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Abstract

Among the various stages in anode production, the baking process stands out as the most energy-
intensive, cost-demanding, and quality-defining phase. Despite its significance, one critical
section of the process, i.e., the preheating section, remains challenging to analyse, primarily due
to its inherent complexities, such as the release of volatiles from the anodes and their subsequent
combustion in the flue channel. This knowledge gap has persisted for decades, largely due to the
lack of advanced modelling approaches tailored to the unique challenges of the preheating section.
In this study, we introduce a Computational Fluid Dynamics (CFD) model of the preheating
section in anode baking furnaces. This model provides insight into the intricate interactions of
volatile release, heat transfer, and combustion phenomena. Complementing this, we introduce a
simplified model based on mass and energy conservation principles, and accounting for the effects
of tie-bricks within the flue channel, a critical aspect often overlooked by previous studies. Our
findings reveal a good accuracy of the proposed models, with an average temperature prediction
discrepancy of 5°C between the CFD and the simplified model based on mass-energy
conservation. Moreover, while the CFD simulation requires approximately three hours of
computational time per furnace section, the simplified model achieves equivalent precision in just
three seconds, offering an unprecedented combination of speed and reliability.

Keywords: Anode baking furnace, Preheating section, CFD simulation, Mass-energy
conservation, Volatile release and combustion.

1. Introduction

Aluminium, valued for its low density, high strength-to-weight ratio, and excellent corrosion
resistance, is vital across many industries [1]. Its production begins with bauxite, refined into
alumina through the Bayer process [2]. The Hall-Héroult electrolytic process then transforms
alumina into pure aluminium by dissolving it in molten cryolite and applying an electric current
[2]. This deposits aluminium at the cathode while oxygen reacts with carbon anodes to produce
carbon dioxide [3, 4]. Because the carbon anodes are consumed in this reaction, a continuous
supply of high-quality anodes is critical for uninterrupted aluminium production.

Creating carbon anodes involves several key stages [5]. Initially, petroleum coke, coal tar pitch,
and recycled anode materials are blended to form a uniform mix. This mix is then compacted into
shape, often using vibro-compaction or molding techniques, resulting in green anodes. These
green anodes undergo a baking process in specialized furnaces to enhance their structural,
chemical, and thermal properties. Baking is essential as it increases the density and electrical
conductivity of the anodes while reducing their reactivity with air. Once baked, the anodes go
through the rodding phase, where they are equipped with attachments that allow them to be
connected to the electrical circuit in the electrolytic cell.

1327



TRAVAUX 54, Proceedings of the 43" International ICSOBA Conference, Nanning, 26 — 31 October 2025

The baking stage in anode production stands out as especially important due to its high energy
consumption and its strong influence on the final quality of the anodes. Due to the complexity of
the baking process, computational modelling, particularly using Computational Fluid Dynamics
(CFD), is widely used to analyse and optimize furnace operations. In this regard, some
investigations have focused on selecting the most suitable numerical models to simulate the key
physical phenomena in the furnace. For example, the PDF (Probability Density Function) model
is often recommended for combustion processes in heating section, the realizable k-¢ model for
turbulence, and the Discrete Ordinates Method (DOM) for radiative heat transfer [7]. Grégoire
and Gosselin [6] performed a comparative study of three combustion models, Eddy-Dissipation,
PDF, and a simplified combustion approach, highlighting how radiation significantly affects
temperature profiles, while species diffusion influences flame behaviour slightly, and buoyancy
plays a minor role in the firing section. Other studies have explored how to improve furnace
efficiency and reduce energy use. Changes to the flue-wall geometry have led to better heat
retention and more uniform baking of anodes. Designs that eliminate internal baffles have been
shown to promote more even temperature distribution [8].

