
Electromagnetic-Force-Induced Convection 
in Weld Pools with a Free Surface 

A model is developed to predict heat transfer, fluid flow 
and pool shape in CTA W 

BY M . C. TSAI A N D S. K O U 

ABSTRACT. Electromagnetic-force-in
duced convection in the weld pool during 
gas tungsten arc welding was studied, the 
shape of the weld pool surface being un
known. In order to accurately describe 
the boundary conditions, pool-surface fit
ting orthogonal curvilinear coordinates 
were used. The current density, the self-
induced magnetic field and the resultant 
electromagnetic force in the weld pool 
were calculated. Based on the electro
magnetic-force distribution, heat transfer 
and fluid flow in the weld pool and the 
shape of the pool surface were calculated 
and discussed. In order to check the 
validity of the model, the calculated pool 
surface deformation due to a point cur
rent source was compared with the the
oretical analysis of Sozou. 

Introduction 

In view of the significant effect of weld 
pool convection on the microstructure 
and properties of the resultant weld, nu
merous investigators have attempted to 
calculate heat transfer and fluid flow in the 
weld pool. Most of these investigators 
have used either the rigid-lid assumption 
(Refs. 1-17) or the stepwise approxima
tion (Refs. 18-20) for the weld pool sur
face. In the former, the pool surface was 
assumed flat and undeformable, while in 
the latter, the deformed pool surface was 
approximated by small steps of the finite 
difference grid closest to the pool surface. 

Recently, McLay, ef al. (Ref. 21), used 
the finite element method to calculate 
heat transfer and fluid flow in a weld pool. 
The shapes of the deformed pool surface 
and the pool bottom, which were speci
fied rather than calculated, were closely 
fitted by finite element grids. Tsai, ef al. 
(Refs. 22-24), on the other hand, used the 
finite difference method and pool-surface 
fitting orthogonal curvilinear coordinates 
to calculate the pool surface shape, as well 
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as heat transfer and fluid flow in the weld 
pool. To allow examination of their indi
vidual effects on the deformation of the 
weld pool surface, the driving forces for 
convection/deformation, i.e., the arc 
pressure, the surface tension gradient and 
density variations, were separated and 
studied individually. This study focuses on 
the effect of a different driving force, i.e., 
the electromagnetic force, on pool sur
face deformation. 

Mathematical Formulation and 
Method of Solution 

A schematic sketch of the physical sys
tem is shown in Fig. 1. As shown, the free 
surface is the surface of the weld pool, 
while the pool boundary is the liquidus 
isotherm TL in the case of an alloy (as in the 
case of 6061 aluminum alloy in the present 
study) or the melting point Tm in the case 
of a pure metal. The distribution curve ) 
represents the distribution of the welding 
current over the weld pool surface. For a 
Gaussian current density distribution over 
a flat pool surface, 

31 / - 3 r 2 \ 

= ̂  exP {-WJ (1) 

where ) is the current density, r the radial 
distance, I the welding current, and b the 
effective radius of the current density dis
tribution, i.e., J drops to 5% of its maxi
mum value of 3l/-7rb2 at r = b. 

Since the electrical conductivity is es-
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sentially constant in the workpiece metal, 
the distribution of the electric potential tp 
in the workpiece is described, in cylindri
cal coordinates r and z, by the following 
Laplace equation: 

' ($ + 3 -0 (2) 
d_ 

r dr l V + <9z2 

For a thick workpiece, which is effectively 
semi-infinite, the analytical solution to 
Equation (2), subjected to the boundary 
condition described in Equation (1), is as 
follows: 

I Too, ^ b 2 , 

*M-2^«P J0(-^)exp 
(-Xz) J0 (Xr)dX (3) 

where a is the electrical conductivity, J0 

the Bessel function of the zero order, and 
X a dummy variable. The electrical con
ductivity cr is defined by the following 
Ohm's law: 

= - CTVC4 (4) 

For a deformed pool surface, however, 
the distribution of the electric potential <j> 
in the workpiece is described, in axisym
metric orthogonal curvilinear coordinates 
77 and £, by the following equation: 

