
Introduction

Since Rosenthal’s time, many re-
searchers have worked to study the phe-
nomenon of heat flow in welding. It is now
well established that the heat flow simula-
tion is greatly influenced by the heat
source model used in both numerical and
mathematical simulations. The primary
objective of heat source modeling is to
mathematically represent the true source
of heat, that is, the welding arc. It is found
that the researchers have considered the
weld pool as the primary source of heat
and heat from there dissipates through
conduction, convection, and radiation.

Therefore, in the current study, a volu-
metric heat source was considered. Vari-
ous heat source models were proposed by
several researchers (Refs. 1–10). How-
ever, what remains extremely important is

to ascertain the parametric dimensions of
the heat source model. Any change in
these dimensions cause a significant
change in the resulting thermal profile.
Further, these heat source models as well
as the respective parametric dimensions
are different for different welding meth-
ods. Literature review revealed that these
dimensions were chosen for each and
every particular case of simulation with a
given welding situation.

Hence, there is definitely a lack of gen-
eralized solutions to this aspect of defin-
ing these dimensions of heat source mod-
els. Therefore, this aspect was considered
in this investigation to develop a general-

ized formulation of the heat source model
of submerged arc welding (SAW). In the
present work, a double-ellipsoidal heat
source model was considered. The regres-
sion models were established through ex-
tensive experimentations and measuring
relevant parameters of the weld pools.

Ellipsoidal and Double-
Ellipsoidal Power Density
Distribution

The Gaussian distribution of heat
source in an ellipsoid with the center lo-
cated at (0, 0, 0) and semiaxes a, b, c par-
allel to X, Y, Z can be written as follows.

q(x, y, z, t) = q0e−A[x + v(τ − t)]2 e−By2 e−Cz2 (1)

where v, τ, t, and q0 are the welding speed,
a lag factor to define the position of the
torch, time, and maximum value of power
density at the center of the ellipsoid, re-
spectively. The conservation of energy re-
quires that (Ref. 2) the following be 
satisfied.

2Q = 2ηVI = 8∫0∞∫0∞∫0∞ q0e−A[x + v(τ − t)]2

e−By2 e−Cz2 dx.dy.dz (2)

where Q, η, V, and I are the heat intensity,
arc efficiency (0 ≤ η ≤ 1 ), arc voltage in V,
and welding current in A, respectively.
Applying the values of the Gaussian inte-
grals in Equation 2 and solving the follow-
ing relationships are obtained.

The semiaxes of the ellipsoid a, b, and

2 = (3)0Q
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ABSTRACT

A lack of generalized solutions to the heat source model with submerged arc
welding of low-carbon, mild steel plates led to this investigation. A double-ellip-
soidal heat source model was considered. Through extensive experimentation and
measuring relevant parameters of the weld pools, regression equations were es-
tablished. The increased heat flow caused by turbulence of the molten metal due
to various driving forces such as buoyancy, plus Lorentz and Marangoni, was cap-
tured in the simulation by increasing the thermal conductivity of the liquid metal.
It was found that a higher value of thermal conductivity provides a better corre-
lation with the experimentally measured shapes of the weld pool. The regression
equations developed in this work and used for determining the double-ellipsoidal
heat source parameters, along with the increased thermal conductivity of the
molten weld metal, are found to provide a realistic picture of heat flow for sub-
merged arc welding of plates with thicknesses ranging from 6 to 16 mm.
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c in the directions X, Y, and Z are defined
in such a way that the power density falls
to 0.05 q0 at the surface of the ellipsoid.
The constants A, B, and C can be evalu-
ated as below. In X direction at distance
‘a,’ the power density becomes as follows.

q(a,0,0) = q0e−Aa2 = 0.05q0 (5)

Hence,

Likewise,

Substituting A, B, and C from Equa-
tions 6 to 8 and q0 from Equation 4 into
Equation 2, the following relationship is
obtained.

