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Abstract

In horizontal flue wall carbon baking furnaces, the flue walls consist of brick wall which are
usually linked together by mortar. During service, the thermal expansion of flue walls is
restrained due the presence of headwalls. This, as well as the effect of the load of the packing
cokes and the anodes, promotes the deflection of the flue walls thus limits their life. The
development of a 3D computational model able to take into account a large number of
phenomena and parameters that play a role in the baking process and affect the flue wall
aging process is then justified. In this study, we developed a 3D model that take into account the
thermo-hydro-mechanical coupling due to coupled fluid flow, heat transfer and flue wall
deformation. The coupled thermo-hydro-mechanical simulations were done by the finite
element multi-physics commercial software COMSOL, where only a coupled flow thermal
problem is solved. The mechanical problem is coupled indirectly by considering a deflected
deformed flue walls. Such a 3D multi-physics modelling can be used as a powerful tool in
predicting the effect of flue wall deformation on anode temperature distribution and
homogeneity and thus predicting the anode baking quality. The tool may also be used to gain
insights on temperature distribution adjustment as a function of the flue wall and furnace design.
The main objective of this kind of investigation is to establish a flue wall deformation modes
database and link it to the anode baking quality, by developing this tool, we can effectively
predict the deformed flue wall reliability under varying operating conditions, and provide useful
insights on enhancing the long-term structural integrity through furnace design adjustment.

Keywords: Baking process, aging, deflection, flue wall, thermo-hydro-mechanical coupling.

1. Introduction

The quality of anode used in the aluminum industry depends strongly on the baking process. In
general, it is desirable to achieve a more uniform temperature inside the anode during the
heating process. The flue walls in carbon bake furnaces deform over time under cyclic heating
and cooling, leading to difficulties in loading/unloading anodes, and inconsistent anode baking.
It is useful to regularly measure the deformations to establish the rate of deterioration and assist
in the prediction of flue wall life. The aging of baking furnace, and the deformation of flue-
walls and head-walls lead to non-homogeneous baking of anodes and consequently to a
deterioration of the resulting anode quality [1][2][3].
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Due to huge size of baking furnace and its very large time constant (in the order of months), it is
not always possible to conduct physical experiments in order to determine the influence of the
flue wall deformation on furnace's behavior and efficiency. The increasing interest in this topic
has heightened the need for a mathematical model as a tool for predicting the influence of flue
wall aging on the anode baking homogeneity. However, only a few recent investigation studies
have focused on the flue wall deformation modes and their effects on the baked anode quality
[4][5] .Most of the research work in this area has been focused on the process modeling
considering a straight flue wall without considering the effect of flue wall deformation.

The life of carbon baking furnaces is usually limited by the deflection of its flue walls. This
deflection as shown in Fig.1 is promoted principally by the action of headwalls which restrain
the free thermal expansion of flue walls, and by the action of packing coke whose weight is
partially supported by flue walls [6]. In a horizontal baking furnace, flue walls consist of
firebricks linked together by mortar in horizontal joints. During service, the thermal expansion
of flue walls is restrained due the presence of headwalls as well as the effect of the load of
packing cokes and anodes that promote the deflection of the flue walls; thus, limits their service
life [7][8][9].

The focus of this paper is on the development of a numerical tool that can effectively predict the
furnace performance considering its deformation. Such a deformation leads to anode baking
inhomogeneity, anode overbaking, hot spot formation and creates difficulties in loading and
unloading of anodes in the pits. In this study, a multi-physics 3D model is developed. This
model is applied to one heating section of the baking furnace in order to explore the effect
of flue wall deformation on the baking quality and temperature homogeneity of the anodes. The
developed computational tool can be used to explore the different flue wall deformation
patterns, and their effects on the anode baking homogeneity. The tool may also be used to gain
insights on temperature distribution adjustment as a function of the flue wall and furnace design.

N0
B % ¥

wall covered with metallurgical coke [10].
2. Model and computational method
2.1.  Geometry model

A three-dimensional model was built comprising a typical baking furnace firing section
between the centerline of a flue and the centerline of a pit. In the pit, 14 anodes of 1600 x
600 x 800 mm size are placed. There are 2 domains, a solid domain composed of flue wall,
packing coke and anodes, and a fluid domain for the gas flow. The thickness of the solid
domain material layers, flue wall, packing coke and anodes in the direction of the pit length is
100 mm, 100 mm and 300 mm, respectively. Symmetry was assumed on the centerline of the
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flue and the pit.

