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ABSTRACT
The anode baking process is developed and improved since

the 1980s due to its importance in Aluminium industry. The pro-
cess is characterized by multiple physical phenomena including
turbulent flow, combustion process, conjugate heat transfer, and
radiation. In order to obtain an efficient process with regards
to quality of anodes, soot-free combustion, reduction of NOx
and minimization of energy, a mathematical model can be devel-
oped. A mathematical model describes the physical phenomena
and provides a deeper understanding of the process.

Turbulent flow is one of the important physical phenomena
in an anode baking process. In the present work, isothermal tur-
bulent flow is studied in detail with respect to two turbulence
models in COMSOL Multiphysics software. The difference be-
tween wall boundary conditions for these models and their sensi-
tivity towards the boundary layer mesh is investigated. A dimen-
sionless distance in viscous scale units is used as a parameter for
comparison of models with and without a boundary layer mesh.
The investigation suggests that the boundary layer mesh for both
turbulence models increase the accuracy of flow field near walls.
Moreover, it is observed that along with the accuracy, the nu-
merical convergence of Spalart-Allmaras turbulence model in
COMSOL Multiphysics is highly sensitive to the boundary layer
mesh. Therefore, development of converged Spalart-Allmaras
model for the complete geometry is difficult due to the neces-
sity of refined mesh. Whereas, the numerical convergence of k-ε

model in COMSOL Multiphysics is less sensitive to the dimen-
sionless viscous scale unit distance. A converged solution of the
complete geometry k-ε model is feasible to obtain even with less
refined mesh at the boundary. However, a comparison of a devel-
oped solution of k-ε model with another simulation environment
indicates differences which enhance the requirement of having
converged Spalart-Allmaras model for complete geometry.

1 Introduction
Anode baking process is the most important process in the

aluminium industry. Presence of multiple physical phenomena
such as turbulent flow, combustion process, conjugate heat trans-
fer, and radiation makes this process complex to understand.
Anodes are baked to achieve required properties for which a
more uniform temperature distribution is desired inside the an-
odes while baking. Apart from this, a good anode baking pro-
cess strives to achieve multiple goals such as uniform quality,
soot-free combustion, lowest possible NOx generation, reducing
maintenance cost and high furnace lifetime. The current prac-
tices fail to meet these goals to a complete extent. Therefore,
a research study is required in order to understand the physics
occurring in the process so as to meet these goals by improving
or making necessary changes. Mathematical modeling in this
respect can be of importance since it defines the system based
on the physical theories and helps in predicting the behaviour of

1 Copyright c© by ASME



different parameters with strong evidence of physics [1].
Several mathematical models of the anode baking process

have been developed and subsequently improved since the 1980s.
Transient 3D Model developed by Severo et. al. [2] accounts for
all physical phenomena occurring in the process along with con-
sidering burner configurations. However, the number of chem-
ical species as well as the complexity of chemistry considered
in the model are limited. Therefore, prediction of emissions
with this model is difficult. Moreover, the applicability of this
model is limited for higher fuel velocity. Recently, a transient
two-dimensional dynamic process model developed by Oumarou
et. al. [3] investigates the effect of a vertical component of flue
gas and thereby facilitates prediction of temperature variation in
vertical direction. This model provides insights on the relation
between anode height and maximum anode temperature. Also,
low computational load and time are needed for simulating all
sections of a fire cycle. But finding optimal for saving energy,
reducing emissions and getting anode quality with this model is
not possible. Therefore, a more robust model coupling all physi-
cal phenomena to account for multiple problems is required.

A good mathematical modeling practice suggests a struc-
tural development of the model by first implementing sin-
gle physical phenomenon and thereby including consecutive
physics. Moreover, validation of such structurally developed
model at each stage is important to avoid issues at future steps. In
the present work, this strategy of constructing step by step model
has been implemented.