Later, Goldak et al. (Ref. 2) found that
the temperature gradient ahead of the
heat source is not as steep as expected and
the gentler gradient at the trailing edge of
the molten pool is steeper than the exper-
imental experience. To overcome this lim-
itation, they introduced a double-ellip-
soidal heat source model where two
ellipsoidal sources are combined as shown
in Fig. 1. The front half of the source is the
quadrant of one ellipsoidal source, and
the rear half is the quadrant of another el-
lipsoid. Since a moving coordinate system
was used, the power density distribution
inside the front quadrant (f) and rear
quadrant (r) for moving a heat source
model in the Cartesian coordinate system
is given by the following relationship.

The factors ff and fr account for the
quantum of heat in the front and rear
quadrants, respectively, and they are re-
lated to each other as shown by the fol-
lowing equation.

ff + fr = 2 (11)

The variables af, ar, b, and c are the di-
mensions of the two ellipsoids as shown in
Fig. 1.

Heat Source Model Considered
in the Present Analysis

In the current study, a double-ellip-
soidal heat source model was used for heat
generation in the weld pool. The arc effi-
ciency, �, was considered as 0.9 (Refs. 3,
11). Figure 1 depicts the distribution of
volumetric heat density over a double-
ellipsoidal space.

The cross section of a realistic weld pool
shows a finger or deeper penetrated section
as shown in Fig. 2. This is because of the un-
even distribution of the heat from the arc on
the surface of the plate. The hot arc core
forms a deeper or finger-like formation

(Ref. 9). A combination of vertical and hor-
izontal ellipsoids as shown in Fig. 2 was con-
sidered to model this type of weld pool for-
mation. The heat content in the vertical and
horizontal ellipsoid is Qv and Qh, respec-
tively. Hence, the total heat (Q) is repre-
sented as follows.

Q = Qv + Qh (12)

The heat content Qv and Qh in the ver-
tical and horizontal ellipsoids were calcu-
lated on the assumption that the total heat
is distributed in the ratio of their volume
to the total volume.

where Hvol, Vvol, Tvol are the volume of the
horizontal ellipsoid, volume of the vertical
ellipsoid, and total volume, respectively.

In Fig. 3, the weld bead or portion (A),
horizontal penetration depth or portion
(B), and finger formation or portion (C)
were considered as separate ellipsoids. El-
lipsoids A and B contribute to the heat
content of the horizontal portion, and el-
lipsoid C will contribute to the heat con-
tent of the vertical portion. The overlap
portion is also considered as the heat con-
tent of the horizontal portion. The ellip-
soids A and B were jointly taken as one el-
lipsoid, having a semi minor axis of (Bh +

A
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Fig. 1 — Heat distribution over a double- ellip-
soidal space.

Fig. 2 — A typical weld pool showing the vertical and horizontal ellipsoids.
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Hp) and a semi major axis of 2 Hw. The
semi major axis of ellipsoid C was consid-
ered as (Bh + Vp). The center of this com-
bined ellipsoid (A + B) and ellipsoid C
was shifted accordingly along the Y axis.
For Bh + Hp > (Bh + Vp)/2 and a small
portion (< 2 mm) of the overlap between
the bottom half ellipsoid with the hori-
zontal ellipsoid, the overlap portion was
deducted from the horizontal ellipsoid
and considered in the bottom vertical el-
lipsoid portion for simplification.

The volume of the combined horizon-
tal, top, and bottom vertical ellipsoid por-
tions are denoted as Hvol, Vtop_vol, and
Vbott_vol, respectively. Hvol and Vtop_vol
contribute to the heat content of the hori-
zontal ellipsoid, while Vbott_vol contributes
to the heat content of the vertical ellip-
soid, and the heat fraction for the vertical
ellipsoid is applied in such a fashion that
the bottom half portion of it is only heated.
The fraction of heat content in the hori-
zontal and vertical ellipsoid can be repre-
sented by the following relationship.

Experimental Procedure

Submerged arc welding was carried out
using a 1200-A constant potential power

source and Ador Frontech welding trac-
tor. The setup for the experiments is
shown in Fig. 4. Copper-coated electrode
(AWS EH-14, Grade C) of 4-mm diame-
ter and basic fluoride-type granular flux
was used. The welding parameters were
chosen after completion of several trial ex-
perimental runs, so that acceptable weld
bead without any noticeable defects like
undercutting, porosity, and cracks can be
obtained.