^t±hLdjt) + ±(bLd-±)] = 0 (5) 
hih2rL577

th1 dv' d^h2 dkn { ) 

where h-i and h2 are the metric coeffi
cients for the i) and £ coordinates, respec
tively. The boundary conditions are as 
follows: 
1) along the axis of symmetry (77 = 0), 

= 0 
dtp 

h-j3?i 

2) far away from the current source 
(V = 1), 4, = tf, (r,z) 
3) far below the free surface (£ = 0), 
4> = 4> (r,z) 
4) along the free surface (£ = 1), 

<r_ d $ _ , 

h2 dii '* 
where J? is the ^^component of the current 
density vector J. 

Boundary condition 1) is the result of 
the requirement of zero current flux across 
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C U R R E N T S O U R C E 

pool boundary 
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Fig. 7 — Schematic sketch of the weld pool and the coordinates used for heat and fluid flow cal
culation. 

the axis of symmetry . Boundary cond i 
t ions 2) and 3) are based on the fact that 
far away f r o m the current source, the ef
fect of poo l surface de fo rmat ion is no 
longer significant and the analytical solu
t ion of Equation 3 is, there fo re , valid. Re
ferr ing to Fig. 1, w e f ound W = 10 m m 
(0.4 in.) and H 0 = 18 m m (0.7 in.) t o be 
sufficient and further increases in these 
values resulted in no significant changes. 
Boundary condi t ion 4) is the result of the 
requi rement of zero tangential current 
flux along the free surface (and the t o p 
surface o f the base meta l , too) . For a 
slightly d e f o r m e d poo l surface,)? in b o u n d 
ary condi t ion 4) can be approx imated by 
the current density distr ibut ion descr ibed 
in Equation 1. For a significantly d e f o r m e d 
poo l surface, Equation 1 and the cor re 
sponding equat ion for the p o w e r density 
distr ibut ion to be shown later, are no 
longer val id, as po in ted out by Lin, ef al. 
(Ref. 25). A l though our mode l here is val id 
fo r general poo l surface de format ions , 
Equation 1 wil l still be used here as an ap
prox imat ion in v i e w of the slight poo l sur
face deformat ions invo lved. 

From the calculated potent ia l f ield, the 
current density distr ibut ion in the w e l d 
poo l can be obta ined f r o m O h m ' s law as 
fo l lows: 

1 3 
(rBo) = MoJi (8) rh! dr,v""~^ 

w h e r e Bo and p.Q are the self- induced az
imuthal magnet ic flux and magnetic per
meabil i ty, respectively. The other t w o 
componen ts of the induced magnetic flux 
vector , i.e., B, and B{, are zero. From 
Equation 8 and the boundary condi t ion 
that Be = 0 at v = 0, 

B« = }J"o MotJjhdT, (9) 

Equations 6 th rough 9 can be userJ to j^a l -
culate the electromagnet ic force ) X Bin 
the w e l d poo l . 

The equat ion of cont inui ty is as fo l lows: 

r - £ — fc- (h? ru) + -rr 
h-|h2 r

 L3?7 ' 3 | 

(h-, rw) ] = 0 (10) 
w h e r e u and w are, respectively, the ve 
locity componen ts in the 77 and £ direc
tions, and p is the density. 

The 77 and £ componen ts of the equa
t ion o f mo t i on are as fo l lows (Ref. 26): 

' ( h 2 r u 2 ) 
h-jh2 r 

d 

1 .3 

dr, 

(h i r uw) ] = -

( h 2 r c r r , ) 

2. ^ 
h-1 di) + 

IT dtj> 

h-| di) 
(6) 

h ^ r L3T? 

j_ d n. n _L _"T2 a h i 
+ a | ( h i r , T 2 , ) ] + h l̂i" 

" 2 3h 2 

(7) 
_o_ dtp 

* h2 3 | 
W i t h the help o f the Maxwe l l equa

t ions, the fo l low ing equat ion can be o b 
tained: 

<722 3h 2 p w z 

h-|h2 di) h^h2 di) 

p u w 3h i 

~ hhhl ~dk' 
+ pg, - Jf B9 

CT33 3r 

h i / di) 

hfe?[ | ; ( h 2 r u w ) + f|(hirw2 

_L ^ .3 
h 2 3£ h i h 2 r ldi) 

