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An Approach for the Numerical Simulation of Heat Transfer
in an Arc-Welding-Electrode Curing Furnace

Saeed Defaee Rad and Ali Ashrafizadeh
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Abstract: An efficient computational method is proposed which basically models the convective heat transfer
phenomenon in a welding-electrode curing furnace. The transient 3D analysis is carried out by the FLUENT
software coupled with proper User Defined Functions (UDF). The simulation results include the temperature
distribution of the electrodes as well as the turbulent flow field in the furnace. Satisfactory results are obtained
even when the computations are carried out on a Pentium IV personal computer with a 3 GHz processor and a
2GB access memory.
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INTRODUCTION as phase change, chemical reactions, etc. The importance

There are many engineering applications, such as friendly furnaces has made the efficient use of the CFD
paper drying, thermal finishing of coatings and various tools even more crucial and there are now many research
heat treatment procedures, in which the load or product activities in this front.
moves continuously along a furnace while being heated Examples of the modeling activities as well as the use
[1]. These furnaces, called continuous furnaces, exist in of commercial softwares in the thermal analysis of
various types. As an example, a convective furnace furnaces are now briefly presented. Steady state
typically consists of the arrays of nozzles placed on the simulation was performed by Li et al. [3] for heat transfer
top and the sides of an enclosure. Hot air or gas-fired in a pusher-type slab reheating furnace with skid rail
heaters are used to warm up the material to the desired structures.
temperature. The nozzles provide a steady stream of hot Modeling and parametric studies for a direct fired,
gases to the load as it moves inside the furnace. The continuous reheating furnace were performed by
load's temperature history is usually the most important Chapman et al. [4]. Simulation of a regenerative burner
outcome of the thermal analysis of a furnace. system in ChugaiRo Co., Ltd., was performed using

There are three types of analysis methods for the STAR-CD and reported in [5]. Similar simulation works for
heat transfer in industrial furnaces [2]. The zero- the thermal performance of a regenerative reheating
dimensional “stirred-vessel” model yields the total heat furnace and other relevant problems carried out by
transfer rate without any information on spatial FLUENT and reported in [6, 7, 8]. Other reports on the
distribution of the heat flux on a load. This model has thermal analysis via softwares include FURMO by
been successfully applied to furnaces with no significant Babcock & Wilcox Co., Ltd. [9], PCGC-2 and PCGC-3 by
axial variation of the mean gas temperature. The one- Brigham Young University [10] and CONCERT by General
dimensional “plug-flow” model is capable of predicting Electric [11].
the local heat flux along the furnace. The most complete This article presents an alternative use of FLUENT,
analysis method is the “multidimensional model”, which version 6.3 [12], in the thermal analysis of a continuous
models two- or three-dimensional behavior of all variables arc-welding electrode curing furnace. Instead of using an
of interest in a furnace. Commercial Computational Fluid expensive moving mesh, the load and the grid are fixed
Dynamics (CFD) softwares are available for and the furnace's walls are moving backward. Therefore,
multidimensional analysis of the flow and heat transfer special user defined functions are required to implement
and they can also model other physical phenomena such the boundary conditions in a conjugate heat transfer

of the design of energy-saving and/or environmentally-
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problem. This FLUENT-based computational procedure C  = 1.44, C  = 1.92, C  = 0.09,  = 1,  = 1.3, Pr  = 1
reduces the computational expenses considerably and has
not been employed by previous researchers. More
aspects  of  the  arc  welding  process  are discussed in
[13, 14].

The body of the paper is organized as follows. The
employed mathematical and numerical models are briefly
discussed in Sections 2 and 3, respectively. The
simulation results and discussion are given afterwards in
Section 4, followed by the conclusion Section.

 MATERIALS AND METHODS

Standard k –  Turbulence Model for the Fluid Part: The
standard  k –  turbulence model based on Reynolds-
averaging of the governing equations is employed. All the
variables in the original conservation equations are
decomposed into the averaged and fluctuating
components as:

(1)

(2)

Where u ,  and u’  are the instantaneous, Reynolds-i i

averaged and fluctuating velocity components,  denotes
the general scalar variables such as the pressure,
enthalpy, species concentration and so on. The
Reynolds-averaged continuity and momentum equations
can be written in the Cartesian tensor form as.