A total of 28 bead-on-plate welds were
completed to obtain required test data for
the development of the mathematical
model. The length and width of the mild
steel plates used in the experiments were
300 and 200 mm, respectively. The plate
thicknesses used in the experiments were
6, 8, 10, 12, and 16 mm. The electrode was
kept positive and set perpendicular to the
plate. The temperature at the top and bot-
tom surface was measured by thermocou-
ples. Two thermocouples were inserted
approximately 2 mm below the top and

bottom surface of the plate at a distance of
25 mm from the weld interface.

Measurements of Ellipsoid
Parameters

The weld samples were cut and pre-
pared for macrostructure study by polish-
ing and etching with a 2% Nital solution.
The depth of penetration, bead width, and
bead height were measured from the pol-
ished and etched cross section of the weld
bead. The penetration depth and bead
width are the respective dimensions of the
vertical ellipsoid depth (Vp) and width
(Hw) of the horizontal ellipsoid as shown
in Fig. 3. However, a manual tracing
method was used on the etched shape of
the fusion zone as shown in Fig. 5 to de-
termine the width of the vertical ellipsoid
(Vw) and depth of horizontal ellipsoid
(Hp). The curvatures of the various ellip-
soids in the polished and etched sections
were extended on the basis of assumption
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Fig. 3 — Assumption of the realistic weld pool shape. Fig. 4 — Submerged arc welding setup.

Fig. 5 — A typical weld pool showing the vertical and horizontal ellipsoids.
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to obtain the ellipsoid parameters. The
length of the forward and rear ellipsoid
was found from the end crater geometry as
shown in Fig. 6. The parameters chosen in
the welding runs are shown in Table 1.

Probable Errors during
Measurements

Only the vertical ellipsoid depth (VP)
and horizontal ellipsoid width (HW) can
be obtained correctly from the polished
and etched cross sections of the weld bead.

The accuracy of other
parameters depends on
the accuracy of the
manual tracing. Like-
wise, the variation of
the length between the
forward and rear ellip-
soid depends on the lo-
cation of the center of
the particular ellipsoid
and overall length 
consideration.

Multiple Linear
Regression
Analysis

Multiple linear regression analysis was
conducted using a commercially available
software, MINITAB (Ref. 18), to deter-
mine the relationship between the de-
pendent variables — width and depth of
penetration for vertical and horizontal el-
lipsoids, length of rear and front ellip-
soids, and bead height — plus the inde-
pendent variables of heat input per unit
length, plate thickness, and electrode ex-
tension. The dependent variables are also

known as response variables, and the in-
dependent variables are also called pre-
dictor variables or regressors. The result-
ant regression models for the ellipsoid
parameters are presented as below.

af = 15.0 − 0.009 × L − 0.463 × P
+ 0.00261 × H (17)

ar = −14.5 + 1.16 × L + 1.48 × P
+ 0.00757 × H (18)

Bh = 4.80 − 0.0507 × L − 0.0225 × P
+ 0.000356 × H (19)

Vw = 2.32 + 0.0547 × L + 0.0733 × P
+ 0.000542 × H (20)

Vp = 0.542 − 0.0002 × L + 0.262 × P
+ 0.00109 × H (21)

Hw = 3.62 + 0.114 × L − 0.193 × P
+ 0.00147 × H (22)

Hp = −0.786 − 0.0159 × L + 0.254 × P
+ 0.000406 × H (23)

Where af = length of forward ellipsoid,
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Table 1 — Welding Process Variables and Heat Source Parameters Obtained from Experiments

Welding Parameters Heat Source Parameters (mm)

Exp. Plate Extension Current Voltage Speed af ar Vertical Horizontal Avg.
No. Thickness (mm) (A) (V) (m/min) Ellipsoid Ellipsoid Bead

