
An Analysis of Heat and Fluid Flow 
Phenomena in Electroslag Weld ing 

Two physical models created for mathematical analysis 
provide qualitative insights for improving some practical results 

BY A. H. DILAWARI, T. W. EAGAR AND J. SZEKELY 

ABSTRACT. Recently developed 
techniques for the mathematical mod
eling of heat and fluid f low phenom
ena in metals processing operations 
have been applied to electroslag weld
ing. The fluid f low analysis agrees well 
wi th the limited experimental data 
available. The heat f low analysis 
predicts that the total weld heat may 
be reduced by 30% when strip elec
trodes are used in place of the more 
common wire electrodes. Calculated 
values of the stream functions, veloci
ty distributions and temperature distri
butions are given for several idealized 
models of the electroslag welding 
process. 

Introduction 

In terms of weld metal deposition 
rates, electroslag welding (ESW) is the 
most efficient process for joining thick 
plates, and as such is potentially very 
attractive in the fabrication of bridges, 
ships, and pressure vessels. However, 
the long thermal cycle, which is 
inherent in the process, and the poor 
solidification geometry caused by 
deep weld pools may result in the loss 
of mechanical properties. These fac
tors constitute the principal disadvan
tages of the ESW process. 

Previous investigators of the ESW 
process12 noted the significant role 
that process parameters may play in 
controll ing the heat input and the 
solidification geometry; furthermore, 
Patchett and Milner drew attention to 
the importance of fluid f low phenom
ena in the slag in affecting both the. 
chemistry of the weld metal and the 
rate of metal transfer from the elec
trode3. 

It should be stressed, however, that 
all this previous work has been 
primarily qualitative rather than quan

titative. Whi le it is generally accepted 
that both the molten slag and the 
molten metal phases are in motion 
during ESW, and that this motion does 
affect both the heat transfer (melting 
and solidification) and the mass trans
fer (weld metal chemistry) occurring 
during the process, up to the present 
there have been no means for the 
quantitative characterization of these 
phenomena. 

The quantitative description of f luid 
f low, heat and mass transfer during 
ESW would be highly desirable if the 
process efficiency is to be improved, 
either by reducing the heat input or by 
increasing the weld speed. Such 
improvements may be achieved by 
appropriate adjustment of the oper
ating variables. 

Whi le ESW has not yet been 
modeled, a great deal of work has 
been done on the mathematical mod
eling of the electroslag refining (ESR) 
process4-8. The fluid f low, heat and 
mass transfer phenomena in ESR are 
closely analogous to ESW, although 
there are substantial differences in 
detail. Nonetheless, the methodolo
gies developed for modeling the ESR 
system are readily adapted for repre
senting the phenomena that occur in 
the ESW operation. 

The purpose of the present paper is 
to describe the key physical features of 
such a model of ESW which has been 
recently developed. The mathematical 
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details of this model are being 
published elsewhere9, so in the pres
ent treatment, the emphasis wi l l be on 
the physical nature of the problem and 
on the quantitative relationships that 
may be developed between the key 
process variables. 

The Mathematical Mode l 

Let us consider a typical ESW 
system, such as sketched in Fig. 1. It is 
seen that a current is being passed 
from a consumable electrode through 
a molten slag and a molten metal pool. 
The ")oule heating" in the slag causes 
the electrode to melt and the droplets 
thus formed pass through the slag and 
collect in the metal pool. The solidif i
cation of the pool causes the estab
lishment of the joint connecting the 
two plates. A crucial feature of process 
improvement in ESW is to increase the 
proportion of the heat generated for 
melting the electrode as opposed to 
being transferred to the plates. 

Because both the molten slag and 
the molten metal phases are known to 
undergo motion, heat transfer is likely 
to occur by convection, rather than by 
conduction. For this reason, it is 
important to obtain a quantitative 
characterization of the fluid f low field 
wi th in the system. 