This model is applied to the firing section of the furnace in order to explore the effect of the flue
wall deformation on the anode baking quality and temperature distribution homogeneity. To
reduce the computational cost, the combustion process is simulated using a simplified hot air jet
model in this study. This is a widely used simplified approach, in which the combustion process
and its thermal energy released are modeled by considering by an inlet of hot air [1]. In order to
inject an amount of energy at the burners inlets equivalent to that injected with natural gas, the
following strategy is used: The air is injected at the same temperature as the maximum flame
temperature.

The flue wall deflection modes investigated in this study is the C shape convex, the deformation
modes are presented in Fig. 2. They are qualitatively consistent with the flue wall deformation
patterns (Figure. 1.). The present study can also provide useful insights on temperature
distribution adjustment as a function of the flue wall and furnace design.
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Figure 2. Schematic representation of the domains that is considered in the present
study
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2.2. Multiphysics mathematical model

In this work, we present a numerical framework that couples fluid, heat transfer. The numerical
model was developed using the CDF commercial code COMSOL. Figure 3 shows an overview
of the model of the baking furnace with an entire pit (solid domain) and the adjacent flues (gas
flue domains). Phenomena that occur in the two parts of the furnace (solids and gas) are
different so specific equations are solved in each part of the model through a virtual numerical
interface. Thus, the global model of a baking furnace is divided into two sub-models: gas and pit
(brick wall, packing coke, and anodes).
Gas domain

R

Fluewall
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d m Packing coke

Solids domain
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Figure 3. A schematic view of the flue and pit sub-models and their coupling.

These sub models are developed separately and then coupled through an interface at the flue
wall surface on the flue side. This modular approach makes it easier to develop and modify each
part. Also, if needed, each sub-model could be used exclusively for testing options in one part of
the furnace (such as the flow distribution in the flue for a given geometry).On the gas part
(flue), the flow, heat transfer and mass transfer equations are solved. On the solid part, the heat
transfer by conduction is solved, considering the thermal conductivity of various solids (flue
wall, packing coke and the anodes). The model is steady state and calculates for one heating
section.

In an anode baking horizontal flue ring furnace, the temperature distribution is one of the key
factors influencing the quality of baked anodes and is closely correlated with the gas flow [12,
13]. To understand the gas flow distribution in the flue, Navier-Stokes equations with
turbulence model is adopted. The descriptions of incompressible gas flow are given as follow
[14]:

p V(u,)=0 (1)
0 _
P, a”j +p, (, V), = V[~ pT +(u+ 1) (Vat, + (V) )] 5
ok y7e .
pg—+pg(ug .V)k=V.|:[,u+—]Vk:|+pk—ng 3)
ot o,
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ug refers to the gas velocity; k is the turbulent kinetic energy; € the turbulent dissipation rate; p
pressure; pg denotes gas density; u molecular viscosity; ur effective viscosity; gy and o, are
Prandlt number; py,, C¢1 and C,, are constants [15].

Heat from the gas in the flue is transferred to the brick wall surface by convection and radiation,
then by conduction from the flue wall surface into the bricks, and on to the packing coke, then
the anodes. By combining Fourier’s law and energy conservation law, the heat transfer through
the solid can be represented in the following form, called transient heat conduction equation:

ps CP 8]; = A’SV]; _Qs (5)

T is the solids (anodes, packing coke and flue wall) temperature, and A is the thermal

conductivity. Q, represents the thermal loss to the atmosphere by coke and the foundation, heat
is exchanged by Radiation and convection following the relationship:
~n.(-AVT)=wo (T} ~T*)+h,, (T.-T) (6)

At the brick wall surface, where solids and flue gases are in contact, heat is exchanged
following the relationship:

g =(h.+h,)(T,-T,,) (7)
where g’ is the heat flux through the fluid-solid interface; h. is the convection heat transfer
coefficient between the flue wall and the gas; hy is the radiation heat transfer coefficient
between the flue wall and the gas flue; Tyy is the flue wall temperature at the boundary; Ty is the

gas temperature.
The convection heat transfer coefficient is determined by the Dittus-Boelter correlation [1]:

Ay 0.8
h. =| = {0.023Re™"Pr” (8)
D,
where 4, is the thermal conductivity of gas; Dy, is the representative hydraulic diameter inside
the flue, Pr is Prandlt number of gas; y is an exponent, Re is the Reynolds number of the flow.
The radiation heat transfer coefficient is given by [6]:

wTh—nT!
h,=c| £ £ T 9)
T,-T,

where ¢ is the Stephan-Boltzmann constant= 5,67 x 1078 [W.m™2. K ~*]; w, and 7, are the
emissivity and the absorptivity of mixed gas, respectively.
As showed in Figure 4-a, at symmetry, the boundary conditions applied are:
v' Heat transfer symmetric boundary conditions:
At symmetries, heat flux equals zero.

—n.(—A; VT3)=0 (10)

v Fluid flow symmetric boundary conditions:
At symmetry, there is no flow normal to the symmetric boundary, mathematically this is means
that we specify that,

u,n=0 (11)
VKn=0, Von=0 (12)
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Where n is the normal vector pointing to the boundary outside, T is the solid temperature, u, is
the gas velocity.Viscosity are assumed to remain constant at values corresponding to air at the
inlet at 800°C.Thermal conductivity and viscosity are assumed constant and as a function of
temperature, in this study both cases are explored. As showed in Figure 4-b, mesh is constituted
of about 83123 tetrahedral elements and 22662 Triangular elements. Consequently, the
complete 3D mesh typically contains 100000 elements. A hot jet air approaches is considered to
include the energy generated by the natural gas combustion in order to reduce the computational
burden of simulating anode baking furnaces and simply replacing the burner by an inlet of hot
air at -20 Pa. In order to inject an amount of energy at the burners inlets equivalent to that
injected with natural gas, the following strategy is used: The air is injected at the same
temperature as the maximum flame temperature (1800°C). Although this strategy does not
provide any information in order to improve combustion efficiency and reduce natural gas
consumption, but it is interesting to document the ability of this simple approach to provide
realistic anode temperature evolution and predict anode variability with the help of the hot air
jet model.

» Gas Flue

» Fluewall

Packing coke
Anodes

-

Gas symmetric condition

domain (a) Heat transfer symmetric

condition domain (b)

Figure 4. A schematic representation of (a) the model domain if symmetry could be
assumed, (b) the domains meshing that is considered in the present study.

In this study, the solid thermal conductivity and specific heat (anodes and packing coke) are

assumed varying as a function of the temperature, based on experimental data.. The Table
Isummarizes the materials properties used in this study.
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Table 1. Material properties used in this study.[1]

Materials properties as a function of temperature

Materials Temperature (C) Thermal Specific heat Density
conductivity (JKgLKY) (Kg/m)
(Wl K
Flue wall 1.46 965 2490
Packing 20 0.87 652 1240
coke
100 0.87 941 Materials Thermal Specific heat  Density
300 0.95 1374 conductivity JKg'KY)  (Kg/md)
500 1.08 1650 (W.m1.K?)
700 1.24 1816 Flue wall 1.46 965 2490
1000 1.50 2000 \ Packing 1.27 1822 1240
Anodes 20 2.55 871 1545 coke
200 245 1105 Anodes 5.33 1447 1545
500 3.75 1291
700 455 1311
850 5.30 1414
1000 6.05 1519
1200 7.00 1700
3. Results and discussions

3.1.  Straight flue wall

This model is applied to the firing section of the furnace in order to explore the effect of the flue
wall deformation on the anode baking quality and temperature distribution homogeneity. Figure
5. a presents the flow pattern on the symmetry plane in the flue domain (the middle of the flue)
for an air inlet velocity and a fuel inlet injection velocity of 2.5 m/s and of 10 m/s. As can be
clearly seen, the fluid flow streamlines inside a flue cavity depends on the baffles position inside
the flue wall. The flue geometry has a significant impact on the flow field. The baffles create
low-velocity zones behind them due to the recirculation of flow. The flow distribution through
the cavity thickness shows that there is a poor flow distribution zone behind the baffles (Dark
blue-colored zones) and very high flow distribution zone (Light green-colored zones), around 2
m/s and 5 m/s, respectively. Figure 5. b presents the resulting pressure field inside the flue
cavity. The pressure drop across the flue is also important for the blower power requirement to
circulate the gas. The resulting pressure drop value corresponding to the flue-wall geometry is
25 Pa.