(mm) Height
Avg.   Avg.  Avg.  Avg. (mm)
Half D Half D
W W

1 6 25 560 25 0.425 20 40 4.86 4.3 8.5 1.15 3.6
2 19 45
3 22 41
4 8 25 560 25 0.425 15 42 5.5 4.9 7.6 1.65 3.8
5 8 28 575 25 0.425 15 45 5.7 5.1 8.03 1.62 3.83
6 15 47
7 14 46
8 10 25 560 25 0.425 13 41 5.98 5.8 7.05 2.23 4.4
9 12 36
10 10 35 655 33 0.375 18 69 6.6 6 11.18 2.4 4
11 19 62
12 17 72
13 21 70
14 10 35 665 34 0.75 12 50 5.9 5.2 8 2.1 3
15 12 25 560 25 0.425 13 43 6.2 5 7.3 2 4
16 15 45 5.5 6 7 4 4.5
17 12 35 685 34 0.375 18 70 7.5 7.87 11.13 2.47 4.1
18 22 70
19 22 71
20 12 35 685 32 0.5 17 62 6.5 7.2 9.55 2.75 4
21 17 62 6.4 7.3 8.1 5.0 4
22 12 35 690 33 0.75 12 56 6 6.9 7 2.6 3.6
23 16 25 560 25 0.425 14 48 5 5.8 7.65 2.35 3.5
24 16 30 800 37 0.3 26 86 8.3 11 12.3 5.52 5
25 20 90
26 20 90
27 16 30 800 37 0.8 15 66 6.5 6.7 7 4.1 3.5
28 15 75 6.35 7 7.3 3.45 3.5

Fig. 6 — Length measurement of the forward and rear ellipsoid from crater
geometry.
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mm; ar = length of rear ellipsoid, mm; L
= length of electrode extension, mm; P =
plate thickness, mm; H = heat input per
unit length, J/mm; Bh = weld bead height,
mm; Vw = vertical ellipsoid half width,
mm; Vp = vertical ellipsoid penetration
depth, mm; Hw = horizontal ellipsoid half
width, mm; and Hp = horizontal ellipsoid
penetration depth, mm.

All the models above describe a plane
in the three-dimensional L, P, and H
space. The constant parameter in each re-
gression model defines the intercept of the
plane. From the above relationships, the
values of various dependent variables
were predicted for a set of values of the
welding process parameters. Analyses of
variance for various heat source parame-
ters are shown in Table 2.

In Table 2, DF, SS, and MS represent

degrees of freedom, sum of squares, and
mean squares associated with various
sources, respectively. F is a test statistic
and P value reflects a very small probabil-
ity of happening just by chance. The P
value in the analysis of variance table
shows that the model estimated by the re-
gression procedure is highly statistically
significant at α level of 0.05 where α is the
predetermined significance level. This in-
dicates that at least one coefficient in each
model is different from zero and the null
hypothesis is rejected. If the P value is less
than 0.01, the results are considered as
highly statistically significant. In this case,
the P values for the estimated coefficients
of all the independent variables are near
zero, indicating that they are significantly
related to the respected dependent 
variables. This suggests that these models

with all the independent variables are 
appropriate.

The R2 value for af indicates that there
is 60.3% variability of the length for for-
ward ellipsoid (response data) around its
mean. The adjusted R2 is 55.3%, which ac-
counts for the number of predictors in the
model. Likewise, the R2 and adjusted R2

values for other dependent variables can
be determined from the table. It can be
found that, except for af, R2 and adjusted
R2 values for other dependent variables
are on the higher side. This indicates that
almost all the models fit the test data well.
However, the R2 value for af is 60.3%,
which is considered low. It is anticipated
that the reason for this is the error in esti-
mating the center of the ellipsoids from
the end crater shapes in the test speci-
mens. The various ellipsoidal parameters
obtained from multiple regression analy-
sis and experimental measurements are
compared in Fig. 7. The experiment num-
bers in the X axis represent the corre-
sponding experiment numbers of Table 1,
and MRA represents multiple regression
analysis.

Development of Finite Element
Model

A 3D finite element (FE) model was
developed to simulate the weld pool shape
in bead-on-plate SAW using ANSYS®
(Ref. 17), a commercially available gen-
eral-purpose FE code. The Newton-
Raphson iterative solution technique with
a direct sparse matrix solver was used in
the solution process. The line search op-
tion was implemented to facilitate the con-
vergence in the solution process. The gov-
erning differential equation for heat
conduction in a homogeneous, isotropic
solid without any heat generation in the
rectangular coordinate system (X, Y, Z)
can be expressed as given in Equation 24.

where ρ(kg/m3) is the density; c (J/kg°C) is
specific heat capacity; T (°C) is tempera-
ture; t(s) is time; and kx, ky, and kz
(W.m–1°C) are the thermal conductivities
in X, Y, and Z directions, respectively.
The same values of temperature-depen-
dent thermal conductivities in various di-
rections were considered.

