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A New Approach fdr Fluid Flow Model in
Gas Tungsten Arc Weld Pool Using
Longitudinal Electromagnetic Control

The mathematical model of body force incorporates the
additional magnetic field influence in the weld pool

BY J. LUO, Q. LUO, Y. H. LIN, AND J. XUE

ABSTRACT. In gas tungsten arc welding
(GTAW), using a probe, the distribution
of arc current density is measured with an
additional longitudinal magnetic field. A
model of the distribution of welding arc
current flux is then modeled. Next, a new
mathematical model of the body force is
presented, which incorporates the addi-
tional influence of the magnetic field in
the weld pool. Moreover, a model is de-
veloped for the fluid flow in the weld pool
for the control process, which was based
on experiments using LD10CS aluminum
alloy. The boundary conditions are pre-
sented, and the influences of the addi-
tional longitudinal magnetic field and
other factors are discussed using the equa-
tions describing the body forces.

Introduction

The arc welding technique that uses an
additional electromagnetic field for con-
trol is called electromagnetic stirring. This
technique is unlike standard arc welding
techniques in that it offers the following
advantages (Refs. 1-4):

M A low initial investment.

H An increase in operational reliability
due to a high-performance coil.

B Higher mechanical quality from the
fine crystal grain.

B A minimized risk of cold cracking
because of the low hydrogen content.

B Exceptional appearance of the welding
joints with clean weld surfaces.

M Increased environmental safety due to

a lower magnetic field power.

This welding technique has a variety of
applications in several fields, such as met-
allurgy, chemical engineering, manufac-
turing, electric power generation, avia-
tion, and space flight (Refs. 2-8). Several
aspects of welding with electromagnetic
stirring have been analyzed previously.

J. LUO and J. XUE are with Xi’an JiaoTong Uni-
versity, China; Q. LUO is with Lian Yuan Steel &
Iron Ltd. Company; and Y. H. LIN is with Shang-
hai Volkswagen Company.

m AUGUST 2003

These studies include research in solidifi-
cation structure, cracking, arc behavior,
metal transfer, weld formation, numerical
simulation, mechanical ability, and quality
improvement (Refs. 1-11). However,
none of these studies have focused on the
characterization of the fluid flow in the
weld pool, which actually determines the
effectiveness of using electromagnetic
stirring.

When using longitudinal magnetic
field control, the analysis of the body force
is the key to understanding the fluid flow
and heat transfer in the GTA weld pool.
An analysis of the body force will assist in
examining what effect an increase of the
longitudinal magnetic field has on the
GTA welding process. Therefore, the pur-
pose of this paper is to define the body
force and to model the fluid flow in the
weld pool. In all the experiments, LD10CS
aluminum alloy was used for simplicity
and applicability.

Basic Theory

The application of the body force is not
used in the standard GTAW process. The
definition of the body force is the electro-
magnetic force applied to the fluid in the
weld pool. It consists of the following two
forces: -

1) Self-electromagnetic force F,,gen-
erated by the interaction of the divergent
current and its self-induced magnetic field
in the weld pool.

_ 2) Additional electromagnetic force
F,,, generated by the interaction of the di-
vergent current and the additional longi-
tudinal magnetic field in the weld pool.

Thus, the total electromagnetic force

KEY WORDS

GTAW

Body Force

Electromagnetic Stirring
Fluid Flow

Longitudinal Magnetic Field
Weld Pool

F, in the incompressible molten metal
fluid of the GTA weld pool can be ex-
pressed as:

Fm = I72m + me

e))

Adopting the fixed spot GTAW using
longitudinal magnetic field control en-
ables the calculation of the body force to
be performed more simply. Starting with
Maxwell’s equation, the body force can
begin to be described by the following
equation:

0( B=u,j )

Current Distribution

In direct current electrode negative
(DCEN) GTAW undergoing additional
longitudinal magnetic field control, a cer-
tain circumstance arises when using the
nonmagnetic LD10CS aluminum alloy.
The welding current flux density distribu-
tion on the surface of the weld pool is the
same as the welding arc current flux den-
sity distribution on an interface between
the welding arc and the weld pool. Thus, a
probe method is used to measure the dis-
tribution of the welding arc current flux on
this interface (Refs. 1, 4, 8). The experi-
mental equipment used is shown in Fig. 1.
The measurement values of the welding
arc current flux distribution are shown in
Fig. 2. These experiments were taken
using a small welding current (/ = 100 A)
and weak magnetic field (B < 0.1 T).

The distribution character of the weld-
ing arc current flux can now be analyzed
within these ranges of current and inten-
sity of the magnetic field. A Gaussian dis-
tribution model of the welding arc current
flux can be formulated using a numerical
regression analysis as follows:

. . _KI
](r)arc =l D?exp[_K(r)z] (3)
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Fig. 1 — Diagram of measuring welding current flux distribution.

distribution.