The Driving Forces for Fluid Motion 

Fluid motion in the system is repre
sented by the Navier-Stokes equa
tions, which in essence express a 
balance between the rate of change of 
momentum within an infinitesimal 
fluid element and the sum of the net 
forces acting upon it. These equations 
are not reproduced here, but it is 
important to discuss the forces that 
generate motion in ESW. 
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Fig. 1—Schematic sketch of the rotational 
flows expected from: A (top)—thermal 
buoyancy forces; B (bottom)—Lorentz 
forces 

In general, two types of forces have 
to be considered, viz. buoyancy forces 
and the electromagnetic forces com
monly referred to as Lorentz forces. In 
addit ion, the drag force exerted by the 
moving slag on the slag-metal inter
face may also affect the f low field. 

Buoyancy forces are caused by 
density differences, which in turn arise 
from the nonuniform temperatures 
wi th in the system. Since heat f low and 
fluid f low are interrelated, in order to 
define the buoyancy forces, the con-
vective heat transfer and the fluid f low 
equations have to be solved together. 

The electromagnetic forces, or Lor
entz forces, are caused by the interac
tion between a spatially nonuniform 
current distribution and the magnetic 
field, which in the present case is 
generated by the passage of a current 
through an ionic melt. 

The electromagnetic (Lorentz) force 
field is given by: 

T=Tx"B (1) 
where 

4 

is the magnetic force field vec
tor 
is the current density, and 
is the magnetic flux density. 

Even in the absence of actual calcu
lations, by using physical reasoning 
and drawing on previous experience 
wi th related systems, one may sketch 
the general nature of the f low fields 

Fig. 2—Three-dimensional schematic sketch of the rectangular (left) and cylin
drical (right) geometries used in this study 

which may be expected to result from 
these driving forces. These are 
sketched in Fig. 1, where it is seen that 
the confined nature of the system wil l 
necessarily result in recirculating 
flows. Since the central port ion of the 
system is expected to be hotter than 
the region near the walls, a system 
driven solely by buoyancy forces wil l 
involve f low upward in the center and 
downward near the side walls, as 
sketched in Fig. 1A. 

It may be shown that the circulation 
pattern caused by the Lorentz forces 
would involve downward f low in the 
center and upward flow near the side 
walls, as sketched in Fig. 1B. 

It should be noted that the f low, 
fields sketched in Fig. 1 are idealized 
and that further complicating factors 
may result in the generation of 
secondary loops. It fol lows that the 
f low behavior of these systems may be 
quite complex and can be obtained 
only from the solution of the govern
ing equations. 

Assumptions Made in the Development of 
the Model 

The fol lowing principal assumptions 
were made in the development of the 
model. 

Geometry. Because of the complexi-

Table 1—Parameters and Dimensions Used as Input to the Electroslag Welding Model 

Depth of the slag pool 
Depth of the metal pool 
Half thickness (radius) of the weld pool 
Depth of electrode immersion in slag 
Thickness (diameter) of the electrode 
Breadth (plate thickness) of the rectangular system 
Melting temperature of the electrode, TM 

Melting temperature of the slag, TM 

Electrical conductivity of the molten slag 
Electrical conductivity of the molten metal 
Thermal conductivity of the molten slag 
Thermal conductivity of the molten metal 
Magnetic permeability of a vacuum 
Specific heat of the molten slag 
Specific heat of the molten metal 
Specific heat of the solid electrode 
Thermal coefficient of expansion of the slag 
Thermal coefficient of expansion of the metal 
Emissivity of the slag 
Density of the slag 
Density of the molten metal 
Viscosity of the slag 
Viscosity of the molten metal 
Electric potential at the immersed surface of the strip 

electrode (4.3 kcal/s) 
(22.33 kcal/s) 

Electric potential at the immersed surface of the wire 
electrode 

1.5 cm 
2.0 cm 
1.5 cm 
1.0 cm 
0.3 cm 
12 cm 
1823°K 
1693°K 
200 mhos/m 
7.14 X 10s mhos/m 
0.0025 kcal/m-s°K 
0.05 kcal/m-s°K 
1.26 X 10 s henries/m 
0.20 kcal/kg-°K 
0.18 kcal/kg-°K 
0.12 kcal/kg-°K 
10-4OK-' 
1 0 -3 °K- ' 
0.6 
2.75 g/cm:l 