(h2 r<ri2) 

+ — (h i r <j22 + 7—r- -T-
3£ h i h 2 di) 

pu2 3h i p u w 3h 2 

h |h 2 3 | h i h 2 dr) 

+ Pg£ + J„B« (12) 

where the componen ts of the stress ten
sor <Tj,i are as fo l lows: 

a n Shi 
_ h2hi"ai" 

"•33 5r 
h2r 3£ 

'") 
A au _w_ ah! 

M ( h ! dv hih2 a r 

_ 1 aw u ah2 
ff22 _ Mh~2 "aF + h ^ W 

rh2 a w hi a u 

_ u ar w 3r 
ff33 - 2" (h7 a ^ h ? ai 

g , and g? are the 77 and £ componen ts o f 
the gravitat ional acceleration ~%. The 
Boussinesq approx imat ion (wi th the use o f 
a thermal expansion coeff ic ient fi) is used 
to approx imate the buoyancy force. 

The equat ion of energy is as fo l lows: 

h i h 2 r 

a 
dv 

(h2 r uH) 

+ 

+ 

(h 
1 , a h2r , aT 

1 r wH) ] = 7 - 7 — [ r - (77- k— ) /J h i h 2 rL377 v h i dv 

( ^ k - )1 ( h 2
 k3£ ,J (13) 

(11) 

where H is the enthalpy, k the thermal 
conduct iv i ty and T the temperature . The 
use o f the enthalpy H in Equation 13 al lows 
the heat o f fusion to be considered whi le 
the posi t ion o f the poo l boundary is being 
de termined in the heat f l o w calculation, 
i.e., the "en tha lpy m e t h o d . " 

The boundary condi t ions for f luid f l o w 
are as fo l lows: 

1) At the we ld poo l centerl ine (77 = 0), 

u = 0 and <7i2 = 0 

2) At the f ree surface (£ = 1) (Ref. 27), 

w = 0 

C T 2 , = 0 

Pa + CT22 - P + C = 

- 7 [ f ^ ^ + - ^ 7 1 y T 8 - ] w i t h 

h ' (0) = h(Rw) = 0 and h = H 0 - H(r) (14) 
whe re cr2i is the shear stress, <r22 is the 
normal stress, Pa is the ambient pressure, 
P is the pressure f r o m the equat ion o f 
mo t ion and h is the local we ld poo l 
depression. The values h" and h ' are the 
second and first derivatives of h w i th re
spect to r, respectively. The constant C, 
wh i ch is a reference pressure, is deter
mined f r o m the fo l low ing constraint of 
constant vo lume: 
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Table 1—Physical Properties of 6061 
Aluminum Alloy (Ref. 5) 

8 = to x icr4 

c C - 1 

7 = 914 X 1 0 - 3 

N/m 
TL = 652°C 
Ts = 582°C 
Ta = 25°C 
AH = 3.95 X 105 

J/kg 

p = 2700 kg/m 3 

Cs = 1066 | /kg°C 

Q = 1066 | /kg°C 
ks = 168 wat t /m°C 
kL = 108 wat t /m°C 
ML = 1.0 X 10"3 kg/m s 

2*S rh dr = 0 (15) 

where Rw is the radius of the weld pool 
surface. 

3) At the weld pool boundary (T = TL), 

u = w = 0 
The pool boundary is approximated by 
small steps of the finite-difference grid 
that are closest to the interface. 

The boundary conditions for heat flow, 
on the other hand, are as follows: 

1) At the weld pool centerline (77 = 0), 

1 £E 
h i 377 

2) At the free surface (£ = 1), 

= 0 

_k_ 3T 
h2 3£ 

3Q - 3 r 2 

1 exp (—5-), r < , 
ira2 r * a2 " 

h c (T -T a ) + a ' e ( T 4 - T l ) , 
r>a 

where Q is the power delivered from the 
arc to the workpiece, a the effective 
radius of the arc, hc the heat transfer co
efficient, Ta the ambient temperature, a' 
the Stefan-Boltzman constant, and e the 
emissivity. For aluminum alloys, the emis
sivity e ranges from 0.04 for shiny surfaces 
to 0.19 for heavily oxidized surfaces (Ref. 
28), and the heat transfer coefficient hc is 
approximately 8.5 W/m 2 °C (Ref. 29). Due 
to the low melting point and high thermal 
conductivity of aluminum, the surface 
heat loss is usually small and can be 
neglected. 