Scaled models as well as full-scale
models were considered to study the be-
havior of the heat source model. The
scaled model consisting of a length and
width of 120 and 180 mm, respectively,
were considered to reduce the solution
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Table 2 — ANOVA for Heat Source Parameters

Analysis of variance for af: (R2 = 60.3%, R2 (adj) = 55.3%)

Source DF SS MS F P
Regression 3 215.821 71.94 12.16 4.8897E-05
Residual Error 24 142.036 5.918
Total 27 357.857

Analysis of variance for ar: (R2 = 92.4%, R2 (adj) = 91.4%)

Source DF SS MS F P
Regression 3 6420.1 2140.0 97.14 1.46319E-13
Residual Error 24 528.7 22
Total 27 6948.9

Analysis of variance for Bh: (R2 = 75.5%, R2 (adj) = 72.4%)

Source DF SS MS F P
Regression 3 4.2292 1.4097 24.65 1.65969E-07
Residual Error 24 1.3725 0.0572
Total 27 5.6017

Analysis of variance for Vw: (R2 = 89.7%, R2 (adj) = 88.4%)

Source DF SS MS F P
Regression 3 24.6447 8.2149 69.77 5.38168E-12
Residual Error 24 2.8258 0.1177
Total 27 27.4705

Analysis of variance for Vp: (R2 = 91.9%, R2 (adj) = 90.9%)

Source DF SS MS F P
Regression 3 103.970 34.657 91.22 2.92647E-13
Residual Error 24 9.118 0.380
Total 27 113.088

Analysis of variance for Hw: (R2 = 93.7%, R2 (adj) = 93%)
Source DF SS MS F P
Regression 3 93.804 31.268 119.67 1.43326E-14
Residual Error 24 6.271 0.261
Total 27 100.075

Analysis of variance for Hp: (R2 = 75.9%, R2 (adj) = 72.8%)
Source DF SS MS F P
Regression 3 35.755 11.918 25.13 1.39601E-07
Residual Error 24 11.382 0.474
Total 27 47.138
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time. A FE model was developed for the
specimen made of 12-mm-thick plate.
SOLID 70 element was used. Each node
of this element has a single degree of free-
dom for temperature. Three different sets
of welding process and double-ellipsoid
parameters were considered (Table 3) to
validate the FE model.

These double-ellipsoid parameters
were obtained from the respective regres-
sion equations (Equations 17–23). A mesh
convergence study based on maximum
temperature attained was conducted, and
this mesh study resulted in an optimum
number of elements along the plate thick-
ness and in the welding direction at 12 and
70, respectively, near the welding zone. A
high temperature gradient in and around
the weld zone was anticipated and, hence,
a relatively finer mesh was used in this
zone that was extended up to a distance of
25 mm on both sides of the weld center-
line. A coarser mesh was used away from

this zone to optimize the solution process
time. The total number of nodes and ele-
ments in set 1 are 56306 and 57355, re-
spectively; in set 2, 56027 and 57170, re-
spectively; and in set 3, 55380 and 56872,
respectively. The geometry and mesh are
shown in Fig. 8.

An element birth and death method
was implemented to simulate the filler
metal deposition. All the weld bead ele-
ments were generated with the other
model elements. Then the weld bead ele-
ments were killed (deactivated). These
elements were then made alive (acti-
vated) just prior to arrival of the welding
torch. Precalculated volumetric heat flux
was assigned to the specified selected el-
ements to simulate the welding torch
movement with constant welding speed.
An APDL subroutine was written keep-
ing the origin of the coordinate system at
the center of the welding arc to calculate
the centroidal distance of the selected el-

ements from the instantaneous welding
arc position. These calculated distances
were checked every time with the double-
ellipsoidal parameters, and accordingly,
those elements were activated and volu-
metric heat was implemented whose cen-
troidal distances were within the range of
double-ellipsoidal parameters. The heat
was applied as a combination of two el-
lipsoids as shown in Fig. 3, and the heat
fraction was calculated as shown in Equa-
tions 15 and 16. Both radiation and sur-
face convection were considered in the
thermal analysis for realistic modeling of
heat loss from the surface. Instead of con-
sidering convection and radiation sepa-
rately, a combined heat transfer coeffi-
cient (Ref. 2) as shown in Equation 25
was used.

