different Times in GMA Weld Pool. 
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Fig.(6): Calculated Stream Function Contours in GMA Weld Pool at Different Times. 
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Fig.(7): Calculated Velocity Distribution in GMA Weld Pool at Different Times. 
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Fig.(8): Calculated Liquid – Solid Interface of GMA Welding 

With Same Heat Input at Different Times.  

Fig.(9): Calculated Liquid – Solid interface of TIG Welding 

With Same Heat Input at Different Times. 
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Fig.(10):  Liquid – Solid Interface of GMA Welding   
                     Ref.(Tsao and Wu 1988) 

Fig.(11): Comparison of GMA and TIG weld Pool Boundaries 

with the Same Heat Input Ref.(Tsao and Wu 1988) 
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NOMENCLATURE 
 

Latin Symbols  
 

Symbol Definition Unit 

Co Length scale factor if scale uses in mm=10
6 

 
g Acceleration of gravity  mm/sec

2 

h Convection heat transfer coefficient  J/mm
2
. sec.°C 

H Length of plate  mm 

i Finite difference index in the r-direction   
I Welding current  Ampere 

IFL Index of fusion limit in r-direction.   

j Finite difference index in the z-direction  
j(r) Welding current distribution at the plane (z=0)  Amp/mm

2 

JFL  Index of fusion limit in z-direction.  

KL Thermal conductivity of liquid metal  W/mm.°C 

Ks Thermal conductivity of solid metal  W/mm.°C 

L Thickness of work piece  mm 

M Number of grid in z-direction   
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N Number of grid in r-direction   

Nr Number of grid in r-direction of weld pool   
Nz Number of grid in z-direction of weld pool   

q(r) Heat flux on the plane at z=0  J/mm
2
 

Q Heat input per unit time  W 

r Cylindrical coordinates.  mm 

T Temperature in x-y coordinates, also temperature of weldment.    °C 

Ta Ambient temperature  °C 

Ti Initial temperature  °C 

Tm Melting temperature  °C 

Ts Solid temperature  °C 

U Velocity in radial direction (r)  mm/sec 

Ub Average back velocity in r-direction  mm/sec 

Ub 0 Average back velocity at center line  mm/sec 

Uf Average front velocity in r-direction  mm/sec 

Uf 0 Average front velocity at center line  mm/sec 

V Velocity in axial direction (z) mm/sec 

V Voltage duty  Volts  

Vb Average back velocity in z-direction mm/sec 

Vb 0 Average back velocity at center line mm/sec 

Vf Average front velocity in z-direction mm/sec 

Vf 0 Average front velocity at center line  mm/sec 

W Width of plate also width of workpiece.  mm 

z Cylindrical coordinate   mm 

 

GREEK SYMBOLS 

Symbol Definition Unit 

αL Thermal diffusivity of molten metal  mm
2
/sec 

αS Thermal diffusivity of solid metal  mm
2
/sec 

β Coefficient of thermal expansion (exposivity)  1/k 

∆H Heat transferred into weld pool by molten filler droplets  w/mm
-3 

∆r Step size in r-direction  mm 

∆z Step size in z-direction  mm 

η Heat input efficiency   

µ Dynamic viscosity  kg/mm.sec 

µ0 Magnetic permeability of free space H/mm 

υ Kinematic viscosity  mm
2
/sec 

ρ1 Density of welding wire  Kg/mm
3 

ρ2 Density of  filler droplet   Kg/mm
3 

σ Surface tension  N/mm 

σj Current distribution parameter  Amp/mm
2 

σq Heat flux distribution parameter  w/mm
2 

ψ Stream function  M
3
/sec 

Ω Successive over relaxation parameter   

ΩOPT Optimum successive over relaxation parameter   

ω Vorticity  1/sec 

ƒ Spray transfer frequency  HZ 

 