(3)

(4)
The turbulent kinetic energy (k) and its dissipation

rate ( ) are described by

(5)

(6)

The notation µ (= C  k / ), , g  and Pr  are thet µ i t
2

turbulent viscous coefficient, thermal expansion
coefficient, gravity and turbulent Prandtl number. The
model constants have the following values:

1 2 µ k t

Heat Transfer in the Solid Part: The energy conservation
equation for a Fourier's solid can be written as

(7)

in which e c  T is the specific internal energy. In thev

solution procedure, the energy equations for the fluid and
solid are solved simultaneously and continuity of energy
flux is enforced at the fluid/solid interfaces.

Numerical Simulation
Electrode Model: In the welding-electrode curing furnace,
batches of electrodes are packed together in a tray as
shown in Figure 1a. These trays are then placed vertically
to  form an electrode column. Finally, every 3 columns
form an electrode wagon as shown in Figure 1b. Each
electrode has a length of 450mm with inner and outer
diameters equal to 4.5mm and 7.2mm. When arranged as
in Figure 1a, the width of the plate will be 700mm.

(a)

(b)
Fig. 1: Illustration of electrode arrangement in each (a)

tray and (b) wagon
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Fig. 2: The suggested models for the electrode cross
section

To avoid the complexities in mesh generation and
boundary condition implementation, the real geometry of
electrodes must be replaced by a simpler model. To this
end, five models have been examined and compared to
simplify the electrodes, trays and wagons. These models,
shown in Figure 2, impose geometrical simplifications as
well as simplifications regarding the electrode's material.
Because of the high length to diameter ratio, the effect of
the longitudinal dimension is neglected. The following
assumptions are also made:

Residence Time = 3500 s
T  = 363 K

A simple thermal analysis shows that, in each time
step, the maximum difference between max and min
temperatures in model A is about 0.07 K. Hence, the
temperature  is lumped in the electrode's radial direction.
In Figure 3, the average temperature difference between
model A and the other models is shown. Note that model
E is nearly the same as the model A. In other words, an
equivalent rectangular shape can be used for the
electrode. Also the difference between models fades away
towards the end of the heat exchange period. Here we use
model C which is composed of only one material, has a
rectangular cross section and its temperature error is
tolerable. When, model C is used to represent the
electrodes, each tray of electrodes can be considered as
a 2D thin flat plate.

To determine the physical properties, a weighted-
average approach is used. Therefore, it is assumed that
the electrode is made of a single material with a density of
5269.4 Kg/m , a specific heat (cp) of 645.4 J/kg K and a3

thermal conductivity (k) equal to 25.6 W/m K.

Fig. 3: Average temperature difference between model A
and the other models

Furnace Model: The continuous electrode curing furnace
is divided into three zones along the moving direction (x)
of the electrodes, namely, the preheating, heating and
cooling zones with the lengths of 10m, 11.5m and 3m,
respectively. Figure 4 shows the cross section of the
preheating and heating zones. In the cooling zone, the
nozzles are located only on the right-side wall with 10
nozzles distributed along the vertical direction. The hot air
is directed towards the outlet at the bottom of the furnace.

As mentioned previously, here we assume that the
wagon is stationary and the furnace is moving backward.
Obviously we do not need to discretize a full size furnace
then. The length of the computational domain is equal to
the length of a column of trays plus its distance from the
following and preceding columns (0.59 m in total). In each
time step, the top and side walls are moved with a velocity
corresponding to the wagon velocity but in the opposite
direction. Then the positions of nozzles are calculated in
an UDF. UDFs are macros which are coupled to the
software to improve its modeling capabilities.

Simulation of the Furnace: In Figure 5 the furnace model
is depicted with an electrode column. Since there are
vastly different length scales in this problem, proper grid
generation is crucially important. The properly stretched
computational  grid,  with  78,250  cells,  is shown in
Figure 6. Transient calculation is performed for the whole
domain of the furnace model with the periodic boundary
condition on the forward and backward planes.

In the first two zones, the working fluid is hot air but
in the third zone, cold air is blown through the nozzles. In
each zone, the air leaves the nozzles at . However, the

inlet air temperature is different at various zones and is
equal to 323 K, 383 K and 300 K, at the pre-heating,
heating  and    cooling    zones    respectively.   The  inlet
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Fig. 4: Cross section of the preheating and heating zones Because the computational grid is of high quality, the

Fig. 5: The modeled furnace with an electrode column good agreement between these results so that the

Fig. 6: Computational grid of the suggested model temperature at z = 10 cm on the 12  tray

temperature for the electrodes is considered to be 300 K
and the bottom of the furnace is simply considered as an
outlet boundary.