It is observed that obtaining a uniform flow field is the main
challenge in anode baking process. Tajik et.al. [4] studied the
effect of flue-wall design on flow field and observed that mod-
ification in the flue wall design significantly affects the flow
field. Considering the importance of the flow field on the fol-
lowing involved physics, isothermal turbulent flow is chosen as
the first step in the development of the model. Therefore, the
focus of this paper is only on the turbulent flow in the furnace.
Reynolds averaged Navier-Stokes equation is used to model tur-
bulence. A model with the actual geometry is simulated using a
k-ε model for defining Reynolds stresses. It is necessary to val-
idate this model with other simulation environments to a large
precision. In most CFD codes that deal with isothermal flows
consider wall flow interaction as an important factor. There-
fore, low Reynolds number flow model such as Spalart-Allmaras
model is implemented in these CFD codes to define Reynolds
stresses. In order to have a valid comparison with other CFD
codes, the Spalart-Allmaras model is investigated in the present
work as well. The striking difference between k-ε model and
Spalart-Allmaras model is the way they resolve flow near the
walls. This leads to modify numerical analysis near the walls.

The aim of this paper is to identify parameters that influ-
ence the numerical convergence of both models. In order to pro-
ceed this investigation, a bottom-up approach is implemented. A
simple rectangular channel is modeled and later complexities are

added in two steps to arrive at the actual complex geometry. A
non-dimensional distance which represents a distance from the
wall as measured from the viscous scale is used to associate the
influence of the grid size near the walls on the numerical con-
vergence. The study confirms the necessity of having finer mesh
near the walls for the Spalart-Allmaras model. Whereas, the k-ε
model uses wall functions thereby approximating flow field near
the walls. Therefore, a relatively coarser mesh can be used for
this model.

This study forms the basis of development of the model
with multiple physical phenomena. Problems related to numer-
ical convergence can be tackled by such a bottom-up approach.
Moreover, flow field which is important physics in the overall
model is resolved to a higher extent with this work.

2 Important concepts of model equations
Mathematical modeling of an anode baking furnace requires

the understanding of multiple physical phenomena. The physics
behind these phenomena can be complicated and may demand
simplification while translating into a model. This is also nec-
essary to have reasonable computational costs. However, these
simplifications should be such that they retain the resemblance
with the physical phenomena occurring in the actual applica-
tion. Therefore, these physical phenomena are translated into
mathematical equations which are further simplified using math-
ematical models that closely describe those mathematical equa-
tions [1]. In the present section, such model equations that are
used to gain more understanding of the mathematical model of
anode baking process, are described.

Fluid flow is of prime importance in an anode baking pro-
cess. Typical Reynolds numbers of these flows imply that the
flow in the furnace is highly turbulent. Other major phenomena
that are part of anode baking process are combustion and heat
transfer. However, this paper focuses on obtaining more knowl-
edge of flow occurring in this process. Turbulence is attributed
to flow and therefore can be described by the momentum equa-
tion. Mass conservation equation and momentum equation are
two major balance equations that are solved in the present work.
The physical models that are used in the present work are de-
scribed in the following subsection.

2.1 Reynolds-averaged Navier-Stokes equation
(RANS)

Turbulence is the most complicated physical phenomena in
anode baking process, as it deals with a large number of fluc-
tuations. Solving mathematical expressions that deal with these
fluctuations might be complex. Moreover, in most of the indus-
trial processes, time-averaged properties can provide significant
desired information. Therefore, in this respect, RANS equation
can be of importance. In this equation, spatial variations in phys-
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ical properties such as density, viscosity etc. are averaged using
the Favre average statistical approach. Turbulence can be simpli-
fied by decomposing velocity into the mean part and fluctuating
part. RANS, as the name suggests, takes the time average of
Navier-Stokes equation resulting in the mean flow equation.

RANS equation contains a nonlinear term which quanti-
fies velocity fluctuations and is referred as ”Reynolds stress”.
Reynolds stress increases as the mean rate of deformation in-
crease [5]. Boussinesq proposed an equation, which relates
Reynolds stress with the mean rate of deformation. Several mod-
els are available to define turbulent viscosity and average kinetic
energy. These models differ in the way they solve flow field near
walls and number of variables used to define turbulent viscosity.
In the present work, the Spalart-Allmaras and the k-ε models are
compared to elaborate their performance with respect to accuracy
and numerical convergence.