hc = 24.1 × 10–4 × ∈ × T1.61 (25)

where hc, ∈, and T represent combined
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heat transfer coefficient, plate surface
emissivity (0.6 and 0.85), and instanta-
neous body temperature (°C), respec-
tively. The calculated combined heat
transfer coefficient was applied on the
areas exposed to the ambient tempera-
ture. The ambient temperature of 30°C
was considered as the initial condition. All

the nodes of the deactivated elements, ex-
cept those shared with the base metal,
were also fixed at ambient temperature till
the birth of the respective elements. The
granular fusible flux material on the top
surface of the weld bead and contact ma-
terial (on which the plate sample was kept)
were not considered in the FE model. As

a result, the heat consumed to burn and
melt the granular flux, and the heat loss
due to conduction through the contact
material, was neglected.

Material Model

Low-carbon, mild steel plate was used
in the investigation. The temperature-
dependent thermal properties used in the
analysis are shown in Fig. 9 (Ref. 12). The
thermal properties of the base and filler
metal were considered identical.

Thermal conductivity of low-carbon
steel at its liquidus temperature is about
31.3 W/m °C (Ref. 13). It was found that in
welding simulation, considering this low
value of thermal conductivity at a liquidus
temperature leads to a high value of tem-
perature at the molten pool and at the same
time, it underpredicts the temperature away
from the molten pool. The predicted weld
pool size also increases. It is well known that
the molten metal undergoes a convective
motion causing turbulence due to various
driving forces such as buoyancy, plus
Lorentz and Marangoni, in the weld pool.
These forces cause increased heat flow from
the molten pool. This phenomenon can be
captured in the FE simulation by increasing
the thermal conductivity of the liquid metal.
A higher thermal conductivity of 259.3 W/m
°C of the liquid metal was found to success-
fully capture the effect of increased heat
flow due to the turbulence in the molten
pool (Ref. 14). In the present FE analysis, it
was assumed that the density of the mate-
rial (ρ = 7850 kg/m3) is not affected by the
thermal expansion. The melting tempera-
ture of the material was taken as 1495°C
(Refs. 15, 16).

FE Results

FE-based numerical simulation of
SAW was carried out considering three
different thermal conductivity values of
the weld pool metal. These are 31.3, 259.3,
and 300 W/m °C at liquidus temperature
with the penetration depth and weld pool
length as obtained from regression equa-
tions. The parameters used and results ob-
tained are shown in Table 4.

The objective was to study the changes
in weld-pool shape and heat flow charac-
teristics due to variation in thermal con-
ductivity of the liquid weld metal. Con-
ductivity value, as high as 300 W/m °C, was
considered to study the effect of higher
conductivity on heat flow and weld pool
shape. Total CPU time taken for each
thermal analysis was approximately 90
min on an Intel® CoreTM, i7-3770 @ 3.4
GHz PC with 32 GB RAM.

The weld pool penetration depths and
lengths obtained from the FE-based nu-
merical analysis (NA) were compared
with the respective average experimental
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Table 3 — Welding Process Variables and Double-Ellipsoid Heat Source Parameters

Welding and Double-Ellipsoid Set 1 Set 2 Set 3
Heat Source Parameters

v (m/min) 0.375 0.5 0.425
I (A) 685 685 560
V (V) 34 32 25
η(%) 90.0 90.0 90.0

af (mm) 18.85 15.99 14.38
ar (mm) 72.07 63.77 47.22
Bh (mm) 4.11 3.71 4.02
Vh (mm) 7.13 6.54 5.64
Vp (mm) 7.74 6.55 5.84
Hw (mm) 10.77 9.19 7.01
Hp (mm) 3.22 2.77 2.67

ƒƒ 0.42 0.4 0.47
ƒr 1.58 1.6 1.53

Qv (%) 38.6 37.3 36.2
Qh (%) 61.4 62.7 63.8

Fig. 8 — Geometry of the reduced model and meshing scheme.