7.2 g/cm' 
0.01 kg/m-s 
0.006 kg/m-s 

14.5 volts 
33.0 volts 

47.8 volts 
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ty of the problem, the analysis was 
restricted to two dimensions. Two. 
specific systems were considered, 
namely: 

1. A rectangular weld pool of inf in
ite thickness, using a plate electrode, 
and 

2. A cylindrical weld pool, using a 
wire electrode. 

These systems are sketched in Fig. 2. 
In all cases, the dimensions of the 
molten slag region and of the weld 
pool were considered as given a priori, 
although in reality these represent 
"free boundaries," the exact position 
of which is a characteristic of the 
system and would have to be consid
ered. 

Calculation of the Heat and Fluid Flow 
within the System 

Having defined the geometry, the 
problem was formulated by wri t ing: 

1. Maxwell's equations, 

2. The Navier-Stokes equations, 
and 

3. The convective heat balance 
equation in two dimensions, for 
rectangular or cylindrical geometry. 

Principal Boundary Conditions 

The boundary conditions for the 
electric field equation, the fluid f low 
equation and the thermal balance 
equation have to express symmetry 
about the center line (axis of symme
try) of the system. The other boundary 
conditions that are required to com
plete the statement of the problem 
are: 

Electric Field Equation. The normal 
component of current density at the 
free slag surface is zero. For the case of 
the rectangular system, it is postulated 
that the electrode-slag, the slag-base 
metal, and the slag-metal pool inter
faces are isopotential surfaces. In case 
of the cylindrical system, the tangen

tial components of the electric field 
are considered continuous across the 
boundaries separating the two media. 
Also, the normal component of cur
rent density at the free surfaces of the 
welding plates and of the electrode is 
zero. The grounding electric potential 
is set equal to zero. 

Equation of Motion. The velocity 
components are zero at the solid 
surfaces. At the slag-metal interface, 
the shear stress, wri t ten in terms of the 
horizontal component, is continuous, 
while the vertical stress is zero. 

Thermal Energy Balance. The heat 
flux at the free slag surface and at the 
slag-metal pool interface is cont in
uous. Also, the surface of the electrode 
immersed in the slag and the weld 
interface in contact wi th the molten 
slag and molten metal is at its melting 
temperature. 

The mathematical statements of 
these conditions are given in an earlier 
paper". 
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Fig. 4—Computed streamline pattern for a cylindrical system with 
heat input of 4.3 kcal/s (18.0 fc/A) 
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Fig. 5—Computed map of the velocity vector for a rectangular 
system with heat input of 22.33 kcal/s (93.43 kl/s) 
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Fig. 6—Computed map of the velocity vector for a cylindrical system 
with heat input of 4.3 kcal/s (18.0 kl/s) 

Solution of the Modeling Equations 

The governing equations were put 
in a finite difference form and were 
then solved numerically, using the IBM 
370/178 digital computer at MIT. Typi
cally, a 30 k 65 finite difference grid 
was used and the computer time 
requirements were of the order of 300 
seconds. As a result, it was possible to 
calculate the fo l lowing: 

1. Current distribution and electro
magnetic force field in the slag and 
metal pools by solution of the appro
priate Maxwell's equations 

2. Resistance heating caused by the 
current 

3. Thermal field and the buoyancy 
force field 

4. Fluid f low field resulting from the 
buoyancy and Lorentz force fields, 
and 

5. Melt ing rate of the electrode. 

Iterations were required between 

steps 3 and 4, but no iteration was 
performed between steps 1 and 2. It is 
assumed that neither the temperature 
distribution nor the fluid f low have 
any significant effect upon the current 
distribution. 

The physical parameters and dimen
sions which were chosen as input to 
the model are given in Table 1. The 
resulting stream funct ion, velocity, 
and temperature distribution are 
shown in Figs. 3 through 8. 