3) Far away from the centerline (77 = 1), 
T = Tn(z) 

4) Far below the free surface (£ = 0), 
T = T0(r) 
T^z) and T0(r) were obtained from the 
point-heat-source analytical solution of 
Rosenthal (Ref. 30). This solution, though 
less accurate near the location of the point 
heat source due to singularity, is in fact 
quite accurate in the region sufficiently far 
away from it. For the small heat input 
(1800 W) in a semi-infinite workpiece in 
the present investigation, we found 
W = 10 mm and HQ = 18 mm to be suf
ficient, as in the calculation of the poten
tial field. 

The method of solution is similar to that 
described in a previous study (Ref. 22) on 
pool surface deformation due to Ma

rangoni convection, and hence, will not 
be repeated here. In brief, a finite volume 
method (i.e., a volume-integral-type finite 
difference method) was employed and 
the SIMPLE algorithm (Ref. 31) was used to 
carry out computations in the physical 
domain, with the use of the hybrid scheme 
(Ref. 31) and weighted, rather than cen
tral, three-point differencing. Based on the 
normal stress balance at the weld pool 
surface, the shape of the surface was cal
culated from the velocity and tempera
ture fields. A new grid system was then 
generated from the new surface shape for 
the calculation of the new electromag
netic force, velocity and temperature 
fields. This procedure was repeated until 
convergence was obtained. 

Results and Discussion 

Calculations were made for a stationary 
weld pool in 6061 aluminum alloy pro
duced by gas tungsten arc welding at 150 
A and 1800 W. The effective radii of the 
Gaussian current- and power-density dis
tributions of this welding arc were 2 and 
4 mm, respectively. The physical pro-
peties of 6061 aluminum alloys are listed in 
Table 1. Although we recognize the effect 
of alloying elements on the surface ten
sion of liquid aluminum, we still used the 
surface tension value of pure liquid alumi
num (914 X 10~3 N/m) as an approxima
tion, due to the lack of data. 

Figure 2 shows a portion of the orthog
onal grid mesh in its final form. As shown, 
the grid spacing is finer near the surface, 
centerline and edge of the weld pool, in 
order to enhance the accuracy of com
putation. It should be pointed out that the 
grid system is staggered, with compo
nents of the vector variables (e.g., veloc-

BIB 

J | | l — 7 7 7 7 7 -

Bfe:::::::-

liiiinmii 
llmifHii^i 
ililiw 
mm 
:,::5H!li;i;jfc 

mMIB ::—::-•;: 

Ii 

1 1 
T i 

.? ; 

• • 

_". -

-

. • 

• 

ity, current density vector and magnetic 
field vector) being evaluated at midpoints 
of the line segments (representing the cell 
surfaces) and the scalar variables (e.g., 
temperature and pressure) at the posi
tions of the dots (representing the cell 
centers). The resultant vectors, however, 
are still plotted at the positions of the dots. 

The calculated velocity field in the weld 
pool is shown in Fig. 3. In order to show 
the calculated velocity vectors more 
clearly, only a portion of the grid points 
was selected for plotting. Since the elec
tromagnetic force in the weld pool acts 
inward and downward, the liquid metal 
flows radially inward along the pool sur
face and vertically downward along the 
centerline of the weld pool. The maximum 
velocity is about 0.4 m/s and is located 
about midway along the centerline of the 
weld pool. 

