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of Moving GTA Weld Pool

A three dimensional model with a moving heat source is developed to describe heat
transfer and fluid flow in transient weld pools: Full penetration and free top and
bottom surfaces are incorporated in the model in order to simulate the welding

process more practically. The influence of plate thickness and welding current on
the dynamics of weld pools is analyzed using calculated data. It is shown that when
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established.

1 Introduction

Many mathematical models have been established to describe
heat transfer and fluid flow in weld pools [1-4]. However,
most of the models were used to investigate the steady or quasi-
steady state weld pools [4—11]. Only a few researchers consid-
ered the practical transient 3-D weld pools [12—14] and full
penetration [15, 16]. However, the deformation of the bottom
surface of the weld pool has been ignored. Full penetration is an
important aspect of the welding process. When full penetration
occurs, a new free surface is formed which affects the total
behavior of the weld pool, including heat transfer, fluid flow,
pool surface deformation, etc. Therefore, a transient analysis is
performed for both partial and full penetration cases in this

aper.
: Penetration control is critical in obtaining sound welds. In
order to achieve the desired full penetration state, the weld pool
shape and size have been measured and used to control the gas
tungsten arc (GTA) welding process' [17, 18]. Also, it was
found that a skilled human operator can extract the penetration
information from the weld pool deformation [19, 20]. A novel

approach has been proposed to measure the free 3D pool surface

[21, 22]. Thus it is possible to control the welding process

using the pool surface information. In order to develop a control

systemn, the dynamics of the welding process, i.e., the transient
characteristics, must be studied.

In this paper, a three-dimensional transient model of fluid
flow and heat transfer is developed. Both the pool surface defor-
mation and full penetration are considered in the model. In
order to analyze the influence of welding parameters on the
geometrical appearance of weld pools, a normalized model was
used to characterize the geometrical appearance of weld pools.
Interesting results have been obtained based on numerical calcu-
lations.

2 Numerical Calculation

2.1 Governing Equations. The following assumptions
have been adopted for simplification:

(1) The arc is regarded as a spatially distributed heat, cur-
rent, and pressure flux source.
(2) The flow is Newtonian, incompressible, and laminar.
(3) Physical properties are constant.

The coordinate system (x, y, z) is attached to the torch. The
symmetric axis of the electrode is selected as the z axis. The

—
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the workpiece is nearly penetrated, the depth of weld pool increases quickly. Also,
the elevation of the top surface decreases quickly once the full penetration status is

work bottom surface is used to define the x-y plane and the torch
travels along the x axis. The governing equations, described by
the continuity equation, the momentum equation, and the energy
equation for transient state velocity and temperature fields in
the workpiece, may be written as follows:

ou v Ow
—+—+—=—=0 1
ox- 8y 0z (1)
Ou - Ou U@J,w@}
Plac " ax " "By "oz
oP A%u 9w 0%
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z 62,' =t ,U( axz a.yZ + BZZ) ( )
) o Wa_r]
Pl " & 9z
g7 o1\ o f 0Ty 8. 0T
=B L T et ) el 4 s
Bx( Bx) By( f?y) 3z( 52) i

where u, v, and w represent the x, y, and z directional velocities,
respectively. r-time, p-density, K-thermal conductivity, u-
viscosity, C,—specific heat, P—pressure, and T—tempera-
ture. F,, F,, and F, are the components of the body force.
The body force F is calculated using the electromagnetic and

buoyancy force [9]:

Where J is the current density vector, B—magnetic induction
vector, 3—coefficient of volume expansion, g—gravitational
acceleration vector, and T,,—melting temperature.
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2.2 Boundary Conditions
(i) Top surface

2 2
—-KEVT'n, = i exp(— x33 )

2 2
2mo; 20,

— Yeonv — Yradi — Yevap (7)

8
—W(V.-t.x)-ne—a—;vr-tm (8)
ety s Ty (9)
L Vi by IWBT y

Vi =0 (10)

where n, is the normal unit vector of the top surface, u, —arc
voltage, o,—arc heat flux distribution parameter, n—arc effi-
ciency, V,—velocity vector on the top surface, t,,—the tangen-
tial unit vector of the top surface parallel to the x — z plane,
t,,—the tangential unit vector of the top surface parallel to the
y — z plane, and §y/8T—temperature coefficient of the surface
tension. The heat loss of convection, radiation and evaporation,
1.€., Geonv: Gragi ANA Gevep Can be written as:

Yeonv = h(T = Tm)
Grdi = oe(T* — TL)

(11)
(12)
(13)

where h is the convection coefficient, c — Stefan-Boltzman con-
stant, e—surface emittance, T..—ambient temperature, Lqy,—
latent heat for the liquid-vapor phase-change, and ni—evapora-
tion mass rate. For a metal, such as steel, n? can be written as
[23]:

Gevap = n'lLf.vap

log () =A — BIT — 0.5log T

where A and B are two constants depending on material.