Fig. 2— Measurement values and regression curves of welding current flux
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Fig. 3 — Regression curves of welding current flux distribution.

Fig. 4 — Schematic diagram of the weld pool and coordinates system.

where j(r),. is the welding arc current
flux distribution, a is the lumped coeffi-
cient (generally between 0.5~3; in this
papera = 1) andj, is the current flux den-
sity.

a
K=-2
26}

is the form of the gather coefficient of cur-
rent flux.

When the welding current is 100 A, the
magnetic induction was 0.02 T and 0.05 T.
The regression curves of welding arc cur-
rent flux distribution are shown in Fig. 3.
As shown, the measured values fit the pro-
posed model of the welding arc current
flux distribution.

Body Force Equation

The cylindrical coordinate system (r, 0,
z) (see Fig. 4) is selected in order to derive

the mathematical model of the body force
in the GTA weld pool undergoing longitu-
dinal magnetic field control. The vectors
along the radial and axial directions, such
as force, current flux, and magnetic induc-
tion, are expressed as two partial vectors
(r, z), respectively, and are symmetrical
along the z-axis. Thus, the magnetic in-
duction B can be expressed as

B =[0,B,(r,2),0] “4)
RN
=10 0
D(B=="r == ==
0 0
S

The magnetic flow function is defined as

We erO (6)

Therefore, Equation 4 becomes

D _ _1f\IIe 1f\“e
D<B_§ r fz ’O’r frg (M

Because, in Equation 2, the term W,/ has
the following form:

HoJ = 1,(j,.0. 7.) (8)

After substitution of Equations 7 and 8
into Equation 2, the corresponding part of
the vector can be expressed as

Dj __Ltlfv,
%' W, r fz
0j _11fy,
T g ©)
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Moreover,

F 6 zd
- = €. . &
J{B=g, 0 jg
€ B, 0%

: (=By.-0, ], B,) (10)

({ B), ==Byj,
According to Refs. 12-15, it is assumed

that the electrical conductance is not tem-
perature dependent. Thus,

fi _
=0 (12)
Therefore,
fi _f_11fy,
fz fz oy, r fz
11fy, _
w,r fz° (13)
where W, satisfies
y,=Cz+C, (14)

Note when z = L, then ¥, = 0 because
there is not electronic magnetic flow at the
bottom of the welding workpiece. When z
= (, then

fv.
We _p’ ]z
f 0

This is because the electronic magnetic
flow on the surface of the welding work-
piece (LD10CS aluminum alloy) is the
same as the magnetic flow distribution of
the welding arc on the interface between
the welding arc and workpiece.

Thus, the magnetic flow function ¥,
becomes

=0~ D“L(]jz z=0rdr (15)

Moreover, according to Fig. 2, Equation 3,
and Equation 15, assuming a small current
(I = 100 A) and weak magnetic field (B <
0.1 T), the boundary condition can be de-
scribed as follows:

2

)
262 (16)

J J
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By solving the set of Equations 13, 14, and
17, the magnetic flow function , can be
given as

\ 0 20
U7 1_ 20
VoS o TS T (1)

The current flux distribution of the
GTA weld pool surface undergoing a lon-
gitudinal magnetic field is determined by
the experimental measurement. Then the
resulting (part something) is obtained
from Fig. 2 and Equation 3.

Thus, Equation 6 can be expressed as

i
v z[]
B =Ye Pl g _oy L1
roo2me pH H LU (19)

After substituting Equation 18 into Equa-
tion 9, the current flux j of the LD10CS
weld pool is given by

. 1 0 g2 DDI zD
)2 211:(5 H _]ZE (20)
) I J/ r2 0d
= ZTfLre E _%@(21)

After substituting Equation 19 into Equa-
tion 11, Equation 11 can be expressed as

0 20

(f(é)r= PH 4@

l 0 ,20 20
( d-exp——=— 51—
2 H LU
e 02 22)

(j{B).=
o 0o D‘JD _z[
411:2Lr2 el- epo 26 ZHQ_ LO(23)

Then the self-electromagnetic force F,,
in the weld pool is as follows:

E, =({B),

2 U 20
B 4n— pH_TH
L0 20
—exp— 1-
< d CXPE 2(5? 5 LD (24)

Fzmz =(;< é)z
2

2 (- )
2?@

_ kB

2]
ey el exp(—

(25)

The additional electromagnetic force in F,,
the weld pool is expressed as follows:

(26)

r IB, l 0 2 0d
Wi — €xXpy
“onlr S c f2 Hq_ (27)

where B, is the additional electromag-
netic induction vector.