2.1.1 Spalart-Allmaras model The Spalart-Allmaras
model adds a single variable, undamped turbulent kinematic vis-
cosity, to the set of equations. This model is a low Reynolds
number model which implies that it can resolve flow fields com-
pletely even in the boundary layers. The turbulent boundary layer
is comprised of three layers namely the viscous sublayer, the
buffer layer, and the log-law region. Generally, the viscous sub-
layer and buffer layer are thinner by 2 order of magnitude as com-
pared to the log-law region. The velocity profile in the viscous
sublayer is directly proportional to the distance from the wall
whereas, in the log-law region, the average velocity is propor-
tional to the logarithmic distance from the wall. The buffer layer
does not completely follow any of these proportionalities and
therefore, establishing the relation between velocity and distance
from the wall is difficult for this region. The Spalart-Allmaras
model considers all regions of the boundary layer and therefore,
careful meshing is required in boundary layers to obtain a con-
verged solution.

2.1.2 k-ε model The k-ε model solves two variables,
turbulent kinetic energy and turbulent energy dissipation rate.
Two scalar transport equations are solved coupled with the
RANS equation to quantify turbulent viscosity which is defined
in terms of these two variables. The k-ε model uses wall func-
tions to resolve flow fields near the walls. Wall functions ignore
the buffer layer and analytically calculates a nonzero velocity at
the walls [6]. This function computes an analytical solution for
the viscous sublayer as well and therefore is computationally ef-
ficient. However, as the approximated solution is obtained at
the walls, the k-ε model is less accurate than Spalart-Allmaras
model.

3 Simulation details
The isothermal turbulent flow is modeled using COMSOL

Multiphysics software version 5.2. As mentioned earlier, a
bottom-up approach is implemented in this systematic study
which shows the effect of the boundary layer mesh on the numer-
ical convergence. The effect on numerical convergence can be
attributed to the dependence of the first mesh node on the dimen-
sionless distance from the wall in the viscous scale. This depen-
dence varies for different wall boundary conditions such as no-
slip condition or wall functions. In the present work, the default
wall boundary conditions by COMSOL Multiphysics software
for Spalart-Allmaras model (no-slip condition) and k-ε model
(wall function) are retained. Figure 1 represents the approach in
which the study is developed from simple to complete geometry.

FIGURE 1: Bottom up approach for the study

The boundary conditions for all the three geometries are
specified in terms of velocities. For the rectangular channel, air
is injected at 1.3 m/s. For the simplified furnace geometry and
actual furnace geometry, air and fuel velocities are 1.3 m/s and
5 m/s, respectively. The Reynolds number is such that the flow
is in turbulence regime. The effect of boundary layer mesh for
both turbulence models is studied for the three geometries that
are mentioned in Figure 1. In order to quantify the effect, a non-
dimensional distance in viscous units is used. In COMSOL, wall
functions are used as wall boundary conditions for the k-ε model.
These wall functions are such that the computational domain
starts from a distance δw from the wall. This distance is known
as wall lift-up and a non-dimensional form of this distance in
viscous units δ+

w is referred as wall lift-up viscous units. On the
other hand, the Spalart-Allmaras model uses no-slip boundary
condition on the walls. For the Spalart-Allmaras model in COM-
SOL Multiphysics, a solution is considered to be well resolved
if l∗c , which is, the dimensionless distance to the first mesh cell
center from the wall, is close to unity. This paper evaluates the
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effect of the boundary layer mesh based on these parameters for
the two turbulence models simulated in COMSOL Multiphysics.

4 Results and discussion
The results that are obtained in the present work are divided

into three parts according to the level of complexity of geometry
as mentioned in Figure 1. It can be observed that there is a de-
pendence of numerical convergence on the boundary layer mesh.
This dependence is stronger for the Spalart-Allmaras model as
compared to the k-ε model.

4.1 Rectangular channel
Figure 2 and 3 represent the dimensionless distance in vis-

cous units for the k-ε and Spalart-Allmaras model. The mesh
near walls is considered as well resolved if the value of δ+

w is
close to 11.06 in case of wall functions and l∗c is close to unity
for no-slip boundary condition [7].

The observations from Figures 2 and 3 align with the ex-
pected finding that the boundary layer mesh increases the ac-
curacy of the solution. The maximum deviation from the limit
of the dimensionless distance for the well-resolved model is ob-
served in the models when the boundary layer mesh is absent
(3a and 2a). However, the effect of the absence of the bound-
ary layer mesh on the numerical convergence may differ for the
two turbulence models. In the case of k-ε model, this dimen-
sionless distance is not part of the computational domain and
therefore may not significantly affect the convergence. Though
it decreases the accuracy of the solution. However, in case of the
Spalart-Allmaras model, the dimensionless distance to the cell
center is part of the computational domain and its higher value
suggests that the first mesh node is not in the viscous sub-layer.
This may affect the numerical convergence in complex geome-
tries. Therefore, as a next step, the geometry is modified to a
simplified geometry of the furnace in which interior details are
not included.