Figures 3 and 4 represent the 
computed streamline patterns for a 
rectangular and a cylindrical system 
respectively. It is seen that the circula
tion patterns are generally consistent 
with those sketched in Fig. 1, except 
for the presence of secondary circula
tion loops. 

Figures 5 and 6 show the computed 
maps of the velocity vector for these 
two systems. The reader's attention is 
drawn to the difference in scale in the 
two graphs and to the fact that the 

circulation is much less intense in the 
rectangular system where flows are 
driven by buoyancy forces, than in the 
cylindrical system, where the effect of 
the electromagnetic force field is 
dominant. 

Figures 7 and 8 give the computed 
temperature distributions, where it is 
seen that the temperature gradients 
within the slag are significantly higher 
than in the metal; furthermore, a 
comparison of Figs. 7 and 8 reveals that 
the temperature field is more uniform 
in the rectangular system. 

Discussion of Results 

In spite of the many simplifying 
assumptions made, it is thought that 
the model is capable of predicting the 
flows in a real electroslag welding 
system, at least semi-quantitatively. It 
wi l l be shown subsequently that 
several important practical conclu
sions can be drawn from the analysis 
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solely on the basis of the qualitative 
behavior predicted. In fact, previous 
experience wi th modeling the electro
slag refining process suggests that the 
model is reasonably accurate, even 
quantitatively. 

The rectangular system modeled is a 
reasonably good approximation of 
electroslag welding wi th a strip elec
trode and only the shape of the metal 
pool appears to be over-idealized. As 
can be seen in Figs. 5 and 7, the 
velocity and the temperature gradients 
calculated for the metal pool are much 
smaller than those in the slag pool. 
This means that the heat f low pattern 
in the weldment is control led primari
ly by the geometry and temperature of 
the slag pool. The actual shape of the 
molten metal pool is relatively unim
portant in this particular analysis. 

One interesting result which may be 
proved analytically9 is that the electro
magnetic force field does not contrib
ute to fluid rotation in the rectangular 
system. Thus, the flows shown in Figs. 
3 and 5 result solely from thermal 
buoyancy forces, which are similar to 
those shown in Fig. 1 (a). 

The cylindrical model is somewhat 
more difficult to justify in practical 
terms. The actual shape of welds made 
with wire electrodes is more rectan
gular than circular, as described in the 
model. Nevertheless, the cylindrical 
system is of great importance in under
standing the ESW process in that it 
represents fluid f low behavior which is 
dominated by electromagnetic (Lor
entz) forces. These forces dominate 
flow in actual electroslag welds made 
with wire electrodes and as a result the 
flow behavior is expected to be quali
tatively the same. It wi l l be seen that 
the flow behavior resulting from use of 
wire electrodes may have important 
effects on the process. 

It should be noted furthermore, that 
the shape of electroslag welds made 
with "dry" (non-water cooled) shoes 
does in fact approximate a cylinder1". 

As seen in Fig. 4, in the cylindrical 
system, the Lorentz forces dominate 
flow behavior in the slag. In the metal 
pool, the thermal buoyancy and the 
shear stress transmitted from the slag 
are sufficient to counteract the Lor
entz forces and the f low rotation is 
opposite to that found in the slag. 

Comparison of Figs. 3 and 4 shows 
that the f low behavior in the metal 
pools in the two systems is qualita
tively different. These qualitative dif
ferences may result in significantly 
different slag-metal reaction kinetics 
in the two systems. 