While CFD delivers detailed results, simplified models based on mass and energy balances offer
a more practical and efficient alternative, for example for control purposes, enabling analysis of
the entire furnace with significantly less computation time. Bui et al. [9] developed a one-
dimensional model that includes both the flue and pit along the flow direction, though it does not
account for flow redirection caused by internal baffles. Zhang et al. [ 10] later improved the model
by representing the pit in two dimensions while keeping the flue channel one-dimensional. Further
refinement was made in a subsequent study [11], where the flue channel was modelled in two
dimensions to capture the effects of baffles, and the pit was simulated in a pseudo-3D format.

Based on the literature review, all CFD-based studies have concentrated on the heating section,
with no research yet addressing the performance of the preheating section. Moreover, the existing
simplified models are limited to cases without tie-bricks in the flue channel, making them less
reliable for representing real furnaces used in smelters, where tie-bricks are commonly present.
To address the gaps in previous studies, this work presents a CFD model of the preheating section
of the anode baking furnace, along with an improved simplified model based on mass and energy
conservation. The proposed simplified model accounts for the presence of tie-bricks in the flue
channel, making it more representative of actual furnace configurations. Both models are then
compared in terms of accuracy and computational cost.

2. System Overview

The anode baking process is carried out in an anode baking furnace, which consists of several
connected sections with pits filled with green anodes and packed coke. A schematic of the anode
baking furnace is depicted in Figure 1. The process is divided into three main zones: preheating,
heating, and cooling, each playing a key role in determining the final anode quality. In the
preheating zone, green anodes are gradually heated from room temperature to approximately 700—
750 °C over a period of three to five days [6]. The slow temperature rise is essential to avoid
internal cracks or structural failure. During this stage, volatile compounds from the pitch binder
evaporate and diffuse through the porous anode and coke bed. These volatiles burn in the flue
channels, providing about 40-50 % of the total furnace energy. To ensure safe and uniform
heating, the rate is limited to around 15 °C per hour [11]. Once the anodes are preheated, they
enter the heating zone, where the temperature is further raised to around 1 100 °C [6]. This is
achieved using burners that supply the remaining 50-60 % of the total furnace energy. In this
zone, carbonization of the pitch is completed, and the anodes reach their final baked structure.
Proper temperature control in this phase is crucial to ensure uniform carbon quality and minimize
defects. In the cooling zone, baked anodes gradually cool down to below 300 °C before being
removed from the furnace [6]. Heat from the hot anodes is recovered and used to preheat
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combustion air, which improves overall energy efficiency and reduces fuel consumption.
Controlled cooling also prevents oxidation and thermal shock, ensuring the anodes are structurally
intact and ready for the next stage, called rodding, where electrical connections are installed. The
focus of this study is on the preheating section of the anode baking furnace.

Exhaust ramp Flow direction Bumer Cooling ramp

R

Preheating zone Heating zone Cooling zone
Figure 1. Schematic of the anode baking furnace.

3. Numerical Modelling

This study uses two distinct numerical methods to simulate the preheating section: a CFD model
and a simplified approach based on mass and energy balance. Each method is presented
individually in the sections that follow.

3.1 Computational Fluid Dynamics (CFD)

For the gas-phase simulation, the primary governing equations, namely the continuity,
momentum, and energy equations, were employed. These equations are outlined below [6, 12]:

0 —
a—’;+V. (pV) =0 (D)

a(pv) +V.(pV V) = —VP +V. ((u + 1) (V7 + V7T - 2v. VI)) “2IV.(0k) +pg ()

PE2 A V(o) = 7. ((k +4DVT) + Qraa 3
where
p Density, kg/m?
Vv Velocity vector, m/s
P Pressure, Pa
u Dynamic viscosity, Pa.s
Us Turbulent dynamic viscosity, Pa-s
k Thermal conductivity, W/m-K
gJ Gravitational acceleration vector, m/s?
h Specific enthalpy, J/kg

Pr, Turbulent Prandtl number
Qrqa Radiative energy sources, W/m?