(14)

(ii) Bottom surface

~KVT my = “Geonv — YGradi

a
—uV(Vy ) mp = aX VT - ty,

or (15}

Nomenclature

(15)

0
—W(vb-thy)-n.,=b—;ﬁvr-t.,, (17)

Vym, =0 (18)
where n,, is the normal unit vector of the bottom surface, V,—
velocity vector on the bottom surface, t,,—the tangential unit
vector of the bottom surface parallel to x — z plane, and t,,—
the tangential unit vector of the bottom surface parallel to the
vy — z plane. Egs. (10) and (18) are based on the assumption,
that the transient variation of the free surface is slight so that
the normal velocity on the free surface is approximately zero,

(iii) Pool Surface Deformation

The molten pool is distorted by the gravitational force and
arc pressure. The surface tension acts to -support the molten
pool. For the arc-pool interface, i.e., the top pool surface, the
static force balance can be described by [24]:

P, —pgp +c
U+ D) — 200,00 + (1 + 6D,
2. (1 _‘_¢3+ ¢§)3::

where z = L — ¢(x, y) is the top pool surface, L is the material
thickness, y is the surface tension, and ¢, = (8d/0x). &, =
8%*¢/0x”. The arc pressure P, is determined using the following
formula [26]:

(19)

2

I x? + y?
Po(x,y) = 2 exp( - 2
4mo; 20;

(20)

I1is the welding current, o;—arc current distribution parameter,
and u,—magnetic permeability. When the weld pool is fully
penetrated, the bottom pool surface is also deformed. On the
bottom pool surface, the surface tension prevents the weld pool
from being burnt-through. The balance between gravity and
surface tension can be written as [24]:

pg(b+L—¢)—c

(L U = 2ty + (1 + WD)
§ 1+ v+ 3™

(21)

a, b = model parameters of geo-
metrical appearance of the
weld pool

B = magnetic induction vector
C, = specific heat
F., F,, F, = component of body force
g = gravitational acceleration
vector
I = welding current
J = current density vector
K = thermal conductivity
L = thickness of specimen
| = length of weld pool

L., = latent heat for the liquid-va-

por phase change

i = evaporation mass rate

n, = normal unit vector to bot-
tom surface

n, = normal unit vector to top
surface

p = liquid pressure

P, = arc pressure

Geony = heat loss from convection
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Gevap = heat loss from evaporation

Graq; = heat loss from radiation

- = radial distance

T = temperature

melting temperature

ambient temperature

time

tpx = tangential unit vector of bottom
surface parallel to x-z plane

tyy = tangential unit vector of bottom
surface parallel to y-z plane

t,, = tangential unit vector of top sur-
face parallel to x-z plane

t,; = tangential unit vector of top sur-
face parallel to y-z plane

~

T.

o

u = x-direction velocity
u,, = arc voltage
ug = welding speed
V,, = velocity vector of bottom surface
V, = velocity vector of top surface

y-direction velocity
w = z-direction velocity

w, = relative pool width
x, ¥, z = regular coordinate system
X., ¥, = normalized coordinate system
Xo = position of maximum pool
width p = viscosity
Lo = magnetic permeability

p = density
[ = coefficient of volume expan-
sion

v = surface tension
8v/0T = surface tension temperature ¢0-
efficient
7 = arc efficiency
o = Stefan-Boltzmann constant
o; = arc current flux distribution pa-
rameter
o, = arc heat flux distribution pa-
rameter
¢ = surface emittance
¢ = shape function of top pool sur-
face
¢ = shape function of bottom p001
surface
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Table 1 Parameters used in computation

Cp = 630J/kg - K p=06x10"kg/m -s

h = 80w/m? po =126 x 10~ H/m
K =22w/m- K p = T200kg/m?
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o= SUGK ¥=1LO0N/m
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Fig. 1 Temperature distribution and fluid flow field in weld pool at the
longitudinal section of workpiece
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Fig. 2 Temperature distribution and fluid flow field in weld pool at the
cross section of workpiece
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Fig. 3 Temperature distribution and fluid flow field at the top surface
of workpiece

where z = —ii(x, ) is the bottom pool surface, and yr, = (us/
0x), I,l'l_u =82 W/0x*. The constant ¢ can be determined from
the following constraint of constant volume:

@5 $(x, y)dxdy — gﬁﬁ B, ey = 0:  (22)

Bquations (19) and (21) have the following boundary condi-
tions, respectively,

é(x,y) =0, when T=T, (23)
y(x,y) =0, when T=T, (24)