Since both the temperature and the heat flux on the
surface of the load (electrode) are not known in advance,
one might adopt an iterative or fully coupled solution
approach to calculate the convective heat transfer to the
load. While the former method, assisted with the
convective heat transfer correlations, has been
traditionally employed [15], here we take the latter
approach and simultaneously solve for all of the problem
unknowns.

RESULTS AND DISCUSSION

In this paper, a transient 3D numerical simulation of
a welding-electrode curing oven is performed by FLUENT
6.3. To model turbulence, the standard k –  is applied.

governing equations are discritized by First-Order-
Upwind scheme. The pressure-velocity coupling is also
determined through the Coupled algorithm.

The computations were carried out on a single
Pentium IV, 3 GHz processor with a 2GB access memory
on which a full solution takes about 35 hours. First order
upwind scheme is used to discretize the advection terms
and 5-second time steps, with a total number of 700, are
used to advance the solution in time.

In this section, we first check the validity of the
numerical code. To do this, a thermocouple of K-type is
installed on the 12  tray at z = 10 cm. The temperatureth

history of this point is compared with correspondent
numerical solution in Figure 7. It can be seen that there is

absolute relative difference is always below 3%.

Fig. 7: Comparison of simulated and predicted
th
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(a)

(b)

(c)

Fig. 8: Velocity field on x = 0.295 m at (a) 30, (b) 75 and (c)
135 min

Figures 8a-8c show the velocity field on the plane of
x = 0.295, at t = 30, 75 and 135 minute. It is observed that
velocity decreases considerably close to the electrode
column. It should be mentioned that the distance between
the trays is very small, i.e. about 33 mm. This issue can be
discussed better if Figures 9a-9c be considered. Several
important results will be concluded from these figures.
They are as follows.

(a)

(b)

(c)

Fig. 9: Velocity vectors between electrode trays at (a) 30,
(b) 75 and (c) 135 min

Velocity magnitude of air varies from  (nozzle

outlet) to  (inlet of space between trays).

Since   the    coming   air   direction   is  not
completely   perpendicular    to    the  electrode
wagon,   flow    vortexes    are   formed   in   the  inlet
of space between trays. Although these turbulences
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decay  along  the  flow  direction,  but   because  of To conserve the continuity equation, the air velocity
the  coincidence  of  the  right  and left  sided  air increases in lower trays and hence in the space
flows in preheating and heating zones, they start to between trays.
develop again. Therefore, the velocity magnitude Since there is no nozzle on the left wall in the cooling
becomes almost zero in a point. In upper trays, this zone, the air simply enters from the right and exits to
point is located at about the middle of the trays but the left of the trays.
in lower trays, because of existence of one more It is obvious that the preceding points affect the
nozzle row on the left wall, it is transferred to the convective heat transfer coefficient of the trays
right. significantly.

(a) (b)

(c) (d)

(e)

Fig. 10: Temperature Distribution along line AB at (a) 1 , (b) 2 , (c) 12 , (d) 27 , (e) 28  trayst nd th th th
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Figures 10a-10e show trays' temperatures at five REFERENCES
different location  of  the  column,  i.e.  1 (lowest), 2 ,st nd

12 , 27 , 28 (highest) along line AB (Figure 1a). It isth th th

observed that, at the middle of the trays, decline in the
convective heat transfer coefficient results in temperature
decrease.

CONCLUSION

In this study, the numerical simulation of a transient
three-dimensional curing phenomenon corresponding to
the dynamic thermal analysis of arc-welding electrodes in
a continuous furnace was discussed. Proper models for
the electrodes, the tray of electrodes, the carriage wagon
and the furnace were developed. Also, by implementing
a moving boundary subroutine, a fixed computational
domain,  which  only  included  one  column of trays, was
numerically solved by FLUENT. Results show that the
method works well and the temperature history of the load
complies with the physical expectations. Further studies
are required regarding the validation of the results and the
reduction of computational costs.

Nomenclature
C , C1 2

C , C Constants in the k –  model3 µ

Dissipation rate of turbulent kinetic energy
g Gravity vector component (i=1, 2, 3)i

Density
h Convection heat transfer coefficient
µ Viscosity
k Thermal conductivity
µ Turbulent viscosity coefficientt

k Turbulent kinetic energy
, Turbulent Prandtl number for k andk

p Pressure
Scalar

Pr turbulent Prandtl numbert

Subscripts
t Time
i, j Coordinate directions
T Temperature

Superscripts
u Velocity vector component (i =1, 2, 3)i

- Reynolds-averaged value
x Cartesian coordinate component (i=1, 2, 3)i

´ Reynolds fluctuation value
Thermal expansion coefficient 
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