As in the preheating section, when the anode temperature increases, volatiles including tar,
methane, and hydrogen begin to be released. Due to the porous structure of the solid materials,
these volatiles migrate into the flue channel, where they combust. To model the volatiles, the
average anode temperature over time is tracked, and using Figure 3, the amount of each released
volatile is calculated. It is then assumed that these volatiles enter the flue channel uniformly,
where they undergo combustion. The combustion is modelled using the PDF approach based on
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the mixture fraction method, requiring additional equations for mixture fraction and its variance
[6, 12].

0 —
2L+ v.(pVf) =V. Evp) (5)
0 2 7 ’ 1 1 ’
R 19, (pV f'2) = V.(EVF'2) + Cope (VF )7 = Cap 5 f 2 6)
where:
f Time-averaged mixture fraction
f'?  Mixture fraction variance

Moreover, the empirical constants a;, Cy and Cy are set to 0.85, 2.86, and 2.0, respectively. The
mixture fraction, f, is defined as follows:

f — Zl'_Zl',ox (7)
Zi,fuel _Zi,ox

where:

Z Mass fraction

Moreover, i, ox and fuel denote component i, oxidizer stream and fuel stream, respectively. In
addition, the k-¢ realizable model [13] is used for turbulence simulation, while the Discrete
Ordinates Method (DOM) [14] models the thermal radiation in the flue channel.

In the solid domains, including the anodes, packing coke, and refractory bricks, only the heat
conduction equation is solved, as given below:

9(psCpsTs)
—af = V. (kVTy) (4)
where:

T Temperature, K

Cp Heat capacity, J kg K!
Moreover, s denotes the solid component.
3.2 Simplified Model

In this study, a pseudo-3D finite difference model was developed to simulate one section of the
preheating zone. As shown in Figure 2, the presence of baffles divides each flue and pit into four
regions, which are further split into control volumes. Energy equations are solved transiently for
the solid, while mass, species, and energy balances for the gas phase assume a pseudo steady-
state and are updated over time. The flue and pit are treated as separate sub-models, connected at
the flue-side brick surface. To reduce computational cost, only half of the pit and flue is modelled
by exploiting system symmetry.
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Figure 2. Schematic of the computational domain for a simplified model.

The pit sub-model evaluates transient heat conduction within the solid materials in two
dimensions, as described by Equation (4). While, for each control volume in the flue, the thermal
energy balance is calculated using the following equation [15]:

(ans inlet — ans outlet) + quel + Qvolatiles - (ans—solid - Qsolid—gas) - (Qfoundation +
Qatmosphere) =0 (8)

The energy balance includes gas energy entering and exiting the control volume, heat released
from fuel and volatile combustion, heat exchange between gas and solid, and heat losses to both
the foundation and the atmosphere. The following provides a more in-depth description:

mgcpg (Tg.in - Tg.out) + (Mearhear + mHz hHZ + mCH4hCH4) - z(hc + hr)DL(Tg - Tw) -
LWhgump(Ty — Tamp) = 0 ©))

where:

m Mass flow rate, kg/s

D Depth of the control volume, m
L Length of the control volume, m
W Width of the control volume, m

Moreover, g, in, out, tar, H, and CH,, w and amb denote flue gas, inlet, outlet, tar volatile, H,
volatile, CH, volatile, wall and ambient, respectively. h. and h, are calculated as follows [16]:

h,=C (Z—i) 0.023Re®8pPr03 (10)
_ _(Tg-agTw
h, = 0( T ) (11)
where:
Dy, hydraulic diameter, m
Re Reynolds number
£ Emissivity

a Absorptivity
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Moreover, C is a correction coefficient that accounts for the arrangement of tie-bricks within the
channel. Volatile release from anode blocks strongly depends on anode temperature. Figure 3
presents the variation in the quantity of volatiles released throughout the baking process [9, 17].
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Figure 3. Instantaneous release rates of volatiles during the anode baking process [9, 17].
4. Validation