Journal of Manufacturing Science and Engineering

2.3 Numerical Solution. The governing equations with
the boundary conditions are transformed into finite difference
equations. In order to 1mprove the accuracy of the calculation,
grid with uneven spacing is used for the calculational domain.
Fmer spacing was used in the region where the arc passed
because of the higher temperature gradient and fluid flow. The
finest spacing was used in the thickness-direction in order to
describe the deformed weld pool surface. The SIMPLER algo-
rithm [27] is employed to calculate the temperature and fluid
flow fields. Different welding parameters have been used in the
calculation in order to analyze the effect of welding parameters
on the geometry of weld pools. It is known that both o, and o;
increase when the welding current or arc length is increased.
In our calculation, the arc distribution parameters, i.e. &, and
o;, have been selected for different welding current and arc
length according to the experimental results [26]. Calculations
are made for GTA weld pools on stainless steel plates. The
parameters used in the computation are shown in Table 1.

The calculated three-dimensional temperature distribution
and velocity field are shown in Figs. 1-3. It is found that for
the full penetration pool, except for the pool edge, the molten
metal on the surface flows radially outward and moves vertically
upward in the ne1ghb0rhond of the arc axis. That means that
the pattern of convection in weld pool is mainly determined by
the temperature coefficient of surface tension.

Figure 4 shows the three-dimensional shapes of the calculated
top and bottom surfaces. It can be clearly seen that on the top
surface, the molten metal is depressed in the arc affected region,
whereas it is pushed upward and outward from the arc center
in the non-depressed region. This result is consistent with our
experimental observations [28]. On the bottom surface, it has

b (mm)

0.250

-0.125

@ (mm)

-iL500

(b)

Fig. 4 Three dimensional weld pool surface. (a) top surface. (b) bottom
surface. Current 120A, voltage 12V, torch speed 3.0 mm/s.
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Fig. 5 Normalized coordinate system

been shown that the entire pool surface sags and a maximum
sag exits at the center of the molten region.

3 Normalized Model of Weld Pool Geometry

In order to study the geometry of the weld pool, the weld
pool must be characterized by parameters. The selection of
the characteristic parameters is crucial. Three criteria must be
satisfied. First, the fundamental geometrical appearance of the
weld pool must be sufficiently described using the selected
characteristic parameters. Secondly, the correlation between the
status of the weld penetration and selected characteristic param-
eters must be substantial. Also, in the projected control system
for weld penetration, the selected parameters must be controlled
to achieve the desired weld pool and weld penetration. Although
more parameters could describe the weld pool more accurately,
the increase in the number of the selected characteristic parame-
ters may complicate the resultant control system. Thus, the
number of the selected parameters must not be too large.

We have proposed the following parametric model to de-
scribe the weld pool boundary in the normalized coordinate
system x,0y, (Fig. 5) [25]:
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Fig. 6 Comparison between the numerical boundary and normalized
one (— numetrical, —- normalized). (a) 120A (b) 80A.
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Fig. 7 Transient formation of weld pool (a) longitudinal section (b) top
surface (c¢) bottom surface
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y, = Fa(l —x)x, (@>0,1=5b>0) (25)

where x, = x/1, y, = y/21, | is the length of the weld pool, and
a and b are the model parameter. In Fig. 5, w, is the re]aqvc
pool width, and y,(x,) = w,/2. Here x, characterizes the position
where the pool is the widest, and x, = b/(b + 1). The weld
pool is therefore divided as the leading and trailing portions by
x = x. Hence, x, can be used as a parameters to characterizé
a geometrical feature of the weld pool. It has been shown (Fig.
6) that the geometry of the weld pool can be sufficiently charac-
terized using the parameters [, a, and b [25]. Also. the back-
side bead width can be accurately calculated using /, a, and
[25]. Thus, these parameters are used to characterize the geon’”
etry of the weld pool.

4 Transient Analysis of Weld Pool

41 Weld Pool Size and Penetration. The weld poo!
sizes, i.e. the length, width, and depth, verses welding time &
shown in Fig. 8 and Fig. 9 for different welding currents al
worlkpiece thicknesses, respectively. It can be seen that the T ate

Transactions of the ASME

o4} (&

Fig. 11 Ap
of workpiec

of increas:
However,
Initially, 1
workpiec
quickly ( -
width of 1
tion is jus
were obs
Referring
size of th
a thick
the heat

42
the chan
ized mo
instants
seen the
of weld
accumu
tion pes
the thic

more ir
length.
width.
the he;

more i

asthe |

Tatio c

Fgure

Clurren

Pool, .