Fig. 9 — Temperature-dependent thermal conductivity and specific heat.
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values (AV) and those obtained from re-
gression analysis (RA). From Table 4, it
can be observed that an increase in ther-
mal conductivity leads to reduction in the
weld pool temperature as well as weld
pool length. It implies that with an in-
crease in thermal conductivity of the
molten metal at the weld pool, a greater
amount of heat was conducted from the
weld pool region to the surrounding
plates, and as a result the weld pool length
reduces and so does the maximum tem-
perature attained.

However, one may observe that though
the weld pool length was reduced, it did
not have much effect on the weld pool
depth (penetration depth). This indicates
higher conduction near the weld pool sur-
face, possibly because of higher turbu-
lence for the molten metal at the surface,
whereas there’s a negligible effect of in-
creased conduction on the penetration
depth. The percentage differences be-
tween the weld pool dimensions obtained
from regression analysis and numerical
analysis are shown in Table 5. It can be ob-
served that for penetration depth, the vari-
ation between numerical results and test
data is about 22.5%; however, the varia-
tion in weld pool length is only 3.8% for
set 1. However, the same obtained from

regression equations are 0.09%. It can
also be observed that a higher thermal
conductivity value resulted in a better cor-
relation between the experimentally
measured and numerically obtained pool
lengths.

In Fig. 10, the shapes of the weld pools
obtained from numerical analysis are
compared with the shapes obtained from
experimental work. Every set of welding is
presented in each column of the figure
where A, B, and C are the cases with melt-
ing point conductivity values of 31.3,
259.3, and 300 W/m °C, respectively. As it
was found that the penetration depth does
not vary much with the thermal conduc-
tivity at melting temperature, the weld
pool cross sections in Fig. 10 are shown for
a single liquidus conductivity value of
259.3 W/m °C. From Fig. 10, one can ob-
serve that a higher value of conductivity at
the melting temperature results in a near
realistic weld pool shape.

Figure 11 shows the comparison of ex-
perimental and various numerical temper-
ature history of the plate from 25 mm away
from the weld interface at top and bottom
surfaces. The T1 (SIM), T2 (SIM), and T3
(SIM) in the same figure shows the tem-
perature profiles for liquid conductivity
values of 31.3, 259.3, and 300 W/m °C, re-

spectively, for set 1. Two full-size models
(same as used in the experiments) were
considered for the analysis considering
two different emissivity values (0.6 and
0.85). The liquid conductivity value was
considered as 259.3 W/m in these two
cases. The T4 (SIM) and T5 (SIM) in Fig.
10 depict the temperature profiles for
these two models. The T4 (SIM) is the
temperature profile considering emissiv-
ity 0.6, whereas T5 (SIM) is for emissivity
0.85.

From thermocouple measurements, it
was found that the maximum tempera-
tures reached at the top and bottom sur-
faces of the mentioned position were 443°
and 404°C, respectively. However, in the
numerically based FE simulation of small
models, considering emissivity 0.6 and liq-
uidus conductivity of 31.3 W/m °C, the
maximum temperatures at both the top
and bottom surfaces were found to be sim-
ilar value at about 443°C. Considering the
other liquidus conductivity values, both
the top and bottom surface maximum
temperature was obtained as 444°C. It can
be found from Fig. 11 the maximum tem-
perature of 449°C, which is similar to the
experimental temperature (443°C), was
obtained with emissivity 0.85 for a full-size
model. However, for the scaled model, the
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Table 4 — Weld Pool Dimensions for Different Values of Thermal Conductivity

Welding Thermal Conductivity Maximum Weld Pool
Set No. of Molten Weld Pool Penetration Depth Length

Weld Metal Temperature (Vp) (mm) (af + ar) (mm)
(W/m°C) from NA (°C) AV RA NA AV RA NA

Set 1 31.3 2629 6.8 118
259.3 2591 7.87 7.74 6.3 91 90.92 97.5
300 2587 6.1 94.5

Set 2 31.3 2588 7.25 6.55 5.3 79 79.76 105.3
259.3 2556 5.2 87.4
300 2550 5.1 85.4