Not only do the Lorentz forces 
dominate the slag flow in the cyl in
drical system, but they result in linear 
velocities which are larger by an order 
of magnitude. As shown in Figs. 5 and 
6, the maximum melt velocities calcu-

DISTANCE FROM CENTER LINE (cm) 
(cm) 

Fig. 7—Computed isotherms for a rectan
gular system with heat input of 22.33 kcal/s 
(93.43 kl/s) 

lated in the cylindrical system are of 
the order of 40 cm/s (16 in./s) 
compared to 4 cm/s (1.6 in./s) in the 
rectangular system. This value corre
sponds reasonably well to maximum 
downward velocities at the electrode 
tip of 50-100 cm/s (20-40 in./s) as 
measured by Patchett and Milner1 on 
aluminum alloys. Considering the dif
ferences in the physical property 
values and in the geometry, the 
present model provides quite satisfac
tory agreement with measurements 
and is much more quantitative than 
previous studies. 

Patchett and Milner further ana
lyzed their slags and found areas 
which were rich in either aluminum or 
copper3. These differences in slag 
composit ion may be due to the several 
recirculating loops as shown in Figs. 3 
and 4. These loops create regions 

RADIAL DISTANCE (cm) 

Fig. 8—Computed isotherms for a cylindrical 
system with heat input of 4.3 kcal/s (18.0 
kl/s) 

within the slag which may or may not 
react wi th the weld metal depending 
upon whether or not contact is estab
lished. 

As noted previously, the linear ve
locities in the molten metal pool are 
much smaller than those in the slag, 
and their effect on the circulation in 
the slag is negligible. Furthermore, 
analysis shows that the fluid f low field 
in both the slag and the metal phases 
is definitely laminar in the rectangular 
system. However, the slag velocities in 
the electromagnetically driven cyl in
drical system lie wi th in the turbulent-
laminar transition region. This may 
explain the sensitivity of wire ESW 
systems to small changes in operating 
parameters. Strip electrode systems 
should be more stable. 

It is known that in ESW, most of the 
heat is generated wi th in the slag due 

Table 2—Computed Quantities for both the Rectangular and the Cylindrical System 

Quantities computed 

loule heating in slag"" (kcal/s) 
Electrode melting rate (kg/s) 
Electrode melting velocity (m/h) 
Maximum linear velocity in slag pool 

(m/s) 
Maximum linear velocity in metal 

pool (m/s) 
Total current through the system 

(amperes) 

Rectangu 

4.3 
1.029 x 10 -'-

14.30 

0.02 

0.015 

1240 

ar system 

22.33 
5.087 X 10-2 

70.67 

0.04 

0.02 

2830 

Cylindrical 
system 

4.3 • 
7.917 X 10" 

560.16 

0.40 

0.06 

376 

' " A heat of 22.33 kcal/s (93.43 k j /s ) in the rectangular system is comparab le to a heal input of 4.3 kcal /s (18.0 k j /s) in the 
cyl indrical system on a per unit vo lume of slag basis. 
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to the higher local current density and 
greater electrical resistivity. As shown 
in Figs. 7 and 8, this results in slag 
temperatures which are several 
hundred degrees higher than the weld 
metal temperature. These higher tem
peratures in the slag result in higher 
heat fluxes from the slag to the base 
metal than from the weld metal to the 

base metal. It fol lows that if heat f low 
in ESW is to be control led, it is neces
sary to control the slag behavior. For 
instance, the recirculating fluid f low 
loop directly beneath the electrode 
tip, as shown in Fig. 4, gives rise to an 
extremely high local temperature in 
the slag. As most of the drops from the 
molten electrode must travel through 

Table 3—Thermal Energy Balance for both the Rectangular and Cylindrical System 

Heat input/output 

Joule heating in slag 
Heat flow from slag to welding plates 
Heat flow from slag to metal pool by 

convection 
Heat flow from slag to metal pool 

due to moving droplets 
Heat radiated from free slag surface 
Heat used for melting electrode 
Heat used to preheat the electrode 

Rectangular system 
( two heat levels) 

kcal/s % kcal/s 

22.33 100 4.3 
5.2640 23.57 0.9768 

% 

100 
22.72 

Cylindrical 
system 

kcal/s % 

4.3 100 
1.710 39.77 

1.9490 8.73 0.6679 10.8 

2.2892 10.25 
0.5294 2.37 
3.3066 14.81 
8.9918 40.27 

0.1717 
0.1949 
0.6688 
1.8189 

3.99 
4.53 

15.55 
42.33 

0.5294 12.31 

0.0963 2.24 
0.0503 1.18 
0.5146 11.96 
1.3994 32.54 

this region, the temperature distribu
t ion here is critical in control l ing the 
weld metal chemistry.' 