In order to help explain the velocity field 
in Fig. 3, the current density and electro
magnetic force fields are shown in Figs. 4 
and 5, respectively. As shown in Fig. 4, the 
electric current converges toward the 
central area of the pool surface, as a result 
an inward and downward field of elec
tromagnetic force is produced in the area, 
as shown in Fig. 5. This electromagnetic 
force field pushes the liquid metal in the 
area inward and downward, producing 
the velocity field shown in Fig. 3. It is 
interesting to note that the maximum 
electromagnetic force is located not at, 
but off the center of the pool surface. This 
is because Bo = 0 at the centerline (77 = 0). 

The calculated temperature field in the 
weld pool and shape of the weld pool 
surface are shown in Fig. 6. Due to the 
relatively high velocities of the vertically 
downward flow along the centerline of 
the weld pool, the portions of the 900°C 

Fig. 2 —A portion 
of the orthogonal 
curvilinear grid 
mesh used for 
computation. 
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VELOCITY PROFILE IN STATIONARY WELD POOL CURRENT DENSITY IN WELD POOL 
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Fig. 3 — Calculated velocity field due to a Gaussian current source of 150 Fig. 4 — Calculated current-density field due to a Gaussian current source 
A. of 150 A. 
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(1652°F) and 1200°C (2192°F) isotherms 
adjacent to the centerline are pushed 
downward. 

The calculated shape of the weld pool 
surface in Fig. 6 shows an elevation near 
the center and a very slight depression in 
the outer portion. Except at the edge of 
the weld pool, the liquid metal near the 

pool surface flows radially inward and is 
forced to deflect vertically downward 
near the centerline of the weld pool. As a 
result, the pool surface near the centerline 
of the weld pool is pushed upward and 
forms a small hump. The depression in the 
outer portion of the pool surface is rather 
small due to the larger radii in this portion 

Fig. 5—Calculated 
electromagnetic-

force field due to a 
Gaussian current 
source of 150 A. 

ELECTROMAGNETIC FORCE IN WELD POOL 

5.E5 N/M3 
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R (MM) 

of the pool surface. 
The surface deformation due to the 

electromagnetic force in the weld pool 
described above, to the best of our 
knowledge, has not been reported previ
ously. Although this phenomenon is inter
esting, it cannot possibly be verified ex
perimentally, mainly due to the presence 
of other driving forces during welding. In 
this respect, computer modeling seems to 
be more informative. 

According to the theoretical analysis of 
Sozou (Ref. 32), the center of the surface 
of a large pool should be depressed when 
it is subjected to a point current source of 
a small magnitude. This analysis, as subse
quently pointed out by Andrews, et al. 
(Ref. 33), is valid for current levels lower 
than 0.5 A for steels and 0.63 A for alumi
num. Since the surface deformation trend 
predicted by the analysis of Sozou for the 
point current source is opposite to what 
we have described above, it is essential 
for us to find out whether this discrepancy 
is merely due to differences in the nature 
of the current source or due to the incon
sistency between the studies. 

In order to do so, we made a calculation 
for a point current source of 0.3 A. This, 
however, presented two problems for us. 
First, a current source of 0.3 A for arc 
welding obviously does not even have 
enough power to produce a weld pool. In 
order to still have a weld pool for analy
sis, we chose to use a pool boundary 
identical to that for the weld pool shown 
in Fig. 6. Second, a current source of 0.3 
A does not produce an electromagnetic 
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TEMPERATURE PROFILE IN STATIONARY WELD POOL 
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Fig. 6 — Calculated temperature field and shape of pool surface due to 
a Gaussian current source of 150 A. The center of the pool surface is el
evated. 

Fig. 7 - Calculated velocity field and shape of pool surface due to a point 
current source of 0.3 A. The center of the pool surface is very slightly 
depressed. Note that the pool boundary is specified in this case. 

force large enough to cause any significant 
surface deformation in liquid metals, which 
have rather high surface tensions. In order 
to allow the surface deformation to be 
detectable, we decided to reduce the 
surface tension of molten aluminum by 
104 times, and drop the buoyancy force. 