Figure 6 presents the temperature distribution within the flue cavity and in the flue wall-flue
cavity interface. Figure 6. a shows the hot air jet extended inside the flue channel. As can be
clearly seen from the temperature mapping, the maximum temperature in the flue cavity is
between 1500 and 1800 °C near to the burners inlet. The minimum temperature in the flue
cavity is around 677 °C, the low temperature zones (dark blue zones) are between 677 and
850°C These zones are located near to the air inlet and corresponding to the poor flow
distribution zone (Figure 5. a). The medium zone temperature (light blue zones) is between 850
and 1050°C and corresponding to the high flow distribution area near to the outlet.

Although, the heat transfer towards the flue wall has smoothed to some extent the temperature
distribution on the flue wall-flue cavity interface (Figure 6. b), the hot spot present near to the
burners in the flue cavity has smoothed from 1600°C in the flue cavity to 1300°C in the flue
wall-flue cavity interface, the flue wall temperature distribution is more homogenous and
ranged between 900°C and 1300°C. Although the difference between the flue wall maximum
and minimum temperature is still significant.
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Figure 7. shows the temperature contours at the anodes middle-plane (Figure 7. a) and at the
anodes-packing coke interface (Figure 7. b). As could be expected from the temperature contour
at the flue wall-flue cavity interface (Figure 6. b), the warmest zones in the anode-packing coke
interface is located at the top of the pit near to the outlet corresponding to the high temperature
zone in the flue wall (Figure 6. b) and to the high flow distribution zone (Figure 7. a), the
maximum temperature in the hot spot is around 1025 °C. The low temperature zone is located
near to the inlet and the coldest zone near to the anode top surface, the low temperature zone is
ranged between 825°C and 716°C. Moving from the packing coke-anode interface to the anode
middle-plane (Figure 7. b), the heat diffusion in the solids has smoothed further the hot and cold
spots present in the flue wall and the packing coke, as expected, the hot spot in the anode
middle-plane is located near to the outlet and the temperature is around 925°C.

Except of the hot spot in the anodes located in a very narrow zone near to the second burner
position, the anode temperature distributions is homogenous. The anode volume average
temperature is around 891°C.
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Figure 5. The flow pattern on the symmetry plane in a flue (the middle of the flue)
and (b) the pressure distribution inside the flue cavity
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Figure 6. Temperature mapping distribution at (a) flue cavity and (b) the flue wall-
cavity interface

692



Travaux 46, Proceedings of 35th International ICSOBA Conference, Hamburg, Germany, 2 — 5 October, 2017.

1 —

@) (b)

Figure 7. Anode map temperature at (a) the middle plane and (b) the packing coke
interface.

3.2. Deformed flue wall - convex

The main purpose of this section is to explore the application of the thermo-hydro-mechanical
model considering different modes of flue wall deformation for convex shape deformation
toward the width of the flue cavity from a 0 mm of deflection for a straight a flue-wall to a 150
mm deflected flue wall (10, 30, 60, 90, 120 and 150 mm). 150 mm deformation mode is studied
for comparison purposes and considering that the width of the half of the cavity is around 170
mm.

Same conclusions for the convex deflected flue wall, a very slight variation in the flow and the
pressure distribution can be observed as a function of the flue wall deformation, compared to a
straight flue wall distribution results. Moving to the Anode temperature distribution at the
packing coke interface (Figure 8. a) and at the anode middle plane (Figure 8. b) as a function of
the flue wall deflection. It can be clearly observed that the anode-packing coke and the anode
middle plane temperature is decreasing by the increase of the flue wall deflection toward the
flue cavity, through the cooling of the warm area and the hot spots and an under-baking of the
cooler area.

This temperature evolution as a function of the flue wall deflection can be explained by the
changing packing coke additional thickness between the flue wall and the anodes as a function
of the convex flue wall deflection. From these results, it can be concluded that the packing coke
have a very important role in protecting the anodes against air burn-from oxidizing gases and
guarantee an efficient heat transfer from flue walls to anodes.

The anode temperature is decreasing by the increase of the flue wall deformation. For the
packing coke-anode interface (Figure 8. a), the interface average temperature is around 892°C
for a straight flue wall and decrease to reach 878°C for a 150 mm deflected flue wall. Moving
from the packing coke-anode interface to the anode middle-plane (Figure 8. b), the heat
diffusion in the solids has smoothed further the hot For the anode middle plane, the middle
plane average temperature is around 890 °C for a straight flue wall, it decreases to reach 875°C
for a 150 mm deflected flue wall.