3 leadin

o doun




{ness
gth of

(b)

(@)

Iding
weld

25)

and
itive
tion
veld
s by
rize
Fig.
rac-
ick-
d b
om-

yool

are
and
rate

ME

=
0.2

0.al () u),"‘-:-. TR
5
0.3
£
0.z o ol
—3

0.1 S

o

o 0.5 1

Fig. 10- Appearance geometries of weld pools with different thickness
of workpiece at different instanis (a) 2.5 mm (b) 3.0 mm (c) 3.5 mm

0.5
0.4

0.3

0.1

a

(o] 0.5 1
Xr
0.5
pat e, T
e N
7
0.3 i
> 7 —— 3.5 mm
0.2
- 3 mm
gt —. 2.5 mm
o
00 0.5 1 a 0.5 1
Xr Xxr
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of increase in the weld pool size decreases as the time increases.
However, the depth of penetration exhibits a different trend.
Initially, the rate of depth increase is relatively small. When the
workpiece is nearly penetrated, the weld pool depth increases
quickly (Fig. 8(b) and Fig. 9(b)). Also, the back-side bead
width of the weld pool increases very fast when the full penetra-
tion is just established (Fig. 8(d) and Fig. 9(d)). Similar results
were observed by Burgardt and Heiple [29] from experiments.
Referring to Fig. 8, when other conditions are the same, the
size of the weld pool for a thinner workpiece is larger than with
a thick workpiece. This is simply caused by the difference in
the heat transfer condition.

4.2 Geometrical Shape. In order to analyze and compare
the change in the geometrical shape of weld pools, the normal-
ized models of weld pools with different thicknesses at different
instants are shown in Fig. 10 and Fig. 11. From Fig. 10, it is
seen that during the transition period, the width to length ratio
of weld pools decreases. This is directly caused by the heat
accumulation. Figure 11 shows that at any instant in the transi-
tion period, the width to length ratio of weld pools increases as
the thickness increases. In fact, the width of the weld pool has
more instantaneous correlation with the heat input than the pool
length. The heat transfer condition does influence the pool
width, However, because of a longer period of heat transfer,
the heat transfer condition tends to influence the pool length
more intensively. Thus, the width to length ratio should increase
as the heat transfer condition becomes poor. The width to length
ratio can also be illustrated using the relative width (Fig. 12).
Figure 13 shows x, with the different thickness and welding
current during the transient period. With the growth of the weld
pool, x, moves towards the front. That is, the ratio between the
leading and trailing portions decreases.
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Fig.13 The change inx, during the growth of weld pool (a) with different
thickness (b) with different current

4.3 Weld Pool Deformation. The top and bottom free
surfaces in the transient period are shown in Fig. 14. The maxi-
mum depression of the weld pool increases gradually. Before
full penetration is established, a maximum elevation of weld
pool surface is reached. Once the workpiece is penetrated, the
elevation starts to decrease (shown in Fig. 15 and Fig. 16).
Also, before the workpiece is penetrated, the depression volume
nearly equals the elevation volume, i.., the average deformation
of top surface tends to equal zero. When the full penetration
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Fig. 14 The transient change of top and bottom free surface during
weld pool formation (a) top surface (b} bottom surface
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Fig. 16 The surface deformation of weld pools with the different thick-
ness of workpiece at the different instants (a) maximum top depression
(b) maximum top elevation (c) average top deformation (d) maximum
bottom depression
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mum top elevation (c) average top deformation (d) maximum bottom
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status is reached, the depression and elevation quickly increases
and decreases, respectively (see Fig. 15(c) and Fig. 16(c)).
Thus, the depression and elevation volumes of the top surface
become unequal. The average deformation starts to increase
after full penetration occurs. Hence, the volume difference be-
tween the top surface depression and elevation, i.e., the average
deformation on the top surface, contains the penetration infor-
mation. In fact, once the full penetration is well established, the
depression volumes on the top and bottom surfaces tend to be
equal, whereas the elevation of the top surface tends to vanish.
Therefore, the elevation of the top surface can provide the infor-
mation about the penetration. When the elevation of the top
surface starts to decrease, the workpiece must already be pene-
trated. i

5 Conclusions

A three dimensional model has been developed to analyze
the heat transfer and fluid flow in transient weld pools. Both
the full penetration and free top and bottom surface have been
considered in the model. Based on the numerical results, the
following are found:

(1) The depth of the weld pool quickly increases as the
pool approaches full penetration. Also, the back-side bead width
of the weld pool increases very quickly when the full penetration
is just established.

(2) During the growth of weld pools, the width-length ratio
of weld pool decreases and the ratio between the leading and
trailing portions decreases. :

(3) Once the elevation of weld pool surface decreases
quickly, the full penetration status must already be reached.
The volume difference between the top surface depression and
elevation also contains the penetration information.
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