To validate the model, confidential data provided by Alcoa Corporation was used. The furnace
under investigation is an open-top horizontal ring furnace. It consists of three preheating sections.
Notably, the proposed models have the flexibility to evaluate different preheating designs across
a wide range of dimensions and operating conditions. As such, the absence of confidential details
does not affect its applicability or accuracy. The dataset includes flue gas temperature
measurements at two locations within the preheating zone. Accordingly, the preheating section
of the furnace was modelled using both numerical approaches described earlier, and the
simulation results were compared with the measured values from the smelter. Due to
confidentiality constraints, only dimensionless temperature values are presented. As shown in
Figure 4, the simulated outlet air temperatures show strong agreement with the experimental data,
demonstrating the accuracy of the models in representing the thermal behaviour of the preheating
section. The maximum temperature deviation between the CFD model and the measured data is
7.3 °C, and for the simplified model, it is 5.2 °C. The corresponding average errors are 2.5 °C and
1.9 °C, respectively.
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Figure 4. Comparison of predicted and measured flue gas temperatures at two different
locations within the preheating section: (a) Location A and (b) Location B.
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5. Results and Discussion

This section presents the results of the study. First, the preheating section is analyzed using a CFD
approach. Then, a simplified model based on mass and energy conservation principles is applied
to the same scenario. Finally, the results from both methods are compared. For this purpose, a
hypothetical case is considered for the preheating process. The operational parameters in the
present study are outlined as follows: The inlet air temperature is 1 000 °C, while the initial
temperature of the solid is 700 °C. The air mass flow rate is 0.3 kg/s.

5.1 CFD Modelling

This section discusses the CFD modelling results for the preheating section. Figure 5 shows the
airflow and velocity distribution in the preheating section. In this figure, in addition to the velocity
contours and streamlines for the preheating section under study, which includes tie-bricks, a
comparison case without tie-bricks is also presented. This allows for an assessment of the impact
of the tie-bricks on the flow behavior. In the absence of tie-bricks, large vortices appear in certain
parts of the flue channel, creating local recirculation zones. This causes air in other regions to
speed up, leading to an uneven flow pattern. As a result, the heat transfer becomes unbalanced:
faster-moving air loses less heat and stays warmer, while air caught in the vortices remains in the
channel longer, losing more heat and reaching lower temperatures. The introduction of tie-bricks
reduces the formation of large vortices, replacing them with smaller, localized eddies near the tie-
bricks. This change leads to a more uniform flow pattern, lowers peak air velocities, and promotes
smoother, more consistent airflow throughout the flue. This change in flow behavior leads to a
more uniform heat transfer across the section.

V (m/s)

Outlet
Inlet

Outlet

(b)
Figure 5. Velocity contours and streamlines are shown for (a) the configuration without
tie-bricks and (b) the configuration with tie-bricks.

Figure 6 shows the temperature contours in the flue in the preheating section at two different time
intervals: 5 hours and 17 hours after the start of the simulation. As shown, the flue gas temperature
decreases as it flows through the preheating section, primarily due to heat transfer from the hotter
flue gases to the cooler solid components. However, the preheating section is also affected by the
release and combustion of volatile gases from the anodes. When these volatiles enter the flue
channel and ignite, they temporarily increase the flue gas temperature, adding extra energy to the
system. Despite this localized temperature rise from the combustion of volatiles, the overall trend
is a gradual decline in flue gas temperature as it progresses through the channel, driven by
continuous heat loss to the surrounding solid components. As the anode temperature increases
over time, the heat transfer rate decreases due to the reduced temperature difference between the
flue gases and the solid materials. This effect is evident when comparing the temperature profiles
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at the two-time intervals, where the rate of temperature decrease becomes less noticeable over
time as the system approaches thermal equilibrium.
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Figure 6. Temperature contours in the preheating section: (a) 7 hours and (b) 15 hours
after the start of the CFD simulation.