Set 3 31.3 2514 5.5 5.84 4.1 58 61.6 78.9
259.3 2483 4.0 63.4
300 2455 3.9 61.7

Table 5 — Variations in Weld Pool Dimensions Obtained from Regression and Numerical Analyses

Thermal Weld Pool
Conductivity Penetration Depth (Vp) (mm) Length (af + ar) (mm)

(W/m°C)
AV RA % Variation NA % Variation AV RA % Variation NA % Variation of

of RA of NA of RA NA
31.3 7.87 7.74 1.65 6.8 13.60 91 90.92 0.09 118.0 –29.67
259.3 6.3 19.95 97.5 –7.14
300 6.1 22.49 94.5 –3.85
31.3 7.25 6.55 9.65 5.3 26.90 79 79.76 –0.96 105.3 –33.29
259.3 5.2 28.30 87.4 –10.63
300 5.1 29.66 85.4 –8.10
31.3 5.5 5.84 –6.1 4.1 25.45 58 61.6 –6.21 78.9 –36.03
259.3 4.0 27.30 63.42 –9.4
300 3.9 29.10 61.71 –6.4
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maximum temperature obtained was
443°C with emissivity 0.6. For the full-
size model, the maximum temperature ob-
tained was 466°C with the same emissivity
of 0.6. This may have resulted due to 
the fact that with same emissivity and
same heat input, an increase in surface
area leads to lesser heat loss per unit 
area, thereby resulting in increased 
temperature.

From Fig. 11, it is also obvious that the
behavior of the thermal profiles corre-
sponding to different thermal conductivity
values of the molten metal is similar. It

may also be noted from Fig. 11 that though
the cooling rate of the bottom surface is
the same as that of the numerical simula-
tion, the cooling rate is higher at the top
surface. This is due to the presence of the
granular fusible flux at the top surface.
The granular flux gets fused after taking
the thermal energy from the weld pool and
increases the cooling rate at the top sur-
face. It can also be found that in the ex-
periment, the maximum top surface tem-
perature is 39°C higher than that at the
bottom surface, whereas in the numerical
simulations, temperature at both surfaces

are similar. This difference between tests
and numerical models occurred because
in numerical simulation, no contact sur-
face was considered. As a result, no heat
loss occurred due to conduction between
the welded plate and contact material.

Also, from Fig. 11, it can be found that
though the maximum temperature
reached at the bottom surface of the plate
in the experiment was lower than that of
the FE model, the rate of cooling was the
same. This may be due to the fact that the
test plate specimens and welding table
(contact material) have similar thermal
properties and hence, the thermal ex-
change between them occurs at a similar
or same rate.

Conclusions

The following conclusions are made
based on the tests and FE (numerical)
analysis completed under the scope of this
study.

• The regression relationships devel-
oped in this study can be gainfully used to
determine the double-ellipsoidal heat
source parameters for submerged arc
welding low-carbon, mild steel plates with
thicknesses ranging from 6 to 16 mm. It
was found that using this regression
model, the results obtained from the nu-
merical analysis agree well with the test
data.

• The effect of convective motions of
the molten metal in the weld pool was
taken into account by setting a higher
value of thermal conductivity, and this re-
sulted in a better correlation for welding
behavior between the test and FE data.

• By increasing thermal conductivity at
the melting temperature, it was found that
it influences the surface conduction much
more than the conduction along the
depth. The effect of increased thermal
conductivity on the weld bead penetration
depth is insignificant; however, the effect
is quite significant on the weld pool length
on the plate surface.

• The behavior of the thermal profiles
for various liquidus conductivity values is
similar. There is no significant change in
the temperature away from the weld in-
terface as the liquid conductivity changes.

• The lower emissivity values with a
small model produce similar results with
higher emissivity values for larger models.
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Fig. 10 — A comparison between the numerical and experimental weld pool shapes, top view and cross-
sectional view of weld pools.

Fig. 11 — Comparison between numerical and experimental temperature profiles for top and bottom sur-
faces of plate for set 1, 25 mm away from the weld interface.
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