4.2 Simplified geometry
The study of the rectangular channel illustrates the impor-

tance of the boundary layer mesh for both the Spalart-Allmaras
model and the k-ε model. As a next step, this result is exam-
ined on the geometry of the anode baking furnace. However, the
actual geometry is simplified by removing baffles and tie-bricks
from the interior of the furnace so as to make the model simple
for meshing. Figure 4 presents the geometry of the model used
as a next step.

For the Spalart-Allmaras model, the presence of the bound-
ary layer highly affects the convergence of the model. Further,
Figure 5 presents the dimensionless distance to the cell center for
the Spalart-Allmaras model with and without a boundary layer

(a) δ+
w across the wall of the rectangular channel model without bound-

ary layer mesh

(b) δ+
w across the wall of the rectangular channel model with boundary

layer mesh

FIGURE 2: δ+
w across the wall for k-ε rectangular channel model

mesh. It can be observed that for the model without a bound-
ary layer mesh l∗c has unrealistically high values. This leads to
the divergence of numerical solution of the model. On the other
hand, the Spalart-Allmaras model with a boundary layer mesh is
refined to such an extent that the highest value of the dimension-
less distance to cell center is close to unity.

The effect of the boundary layer meshes on the k-ε model
is not significant in terms of numerical convergence. Both the
models (with and without boundary layer mesh) are converged.
However, a comparison of the wall lift-up viscous units distance,
δ+

w (Figure 6), shows that the model with a boundary layer mesh
is well-resolved while the model without a boundary layer mesh
has a significant deviation from the well-resolved model, i.e.,
δ+

w for the model without a boundary layer mesh is significantly
large.
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(a) Dimensionless distance to cell center across the wall of the rectan-
gular channel model without boundary layer mesh

(b) Dimensionless distance to cell center across the wall of the rectan-
gular channel model with boundary layer mesh

FIGURE 3: Dimensionless distance to cell center across the wall
for Spalart-Allmaras simple geometry model

FIGURE 4: Geometry of the anode baking furnace without inte-
rior details (size in meters)

4.3 Complete geometry
Analysis of the simple geometry model suggests the effect of

the boundary layer mesh similar to the simple rectangular chan-
nel. Moreover, it also suggests that the use of a wall function

(a) Dimensionless distance to the cell center across the wall of the sim-
ple geometry model without a boundary layer mesh

(b) Dimensionless distance to the cell center across the wall of the sim-
ple geometry model with a boundary layer mesh

FIGURE 5: Dimensionless distance to the cell center across the
wall for the Spalart-Allmaras simple geometry model

boundary condition in the k-ε model facilitates the numerical
convergence. Figure 7 shows the geometry of the anode bak-
ing furnace with interior details. The meshing of the complete
geometry is cumbersome due to the presence of the interior com-
plexity.

Initially, a k-ε model is implemented. The results show that
though the model is converged for every type of the mesh, re-
finement at boundaries is necessary to decrease the wall lift-up
viscous scale units which thereby increases the accuracy of the
model. One such model is compared with the IB-RAPTOR code.
IB-RAPTOR code is an immersed boundary finite volume com-
pressible flow solver that PM2Engineering [8] develops for in-
house purposes. The preliminary observations of the velocity
profiles developed by COMSOL Multiphysics and IB-RAPTOR
code show a good resemblance in developed solutions. However,
a detailed investigation of the velocity and the viscosity ratio pro-
file suggests that the solution by COMSOL Multiphysics shows
higher fluctuations as compared to IB-RAPTOR code. Figure

5 Copyright c© by ASME



(a) δ+
w across the wall of the simple geometry model without boundary

layer mesh

(b) δ+
w across the wall of the simple geometry model with boundary

layer mesh

FIGURE 6: δ+
w across the wall for k-ε simple geometry model

FIGURE 7: A complete geometry of the anode baking furnace
with interior details (size in meters)

8 presents the velocity magnitude for two horizontal lines situ-
ated at 80.3% (red) and 93.5% (black) from the bottom line of
the furnace. Here, the results of the reference code are from the
COMSOL Multiphysics software and solid lines represent results

from IB-RAPTOR code.