5.2 Simplified Modelling

This section presents the results from the modelling based on the principles of mass and energy
conservation. The simplified model assumes that the flue velocity remains constant across any
cross-section, which implies the absence of vortices or temperature imbalances along the flue
path. As a result, the model cannot account for vortices or differentiate their sizes, making it
unable to distinguish between the configuration with tie-bricks and the one without.

Therefore, to account for the presence of tie-bricks, the previous model must be modified by
introducing a correction factor that reflects their impact on heat transfer, as shown in
Equation (10). The correction factor is determined by comparing the results of the simplified
model with the CFD outcomes for the configuration with tie-bricks. This factor varies based on
the specific arrangement of the tie-bricks, as it depends solely on the tie-bricks arrangement. For
the current arrangement, the correction coefficient is calculated to be 1.25. This value has been
examined under various operating conditions, including cooling, heating and preheating zones,
and the results consistently indicate the same value for this tie-brick arrangement. Therefore, it
can be confidently stated that this coefficient is accurate and depends solely on the tie-bricks
arrangement.

Figure 7 shows the temperature distribution in the preheating section. As depicted, the flue
temperature gradually decreases as it loses heat to the surrounding solid materials. However, it is
important to note that the introduction of volatiles into the flue channel, followed by their
combustion, temporarily raises the flue temperature by injecting additional energy into the
system. Despite this temporary increase, after 7 hours of system operation, the anode temperature
has not risen significantly. As a result, the amount of volatiles released and the energy generated
from their combustion have not been substantial. Therefore, the overall trend remains a gradual
decrease in flue temperature as it moves through the channel, primarily due to significant heat
loss from the flue gases to the anodes. However, over time, it is observed that after 15 hours of
system operation, the rate of temperature increase at the anodes accelerates. The release of
volatiles and the energy generated from their combustion begin to have a more pronounced effect
on the air temperature inside the channel, causing localized increases in air temperature in certain
areas.
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Figure 7. Temperature contours in the flue (a) 7 hours and (b) 15 hours after the start of
the simplified modelling.

5.3 Comparison of Numerical Models

The primary objective of this research is to evaluate the accuracy of the simplified numerical
model, based on the principles of mass and energy conservation, by comparing it with the results
from CFD modelling. This section presents a comparison of the results obtained from the
simplified model with those from the CFD model. The parameters compared include the
temperatures of the anode, coke, refractory bricks, and outlet air. The comparison is illustrated in
Figure 8. There is an average temperature prediction discrepancy of 5 °C between the CFD model
and the simplified model based on mass-energy conservation. Moreover, while the CFD
simulation requires approximately three hours of computational time per furnace section, the
simplified model achieves equivalent precision in just three seconds, providing an unparalleled
combination of speed and reliability.

~ 1000 CFD ----- Simplified model
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Figure 8. Comparison of temperature profiles between CFD and simplified models.

Therefore, the simplified model is well-suited for routine operations, monitoring, and assessments
where quick results and low computational costs are beneficial. In contrast, CFD simulations are
essential in more complex scenarios, such as design optimization, failure analysis, or
modifications to geometry and boundary conditions, where high spatial resolution and greater
accuracy are required.

6. Conclusions

Anode baking is one of the most critical phases in the anode production process, as it directly
impacts the quality of the anodes and is the most-costly and energy-intensive step. One of the
most important zones within this process is the preheating zone. In this study, two approaches are
developed to analyse the preheating process: one based on Computational Fluid Dynamics (CFD),
and the other an improved version of previous models based on the mass and energy conservation
principles, which have been refined and enhanced through this research. These models are then
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evaluated and compared in terms of accuracy and computational efficiency. The key contributions
of this research are as follows:

7.

Our findings show a maximum temperature prediction discrepancy of just 1.5 % between
the CFD model and the modified simplified model based on mass-energy conservation.
Furthermore, while the CFD simulation requires approximately three hours of
computational time per furnace section, the simplified model achieves equivalent
precision in just three seconds, significantly reducing both computational time and
associated financial costs, offering an unprecedented combination of speed, reliability,
and affordability.
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