693



Travaux 46, Proceedings of 35th International ICSOBA Conference, Hamburg, Germany, 2 — 5 October, 2017.

The anode maximum temperature is decreasing from 992°C to 941°C for a straight flue wall and
a 150 mm deflected flue wall respectively. The more the flue wall is deflected, the lower is the
anode temperature leading to an under-baking of the cooler parts of the anodes and
consequently to an inhomogeneous anodes baking. The homogeneity of the temperature can be
presented by the range of temperature (the difference between the maximum and the minimum
temperature of the anode), the range presented in Table 3 clearly shows that the range is
decreasing from 275°C for a straight flue wall to 251°C for a 150 mm deflected flue wall. More
details about the anode temperature distribution as a function of the flue wall deformation
modes is displayed in Table 1.

Table 2. The anode temperature at the packing coke interface and the anode middle
plane as a function of the flue wall deflection (C shape convex).
Case 1 Case 2 Case 3 Case 4 Case S Case 6 Case 7
(0 mm) (10mm) @BOmm) (GOmm) (0mm) (120 mm) (150 mm)

Anode temperature distribution

Maximum temp (°C) 992.3 983.4 973.2 966.5 953.2 947.9 941.6
Minimum temp (°C) 716.8 713.4 710.9 705.6 700.0 694.6 690.8
Max- Min (°C) 275.5 269.9 262.3 260.9 253.2 253.3 250.7
Volume average temp (°C) 891.1 888.3 887.0 885.6 881.9 879.4 876.5
Average temp (°C) PC-Anode
. 8923 889.5 888.5 886.7 883.1 880.6 877.9
interface
Average temp (°C) Middle- plane 889.9 887.2 885.9 884.3 880.7 878.1 875.2
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Figure 8. Anode map temperature at the packing coke interface (a) and the anode
middle plane (b) as a function of the flue wall deflection
(C shape convex deformation).
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Figure 9. a shows the evolution of the Anode average temperature, at the anode middle plane
and at the anode-packing coke interface as a function of the flue wall deflection, 0, 30, 60, 90,
120 and 150 mm deflected flue wall. It can be observed that the anode volume average
temperature is decreasing by the increase of the flue wall deflection from 891°C to 876.5°C, for
a straight and a 150 mm deflected flue wall, respectively.

Figure 9. b depicts the anode volume average, minimal and maximal temperature as a function
of the flue wall deflection, the anode maximum temperature is decreasing from 992°C to
941.6°C for a straight flue wall and a 150 mm deflected flue wall, respectively. The anode
minimum temperature is decreasing from 716.8°C to 691°C for a straight flue wall and a 150
mm deflected flue wall, respectively. The homogeneity of the temperature can be presented by
the range of temperature, the range is decreasing from 275°C for a straight flue wall to 250.7°C
for a 150 mm deflected flue wall leading to an inhomogeneous anodes baking.
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Figure 9. Anode map temperature at the packing coke interface (a) and the anode
middle plane (b) as a function of the flue wall deflection
(C shape convex deformation).
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4. Conclusions

Flue-wall’s aging is usually accompanied by its deformation. Such deformations create
difficulties in loading and unloading anodes in the pits and to inhomogeneous anode baking. In
this work, we developed a tool that can predict the anode temperature distribution, creation of
hot spot and anode overbaking in certain area as a function of the flue wall deformation mode.
Considering the anode temperature distribution for a straight flue wall as a reference case, the
deflection of the flue wall C shape convex affect the anode baking temperature distribution and
homogeneity and leads to an under-baking or an overbaking of the anode in certain area.
Sometimes, the flue wall deflection leads to a redistribution of the anode temperature based on
the original anode temperature distribution for a straight flue wall and on the degree and the
shape of the flue wall deflection. Therefore, the expected anode temperature distribution and
homogeneity for a deflected flue wall depends on the temperature distribution for a straight flue
wall before deflection.

In the future, other flue wall deformation modes will be studied, the main purpose is to explore
all the realistic flue wall deformation patterns, and how it affects the anode baking homogeneity,
in order to establish a flue wall deformation modes database linked to the consequence on the
anode baking quality.
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