Given the temperature distribution 
in the slag, it is possible to compute 
the local heat flux to the base metal as 
a function of distance from the top 
slag surface. This is shown in Fig. 9 for 
both systems and, as can be seen, 
there is a significant difference be
tween the rectangular and the cyl in
drical systems. The heat flux in the 
cylindrical system is highly nonuni
form with a very high value very near 
the slag metal interface. 

In practice, such a high heat flux 
would cause melting of the base 
metal, resulting in high weld metal 
di lut ion and sharp undercutting of the 
base metal. This is an experimental 
fact.1 The conclusion from the model 
is that a strip electrode system at the 
lower input (curve (C) of Fig. 9) would 
reduce both di lut ion and undercut 
w i th subsequent reduction in both 
heat input, and possibility of defects, 
wi th an increase in weld travel speed. 
Such an effect is remarkable. Aside 
from the paucity of work on ESW with 
strip electrodes, there are several 
reasons why such effects may not have 
been noted in previous tests. For the 
effects noted in this model to be 
apparent, the fol lowing conditions 
would have to be observed: 

1. The strip electrode should be as 
wide as the joint being welded. 

2. The flux conductivity should be 
lower than typically used wi th wire 
electrodes. 

3. The strip should be centered in 
the joint. 

4. The strip should be straight. Any 
warping or bulking may give rise to 
unbalanced Lorentz forces. 

5. The electrical ground connec
tions on the plate should be symmetric 
wi th the weld joint. 

Finally, the calculated quantities 
shown in Table 2 were used in 
performing a heat balance as shown in 
Table 3. It should be noted that, for 
equal heat inputs, the strip electrode 
system has a melting rate 30% greater 
than the wire system. This is due to the 
more efficient use of heat in the 
rectangular model, since 70% more 
heat is used in heating the base metal 
when a wire electrode is used. 

Conclusions 

A mathematical model of heat and 
fluid f low behavior in electroslag 
welding with both wire and strip elec
trodes has shown significant qualita
tive differences between the two 
systems. On the basis of the analysis, it 
is possible to conclude the fo l lowing: 

1. When using wire electrodes, fluid 
f low behavior is controlled by electro-
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magnetic forces. 
2. These electromagnetically driven 

flows produce velocities in the slag on 
the order of 40 cm/s (16 in./s) which is 
within the turbulent-laminar transition 
region for typical geometries. 

3. When using strip electrodes wi th 
widths equal to the weld thickness, 
the electromagnetic forces do not 
result in f low, and fluid motion is 
caused solely by thermal buoyancy 
forces. 

4. These thermally driven flows pro
duce slag velocities on the order of 2 
to 4 cm/s (0.79 to 1.6 in./s). 

5. The circulation wi th in the metal 
pool is much less intense than in the 
slag pools and the flows are laminar 
with either type of electrode. 

6. The predicted flow behavior has 
several recirculating loops which may 
lead to regions in the slag of either 
excess temperature or altered chem
ical reactivity. 

7. The forces in the two systems 
predict qualitatively different f low 
behavior at the slag-molten metal 
interface. This may have an important 
effect on the slag-metal reaction kinet
ics. 

8. Slag pool temperatures are sev
eral hundred degrees higher than 
metal pool temperatures and are 
nonuniform. 

9. The majority of the heat is gener
ated in the slag. Heat in excess of that 
necessary to preheat and melt the 
electrode is primarily consumed in 
preheating and melting the base plate. 
In the cylindrical system, this may be 
as high as 40% of the total heat used. 

10. The heat flux to the base metal 
from the slag is very nonuniform when 
using wire electrodes. 

11. Electrode melting is more effi
cient when using strip electrodes. 
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