Figure 7 shows the calculated velocity 
field in the weld pool and shape of the 
pool surface due to the 0.3-A point source. 
As shown, the electromagnetic-force-in
duced flow is similar to that shown in Fig. 
3 for the previous case, being radially in
ward along the pool surface and vertically 
downward along the pool centerline. The 
maximum velocity is about 4 mm/s and is 
located along the centerline of the weld 
pool shortly below the surface. However, 
the flow is significant only in the vicinity of 
the point current source, and the extent of 
the radially inward flow is not great enough 
to cause the formation of a hump near the 
center of the pool surface. On the con
trary, the downward pushing electromag
netic force produced by the point current 
source causes a slight depression near the 
center of the pool surface. Our model is, 
therefore, consistent with the theoretical 
analysis of Sozou (Ref. 32). It should be 
pointed out here that in Fig. 7, the radial 
components of the velocity vectors near 
the top of the weld pool centerline do not 
appear to be zero. This is because these 
velocity vectors are located at the posi
tions of the dots, which are close to, but 
not exactly along the centerline of the 

weld pool, as can be seen from Fig. 2. 
Along the centerline of the weld pool, the 
radial components of the velocity vectors 
are exactly zero, as required by boundary 
condition 1 for fluid flow. 

Finally, it should also be pointed out that 
in the study of Kublanov, et al. (Ref. 34), 
a gas jet was directed onto the center of 
the surface of a liquid metal pool to pro
duce a local depression. This simulated the 
effect of the arc pressure, rather than the 
effect of the electromagnetic force in the 
weld pool, on pool surface deformation. 
In fact, no pool surface deformation due 
to the electromagnetic force in the weld 
pool was studied. As such, quoting the 
work of Kublanov, et al. (Ref. 34), as an 
evidence for the surface depression 
caused by the electromagnetic force in 
the weld pool, which Sozou (Ref. 32) did, 
is not exactly adequate. 

Conclusions 

1) The current density, the induced 
magnetic field and the resultant electro
magnetic force were calculated in a weld 
pool with a deformed surface. 

2) E lect romagnet ic- force- induced 
weld pool convection tends to cause an 
elevation near the center of the weld pool 
surface and a slight depression in its outer 
portion. 

3) The calculated pool surface defor
mation due to a point current source is 

consistent with the theoretical analysis of 
Sozou. 
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WRC Bulletin 336 
September 1988 

Interpretive Report on Dynamic Analysis of Pressure Components—Fourth Edition 

This fourth edition represents a major revision of WRC Bulletin 303 issued in 1985. It retains the three 
sections on pressure transients, fluid structure interaction and seismic analysis. Significant revisions 
were made to make them current. A new section has been included on Dynamic Stress Criteria which 
emphasizes the importance of this technology. A new section has also been included on Dynamic 
Restraints that primarily addresses snubbers, but also discusses alternatives to snubbers, such as limit 
stop devices and flexible steel plate energy absorbers. 

Publication of this report was sponsored by the Subcommittee on Dynamic Analysis of Pressure 
Components of the Pressure Vessel Research Committee of the Welding Research Council. The price of 
WRC Bulletin 336 is $20.00 per copy, plus $5.00 for postage and handling. Orders should be sent with 
payment to the Welding Research Council, Suite 1301, 345 E. 47th St., New York, NY 10017. 

WRC Bulletin 343 
May 1989 

Destructive Examination of PVRC Weld Specimens 202, 203 and 251J 

This Bulletin contains three reports: 

(1 ) Destructive Examination of PVRC Specimen 202 Weld Flaws by JPVRC 
By Y. Saiga 

( 2 ) Destructive Examination of PVRC Nozzle Weld Specimen 203 Weld Flaws by JPVRC 
By Y. Saiga 

(3 ) Destructive Examination of PVRC Specimen 251J Weld Flaws 
By S. Yukawa 

The sectioning and examination of Specimens 202 and 203 were sponsored by the Nondestructive 
Examination Committee of the Japan Pressure Vessel Research Council. The destructive examination of 
Specimen 251J was performed at the General Electric Company in Schenectady, N.Y., under the 
sponsorship of the Subcommittee on Nondestructive Examination of Pressure Components of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 343 is 
$24.00 per copy, plus $5.00 for U.S., or $8.00 for overseas, postage and handling. Orders should be sent 
with payment to the Welding Research Council, Room 1301, 345 E. 47th St., New York, NY 10017. 
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