Therefore, the above formulations
show that the electromagnetic force in the
GTA weld pool undergoing a longitudinal
magnetic field control (including the ad-
ditional body force generated by the addi-
tional magnetic field) has polarity inde-
pendence.

Model of Fluid Flow

Before introducing the mathematical
model of fluid flow, certain definitions and
assumptions need to be explained. There
are three parts of the fluid velocity that are
expressed as the radial velocity (v), axial
velocity (u), and circumferential velocity
(w) in the directions of r, z, and 6, respec-
tively (see Fig. 4). Moreover, there is an
energy exchange, mass transfer, and heat
transfer between the welding arc and the
weld pool. Where the arc heat flux density
q(r) and the current flux density o; are dis-
tributed on the surface of the welding
workpiece, z = 0. Lastly, the following
conditions are assumed:

1) The surface of the weld pool is like
a constant plane and the molten liquid
metal in the weld pool is a Newton Body,
which is a safe assumption when the arc
welding current is less than 200 A.

2) The welding current is I < 200 A and
the magnetic field is B < 0.1 T, where the
distribution model of welding arc heating
density and current flux have a Gaussian
distribution.

As shown in Fig. 4, let u=u(s; z), v=v(r,
z), and o= o(z; z) denote the velocity com-
ponents in the axial z and radial r direc-
tions, respectively. The model of fluid flow
would then be given as

Lf(v)  f(u) _
P )
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The fluid flow in the weld pool is gov-
erned by a combination of factors. In view
of Equation 29 with regard to Equations
24, 25, and 27, the body force, electro-
magnetic force, and buoyant force can
each be expressed as the following:

w, ! ¢ P d
= 42L26 exp( 2cj)@

(¢ a- Z) —pgB(T -T) (31)
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< 2 exp( 26]2)% L)

(32)
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Boundary Condition

For this model, the boundary condi-
tions are ascertained from Equations
28-30 and are shown in Table 1.

Q. and Qy,,, are defined as the heat
input and heat loss, respectively. These
terms are described as follows:

Oy =h(T =T+ Se(T* ~T))  (34)

0= 3L o)
arc 27t6q2 Xp 20; atZ=0(35)
0=nIU (36)

T=T,,, at the liquid-solid boundary. (37)
Conclusion

The welding properties for GTAW un-
dergoing a longitudinal magnetic field

Table 1 — Boundary Condition

Side U 14
Ab 0 0
Bc 0 0
cd 0 0
De 0 0
Ef 0 0
Fa fu_y 0
fr

0] T

T
0 —kf =0,.-0,.,
0 —kf L o,
0 T=T,

T
0 kf -0,
0 T _y

fr
0 T _y

fr

control are different from the standard
GTAW. The critical differences found
from the research are summarized as fol-
lows:

1) The electromagnetic body forces in
the weld pool include the self-electromag-
netic force and the additional electromag-
netic force. Also, the electromagnetic
forces are independent of welding polar-
ity. Moreover, by using a probe method,
the current flux distribution on the surface
of the LD10CS weld pool can be detected
by measuring the arc current flux distribu-
tion. Then the welding arc current density
distribution can be modeled. Finally, then
the mathematical model of the body force
in the LD10CS GTA weld pool undergo-
ing a longitudinal magnetic field control is
defined.

2) In addition, a new model of fluid
flow in the weld pool was developed. This
was done by examining the dynamics be-
tween the additional longitudinal mag-
netic field and the self-electromagnetic
field, which accounts for the other body
forces and the heat transferred. The
boundary conditions were also provided.
Thus, the model sufficiently described the
electromagnetic field, the velocity field,
and the thermal field on process. The
model is, therefore, a comprehensive de-
scription for the fluid flow on GTA weld
pool undergoing a longitudinal magnetic
field.
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List of Symbols

density (kgm?)
pressure (Pa)
welding current (A)
current flux density(A-m?)
the magnetic induction (T)
additional magnetic induction (T)
distribution parameter of current
density (A-m?)
thickness of welding workpiece (m)
coefficient of thermal expansion (K™)
acceleration of gravity (m-s?)
temperature (K)
time (s)
specific heat of workpiece (J'kg'K")
melting point of workpiece (K)
dynamic viscosity (kgm™s)
thermal conductivity of molten metal
(Wm*K")
& thickness of workpiece (m)
Ly magnetic permeability (Hm™), u, =

( 10" H/m
T, initial temperature (K)

S

AT NR N QmmT~To

]

T N

h. convection heat transfer coefficient
(Wm>K")

S Stefan-Boltzmann coefficient
(W.m—z.‘K—él)

055 heat loss per unit time (W-m?)
Q.. heat input per unit time (W-m?)
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