FIGURE 8: A comparison of the velocity magnitude between
the solutions computed by COMSOL Multiphysics and IB-
RAPTOR code at two horizontal lines situated at 80.3% and
93.5% from the bottom

The overall surface plot of velocity profile developed by
COMSOL Multiphysics is also compared with IB-RAPTOR
code and is as shown in Figure 9.

Figure 10 indicates the comparison between viscosity ratio
at the same lines for different computational codes. A significant
difference in terms of viscosity ratios is observed. The possi-
ble reasons might be due to the comparison of results of differ-
ent turbulence model and less refined mesh in case of COMSOL
model. The IB-RAPTOR code uses Spalart-Allmaras model with
wall functions. However, COMSOL Multiphysics does not al-
low implementing wall functions to the Spalart-Allmaras model.
Therefore, a comparison to a higher extent is possible only if the
numerically converged Spalart-Allmaras model is developed. An
attempt to develop such numerically converged Spalart-Allmaras
model with complete geometry was not successful with the cur-
rently available computational power. The analysis of the model
with boundary layers and refined mesh at the inlet and outlet
shows that the dimensionless distance to the cell center still de-
viates from unity at certain boundaries. Numerical calculations
of the model do not converge due to this deviation. However, the
solution after 300 iterations of segregated steps shows a devel-
oped velocity profile. Figure 11 indicates the comparison of this
developed velocity profile with the IB-RAPTOR code on a hori-
zontal line situated at 93.5% from the bottom. It can be observed
that the velocities in x and y-direction are better aligned with
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(a) Surface velocity plot developed by COMSOL Multiphysics

(b) Surface velocity plot developed by IB-RAPTOR code

FIGURE 9: Comparison between surface velocity plots devel-
oped by COMSOL Multiphysics and IB-RAPTOR code

coarser, medium and finer mesh of IB-RAPTOR model. Figure
12 on the other hand, shows a comparison of the viscosity ratios
between two codes and the results significantly deviates indicat-
ing that the effect of non-convergence is higher on viscosity ratio.
This suggests a need for higher refinement of mesh and thereby
requirement of better computational power.

5 Conclusion and remarks
In the present research work, an isothermal turbulent flow

in an anode baking process is studied in detail. COMSOL Multi-
physics differentiates between two turbulence models namely the
Spalart-Allmaras model and the k-ε model based on wall bound-
ary conditions. The Spalart-Allmaras model resolves complete
boundary layer whereas, the k-ε model uses wall functions in
COMSOL Multiphysics. A systematic model is developed using
these two turbulence models, from a simple rectangular channel
to a complex anode baking furnace. A mesh sensitivity analysis
suggests that a non-dimensional distance in viscous scale units
for both turbulence models is close to the accurate wall boundary

FIGURE 10: A comparison of viscosity ratio between solution
developed by COMSOL Multiphysics and IB-RAPTOR code at
two horizontal lines situated at 80.3% and 93.5% from the bot-
tom

FIGURE 11: A comparison of velocitie magnitude direction be-
tween solution computed by refined mesh model of COMSOL
Multiphysics and IB-RAPTOR code at a horizontal line situated
at 93.5% from the bottom
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FIGURE 12: A comparison of viscosity ratio between solution
computed by refined mesh model of COMSOL Multiphysics and
IB-RAPTOR code at a horizontal line situated at 93.5% from the
bottom

condition when the boundary layer mesh is included. Therefore,
the boundary layer mesh increases the accuracy and possibility
of convergence. The dependence of the boundary layer mesh on
the numerical convergence is lesser for the k-ε model. However,
the boundary layer meshes significantly increase the accuracy of
these models. In case of the Spalart-Allamaras model, the nu-
merical convergence is highly dependent on the boundary layer
mesh as it decreases the value of the dimensionless distance to
the center in the viscous scale to unity. It is difficult to refine the
mesh to a higher extent in the complete geometry model due to
the interior complexity. This leads to higher dimensionless dis-
tance in viscous unit scale in the Spalart-Allmaras model. There-
fore, further work is needed to refine the mesh for the complete
geometry to have a numerically converged solution.
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